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2 Chapter 1. Introduction

1.1 Superconductivity

Superconductivity, the phenomenon of exactly zero electrical resistance, has many
applications in modern life and technologies. Superconducting magnets are used
in physics for generating high magnetic fields, in medicine for magnetic resonance
imaging, in chemistry for the determination of the structure of complex molecules
using nuclear magnetic resonance techniques, in the field of conservation of cul-
tural heritage, in archeology etc. Superconducting quantum interference devices
(SQUIDs) are sensitive magnetometers used to measure extremely weak magnetic
fields. The use of SQUIDs is widely spread from detecting signals from neural ac-
tivity inside the brain to oil prospecting and mineral exploration. Other more exotic
applications are superconducting high voltage cables which can transfer electric-
ity without losses and powerful superconducting motors, that are being developed
intensively nowadays. All of this would not be possible without an extensive theo-
retical investigation of the phenomenon of superconductivity and the experimental
search for novel superconducting materials.

Superconductivity is observed in many materials. The experimental discov-
ery [1] of zero resistance of mercury by H. Kamerlingh Onnes was made in 1911,
but it took almost half a century to understand the physics behind it. A phenomeno-
logical approach to superconductivity has been proposed by Ginzburg and Landau
in 1950 [2]. It is based on the idea that the superconducting phase transition is, in
the absence of a magnetic field, a thermodynamic second-order phase transition.
Thus, one can apply the general theory of second-order phase transitions to super-
conductivity. This eventually led to the distinction between type I and type II super-
conductors. In 1957 Bardeen, Cooper and Schrieffer (BCS) introduced a microscopic
approach in explaining superconductivity [3]. It is based on an attractive rather than
a repulsive interaction between two electrons with anti-parallel spin and opposite
momentum in what is called a Cooper pair. The effective attraction is due to the
interaction of the electrons with lattice vibrations. The phonon mediated Cooper
pairs condense into a boson-like state. The condensation of the electron pairs can
be seen as a superfluid ground state. In the past decades, the number of materi-
als that cannot be explained by conventional BCS theory is growing. Unconven-
tional superfluidity has been found in 3He [4, 5], unconventional superconductivity
in heavy-fermion systems [6, 7, 8, 9, 10, 11, 12, 13, 14], cuprates [15, 16], iron pnic-
tides [17, 18, 19, 20] and possibly H2S under high pressure [21].
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Magnetism and superconductivity are mutually exclusive for conventional su-
perconductors. Surprisingly, their coexistence in a single phase has been realized in
a few materials: the superconducting ferromagnets (SCFMs) UGe2 [12], URhGe [11]
and UCoGe [22]. In these systems the same f -electrons are responsible for band
ferromagnetism and superconductivity [23]. The emergence of this robust class of
superconducting compounds requires novel theoretical insights going beyond the
standard BCS formalism. A theoretical prediction of p-wave or equal-spin pairing
superconductivity in itinerant ferromagnets [24] was, in fact, made long before the
first SCFM were experimentally realized. Here the exchange of longitudinal spin
fluctuations near a ferromagnetic quantum critical point (QCP) was proposed as
a pairing mechanism for triplet Cooper pairs. However, this simple model can-
not qualitatively explain the pressure–magnetic field phase diagrams of the SCFMs.
Later on, more sophisticated theoretical models based on spin fluctuation approaches
have appeared [25, 26, 27].

Topological superconductors belong to another fascinating class of compounds.
The idea of introducing topology into condensed matter physics comes from the
early 70’s by Thouless and Kosterlitz [28, 29] and was recognised by the 2016 Nobel
Prize for physics [30]. They identified a completely new type of phase transitions
in two-dimensional (2D) systems in which topological defects play a crucial role.
The theory can be applied to certain kinds of magnets and to superconducting and
superfluid films and is also important for understanding the quantum theory of
one-dimensional systems at very low temperatures. A few years ago, it was real-
ized that topological order can emerge quite generally in specific two and three-
dimensional (3D) materials – topological insulators (TI) [31, 32]. In 3D topological
insulators, the bulk is insulating, 2D edge (or surface) states – protected by a non-
trivial Z2 topology – are conducting. The concepts developed for TIs can also be
applied to superconductors, due to the direct analogy between topological band
theory and superconductivity: the Bogoliubov - de Gennes Hamiltonian for the
quasiparticles of a SC has a close similarity to the Hamiltonian of a band insu-
lator, where the superconducting gap corresponds to the gap of the band insula-
tor [33, 34]. Topological superconductivity can be viewed as a state that supports a
full superconducting gap in the bulk and these systems possess surface states pro-
tected by symmetries at the boundaries of the system. The topological surface states
of such superconductors can host Majorana zero modes. The experimental obser-
vation of Majorana zero mode states in solid-state systems has been heralded as
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the realization of building blocks for novel quantum computers [35]. Experimen-
tally, the most well-known candidate for topological superfluidity is the B phase
of 3He [36, 37, 38]. Promising candidates for topological superconductivity can be
found among the doped 3D TIs CuxBi2Se3 [39, 40, 41] and SrxBi2Se3 [42], the doped
semiconductor Sn1−xInxTe [43], the half-Heusler platinum bismuthide family with
111 stoichiometry LaPtBi [44], YPtBi [45, 46], LuPtBi [47], and the half-Heusler pal-
ladium bismuthide family REPdBi [48, 49, 50, 51, 52].

1.2 Outline

In Chapter 2, the theoretical background of the thesis is discussed. An introduc-
tion to the concept of quantum criticality and quantum phase transitions is given.
A brief overview of different types of superconducting states is presented. Then
we consider the upper-critical field for different types of superconductors, includ-
ing conventional and unconventional systems. The theoretical aspects of the co-
existence of superconductivity and ferromagnetism, as well as recent experimental
discoveries of such materials, are presented. Next, the phase diagram of UCoGe, the
most recently discovered ferromagnetic superconductor, is discussed together with
its theoretical explanation. The Grüneisen parameter, relevant for the thermal ex-
pansion measurements we will present in Chapter 4, is introduced. In the last part
of the chapter, we address some aspects of the topological insulators and topological
superconductors.

Chapter 3 summarizes the experimental techniques used in this thesis. The mea-
surement methods, such as resistivity, susceptibility, torque magnetometry and ther-
mal expansion, are discussed. The calibration of the dilatometer and the calibration
of the angle reader of the piezo-rotators are reported in detail. The chapter ends
with sample preparation techniques and an overview of the characteristics of the
prepared UCoGe crystals.

In Chapter 4, measurements of the coefficient of linear thermal expansion of the
superconducting ferromagnet UCoGe are reported. The superconducting and ferro-
magnetic phase diagram has been determined by accurate dilatometry in magnetic
fields directed along the crystallographic axes of a single crystalline sample. An
S-shape of the upper-critical field for B ‖ b axis with the enhancement of supercon-
ductivity above 6 T was confirmed. A shift of the Curie temperature towards lower
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temperatures with increasing magnetic field was found. The data are discussed in
terms of spin fluctuation mediated superconductivity.

In Chapter 5, the properties of UCoGe in applied magnetic fields were investi-
gated. Several single crystalline samples were studied by the magnetoresistance,
the magnetostriction and torque magnetometry measurements for a magnetic field
applied along the c-axis. We have confirmed an anomaly B* = 9 T and associate it
with a Lifshitz transition. Shubnikov-de Haas oscillations were detected for B ‖ c
axis.

Chapter 6 is focused on a high-pressure transport study of the upper-critical field
of the topological superconductor Sr0.15Bi2Se3. The resistivity was measured for
magnetic fields directed along two orthogonal directions in the trigonal basal plane.
The critical pressure for suppression of superconductivity pc ∼ 3.5 GPa was deter-
mined. The pronounced two-fold basal-plane anisotropy of the upper-critical field
is enhanced under pressure. The data reveal that the unconventional superconduct-
ing state with broken rotational symmetry is robust under pressure.

In Chapter 7, a study of the magnetic and electronic properties of the noncen-
trosymmetric half-Heusler antiferromagnet HoPdBi is reported. Magnetotransport
measurements revealed Shubnikov-de Haas oscillations which show that HoPdBi
has a low carrier concentration. The magnetic phase diagram in the field-temperature
plane has been determined by transport, magnetization and thermal expansion mea-
surements. Superconductivity at Tc = 0.75 K is discovered within the antiferromag-
netic phase (TN = 2.0 K). Ac-susceptibility measurements provide solid evidence for
bulk superconductivity. The upper-critical field shows an unusual linear tempera-
ture variation. Electronic structure calculations classify HoPdBi as a new topological
semimetal, with a non-trivial band inversion.
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Chapter 2

Theoretical aspects

In this chapter we discuss the relevant theoretical background for the description
of the experimental results reported in this thesis. We present a brief discussion of
heavy-fermion physics, as well as its relation to quantum criticality and quantum
phase transitions. Next, we turn to unconventional superconductivity and different
models for the upper-critical field that can be used to delineate the superconducting
states. Finally, we present some basic aspects of the three different superconductors
that we have studied. As regards UCoGe we discuss superconducting ferromagnets,
and their unusual upper-critical field. For SrxBi2Se3 and HoPdBi we present several
basic aspects of their topological nature.

7



8 Chapter 2. Theoretical aspects

2.1 Introduction

In this chapter, we will discuss the relevant theoretical background for the three
different compounds UCoGe, SrxBi2Se3 and HoPdBi that are investigated in this
thesis. These three systems are united by the fact that they become superconducting
at low temperatures.

UCoGe belongs to the family of superconducting ferromagnets. It is also a mod-
erately enhanced heavy-electron system. In heavy-electron compounds, the elec-
trons of the partially filled 4f and 5f shells play a crucial role in the physical proper-
ties. The collective behaviour of these electrons can result in itinerant antiferromag-
netism or ferromagnetism, and/or unconventional superconductivity. The Fermi-
liquid model describes the properties of such strongly correlated electron systems.

SrxBi2Se3 is a promising candidate for the experimental realisation of topolog-
ical superconductivity. The parent compound of this superconductor is Bi2Se3, a
well-known topological insulator. A small amount of Sr intercalated between the
bismuth selenide quintuple layers makes it a superconductor with Tsc = 3.0 K.

HoPdBi has a noncentrosymmetric crystal structure and exhibits superconduc-
tivity within an antiferromagnetic state. In addition, band structure calculations
show that it has a non-trivial band inversion. All of this makes HoPdBi a unique
tool to investigate the interplay between topology and the superconducting state.

2.2 Basic properties of heavy-fermion systems

The idea of describing the electronic properties of solid state systems by quasiparti-
cles was introduced by Landau in 1930. A quasiparticle is defined as the collective
excitations of electrons induced by various interaction mechanisms. The complex
movement of the electrons in the crystal may be formalised as the effective interac-
tion of the quasiparticles.

Heavy-fermion systems are defined as a class of intermetallic compounds char-
acterised by a large value of the quasiparticle mass [53]. The broad use of this term
refers to electron masses which are 10 to 1000 times larger than the free electron
mass. Their properties stem from the electrons in the partially filled f -orbitals of rare
earth or actinide compounds, which at high temperatures act as localised magnetic
moments [54]. Upon decreasing the temperature these localised magnetic moments
become screened by the cloud of conduction electrons, forming eventually a strong



2.3. Quantum criticality 9

elastic electron scattering potential [55]. The competition between the formation of
the magnetic lattice and the screening effect of the conduction electrons causes the
formation of heavy carriers. This can be seen as a monotonic increase of the resistiv-
ity upon cooling, while coherence sets in at low temperatures. At high temperatures,
these systems behave like paramagnets. Upon cooling a magnetically ordered state
is favourable. At low temperatures, the magnetic susceptibility saturates and attains
an enhanced value compared to normal metals. At the same time, the electronic con-
tribution γ to the specific heat reaches a large value. In some heavy-fermion com-
pounds, a superconducting transition occurs at low temperatures. The presence of
strong electron correlations in these systems provides arguments for a supercon-
ducting pairing mechanism that is not based on the conventional electron-phonon
coupling, but rather on a spin fluctuation mechanism.

2.3 Quantum criticality

A conventional or classical phase transition can be described by an order parame-
ter, first introduced by Landau. This parameter is a thermodynamic quantity that
depends on the state of the system. Its thermodynamic average is equal to zero in
the disordered phase and to non-zero in the ordered phase, e.g. the ordered moment
of a ferromagnet or the energy gap of a superconductor. Conventional phase tran-
sitions occur at finite temperature when the growth of random thermal fluctuations
leads to a change in the physical state of a system.

Condensed matter physics research over the past few decades has revealed a
new class of phase transitions, called quantum phase transitions (QPTs). QPTs are a
special class of continuous phase transitions that take place at absolute zero. Major
examples are materials where the phase transition temperature has been driven to
zero by a non-thermal control parameter, r, such as pressure, magnetic field, chem-
ical doping or electron density. A schematic phase diagram for a QPT is shown
in Fig. 2.1. By changing the control parameter one is able to tune the system to a
transition point, the quantum critical point (QCP). The quantum fluctuations are
dominant at very low temperatures as long as their energy is larger compared to the
energy of the thermal fluctuations: h̄ω >> kBT.

Heavy-fermion materials are unique tools for the investigation of QPTs. In these
systems, the Kondo effect, that quenches the local moment of the f -electrons by
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Figure 2.1: Generic phase diagram in the vicinity of a continuous quantum phase
diagram. The horizontal axis represents the control parameter r used to tune the
system through the QCP; the vertical axis is the temperature T. Dashed lines indi-
cate the boundaries of the quantum critical region. The solid line marks the finite-
temperature boundary between the ordered and disordered phases. Close to this
line, the critical behaviour is classical. The picture is taken from Ref. [56].

conduction electron screening, competes with the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction [57, 58]. Changing the non-thermal control parameter r, for ex-
ample, the magnetic field [59, 60, 61, 62, 63], pressure [64, 65, 66, 67] or chemical
doping [68, 69, 70, 71, 72, 73], suppresses the magnetic ordering and tunes the sys-
tem to the QPT.

2.4 Unconventional superconductivity

A microscopic theory of superconductivity (SC) has been put forward by Bardeen,
Cooper and Schrieffer (BCS) [3]. They proposed that the electrons bind into Cooper
pairs at low temperatures in the superconducting state in order to lower the ground
state energy. A Cooper pair is a bound state of two electrons which is formed near
the Fermi level by an attractive interaction. In the standard BCS theory the attractive
interaction is mediated by lattice vibrations. The conduction electrons are fermions
with spin s = ± 1/2 and condense into boson-like particles with a total spin S =
0 or 1. The total angular momentum of the Cooper pairs can be L = 0, 1, 2, 3,...
Conventional superconductors or s-wave superconductors are spin-singlet (S = 0)
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with L = 0 and a spin-wave function:

ψsinglet =
1√
2
(|↑↓〉 − |↓↑〉) (2.1)

Superconductors with a spin-singlet state and L = 1 are called d-wave. In the
case of a spin-triplet state (S = 1) the spin part of the wave-function of the Cooper
pairs is written as:

ψtriplet =


|↑↑〉

1√
2
(|↑↓〉+ |↓↑〉)
|↓↓〉

(2.2)

The triplet-state with L = 1 is called p-wave and the one with L = 3 f -wave. Here
|↑↑〉 and |↓↓〉 are called the equal-spin pairing (ESP) states.

The s-wave superconducting state is fully explained by the standard BCS theory.
Unconventional superconductivity (d-wave, p-wave) has been found in many mate-
rials. Important examples are 3He [5, 4], heavy-fermion SCs [6, 7, 8, 9, 10, 11, 12, 13,
14], high-temperature SCs (cuprates [15, 16] and iron pnictides [17, 18, 19, 20]).

2.5 Upper-critical field

The upper-critical field, Bc2(0), is the magnetic field at which superconductivity is
completely suppressed in a type II superconductor at T = 0 K. The slope of the
upper-critical field at Tsc, B′c2 = −∂Bc2/∂T|Tsc , and its temperature variation carries
important information about the superconducting state. In a sufficiently large mag-
netic field all the Cooper pairs are broken. The standard analysis of Bc2 is based on
the Ginzburg-Landau (GL) theory for type II superconductors under the assumption
of a spherical Fermi surface. The slope of Bc2 can be expressed in SI units by [74]

B′c2 = − ∂Bc2

∂T

∣∣∣∣
Tsc

= R(l)
(

1.18× 1035 γ2Tsc

S2
s

+ 4480γρ0

)
(2.3)

where Ss is the part of the Fermi surface on which Cooper pairs are formed; the
parameter R(l) varies between R = 1 and 1.17 in the dirty and in the clean limit,
respectively, where l is the mean free path of the quasiparticles; γ is the Sommerfeld
term in the electronic specific heat (expressed per unit volume); ρ0 is the residual
resistance. In the clean limit (ρ0 small, l � ξ, where ξ is the coherence length)
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Bc2 / Tsc

B'c2 (Tsc)
 

Figure 2.2: Normalized upper-critical field as a function of the residual temperature.
Curve labels indicate: 1 – triplet superconductor without Pauli limiting, polar state;
2 – conventional superconductor, clean limit; 3 – triplet superconductor, Scharnberg-
Klemm limit; 4 – WHH model: conventional superconductor without Pauli limiting,
dirty limit; 5 – triplet superconductor, Anderson-Brinkman-Morel (ABM) state; 6 –
polar state (as 1) and conventional state (as 4) with strong pair breaking; 7 – Bc2 of
CeCu2.6Si2. The picture is adapted from Ref. [75].

the first term of B′c2 dominates. In the dirty limit (ρ0 large, l � ξ) the second term
dominates. This analysis has been applied to A15 compounds (Nb3Sn and V3Si) [74]
and heavy-fermion systems [75, 76].

There are two main mechanisms, by which a magnetic field interacts with the
electrons in the superconducting state. Both are pair breaking and lead to the de-
struction of superconductivity at a certain critical field. These mechanisms are 1)
interaction of the field with the orbital motion of the electrons, the so-called orbital
pair breaking, and 2) interaction with the spins of the electrons, the so-called Pauli
limiting.

Orbital pair breaking occurs in all superconductors. It determines, in the absence
of any other pair-breaking effects, the initial slope B′c2 at Tsc. The Bc2 value when
T → 0 varies between Bc2(0) = 0.693× B′c2Tsc for a conventional superconductor
in the dirty limit [77] (Werthamer, Helfand and Hohenberg (WHH) model), and
Bc2(0) = 0.850× B′c2Tsc for a polar triplet state in the p-wave model [78].

The interaction of the magnetic field with the Cooper pairs in the supercon-
ducting state depends on the spin type of the state. In a conventional supercon-
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ductor (S = 0, L =0) the normal state becomes energetically more favourable for
the system as soon as the magnetic energy due to the Pauli susceptibility reaches
the condensation energy (1/2µ0)B2

c of the superconductor (the Pauli limiting effect,
Bp

c2 = 1.84× Tsc) [79]. In some triplet states (Sz = 1) no Pauli limiting occurs, as long
as the spin part of the order parameter can rotate freely with respect to the orbital
part. In heavy-fermion superconductors, that consist of atoms with high atomic
number, the spin-orbit coupling is strong. This can lead to a situation in which the
spin part of the order parameter cannot orientate itself freely with respect to the
orbital part. In this way, an anisotropic Pauli limiting can occur even in a triplet su-
perconductor. Strong spin-orbit scattering, on the other hand, may cause a reduction
of Pauli limiting in unconventional superconductors.

In Fig. 2.2 the upper-critical field obtained for different models is plotted on the
same reduced scale. Among the presented models are the Anderson-Brinkman-
Morel [80] and Scharnberg-Klemm [81] limits. The most relevant theoretical models
for our research are the WHH [77] (curve 4 in Fig. 2.2) and polar triplet state [78]
(curve 1 in Fig. 2.2).

2.6 Superconducting ferromagnets

The first mentioning of superconducting ferromagnets (SCFMs) was in 1957 [82]. In
this work, it was pointed out that superconductivity and ferromagnetism (FM) can
be observed only under extraordinary circumstances, such as a sufficiently small
ordered moment m0. Later, in the 80’s it was theoretically predicted that SC with
ESP states (p-wave superconductivity) could exist in itinerant ferromagnets close
to a FM QCP [24]. Here the pairing interaction is mediated by the exchange of
longitudinal spin fluctuations, and the resulting state is analogous to the A1 phase
of superfluid 3He. In the last 15 years, the coexistence of superconductivity and
ferromagnetism was reported for the uranium intermetallics: UGe2 [11], URhGe [12]
and UCoGe [22].

The main idea behind the coexistence of SC and FM near a FM QCP rests in
spin fluctuation models [24]. The magnetic state can be understood in terms of a
Hubbard-type exchange interaction I and a Stoner enhancement factor S = (1 −
I)−1. At a critical value I = 1, a second order phase transition occurs from the para-
magnetic (PM) phase (I < 1) to the FM phase (I > 1), see Fig. 2.3(a). At very low
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Figure 2.3: Panel (a): Theoretical phase diagram of a p-wave SC. Superconducting
transition temperature Tsc as a function of the exchange interaction parameter I.
Superconductivity is found in the FM and PM state. |↑↑〉 and |↓↓〉 indicate the ESP
components. The picture is adapted from Ref. [24]. Panel (b) and (c): Temperature
(T) – control parameter (r) phase diagram of a SCFM, where the superconducting
transition temperature Tsc is finite (b) at the QCP at rc and SC emerges in both the
FM and PM phases (c) centered around the QCP at rc. The picture is taken from
Ref. [83].

temperatures p-wave pairing is possible in the FM state with different Tsc’s for the
spin up |↑↑〉 and spin down |↓↓〉 states. This implies two superconducting phases
can be present [24, 27, 26]. However, the possible emergence of these two supercon-
ducting phases depends sensitively on the details of the band structure. A schematic
picture of the realisation of two superconducting domes, one in the ferromagnetic
state and the other in the paramagnetic phase, is given in Fig. 2.3(c) [25, 83]. This
diagram partly resembles the case of UGe2. However, superconductivity was not
observed in the PM phase in the case of UGe2. A possible explanation is that fer-
romagnetic spin waves (magnons) couple to the longitudinal magnetic susceptibil-
ity which results in an enhancement of Tsc in the FM phase [25, 83]. The resulting
phase diagram where SC coexists with FM, leading to a superconducting dome and
nonzero Tsc at the QCP is sketched in Fig. 2.3(b). This represents the case of UCoGe.

2.6.1 UCoGe

In this section, we will focus on UCoGe. This material orders ferromagnetically at TC

= 3 K and becomes superconducting at Tsc = 0.6 K. Muon spin rotation/relaxation
[84], nuclear magnetic resonance and nuclear quadrupole resonance [85, 86] mea-
surements provide solid evidence that SC is driven by ferromagnetic spin fluctua-
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Figure 2.4: Panel (a): Temperature variation of the upper-critical field for B parallel
to the a-, b- and c-axes. The temperature is normalized by the superconducting
critical temperature Tsc at zero field. The picture is adapted from Ref. [87]. Panel (b):
Model curves of the temperature variation of the upper-critical fields for B ‖ a-axis
(red curve) and b-axis (blue curve) of UCoGe. The dashed line indicates the critical
magnetic field Bb*. The picture is adapted from Ref. [88].

tions and that SC and FM coexist microscopically. Magnetoresistivity measurements
on high-quality single crystals of UCoGe with fine tuning of the magnetic field di-
rection show an anomalous behaviour of the upper-critical field [87]. The magnetic
field - temperature phase diagram is shown in Fig. 2.4(a). An unusual S-shape of
the upper-critical field is observed for the magnetic field directed along the b-axis
(orthorhombic crystal structure). It was proposed that the origin of the S-shaped
Bb

c2 curve is closely related to the decrease of the Curie temperature with increasing
field along the b-axis.

From a theoretical point of view, based on a scenario of spin-fluctuations medi-
ated superconductivity, it is rather natural to expect an S-shaped Bc2 curve or even
reentrant superconductivity, once one simply takes into account the enhancement
of spin fluctuations by the reduction of TC [88]. For small magnetic fields, triplet
superconductivity will coexist with ferromagnetism as in the zero-field case, and
it is robust against the Pauli depairing effect under magnetic fields (⊥ m0) due to
the exchange splitting of the Fermi surface, as pointed out by Mineev [89]. The de-
scription of the sharp angular dependence of the upper-critical field was developed
in the framework of a specific Ising-type itinerant-electron interaction approach. A
single-band model with pairing between spin-up electrons only was considered.
The Bc2 angular dependence was obtained by solving the Eliashberg equations [90].
In addition, the Dzyaloshinskii-Moriya interaction arising from the zigzag structure
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of UCoGe was taken into account. As a result, it was shown (see Fig. 2.4(b)) that
superconductivity can survive above Bb* where there is no exchange splitting of the
Fermi surface [88]. Bb* is the critical magnetic field at which the ferromagnetism
along the b-axis is suppressed.

2.7 Grüneisen parameter and Ehrenfest relation

The Grüneisen parameter is defined [91, 92] as:

Γ =
Vm

κT

β

c
, (2.4)

where Vm is the molar volume, κT is the bulk modulus, β is the volume expansion
and c is the specific heat. The Grüneisen parameter expresses the system’s volume
dependence to external parameters, such as temperature or magnetic field [93, 94].
In the case that only one relevant energy scale is present, Γ is constant [95]. This
comes from the fact that at low temperatures the specific heat and the volume ex-
pansion exhibit the same temperature variation, for example, the lattice or phonon
contribution (∝ T3) or electronic term (∝ T). The bulk modulus κT is weakly tem-
perature dependent. The Grüneisen parameter gives an estimate of the volume de-
pendence of the dominant energy scale of the material.

The Ehrenfest relation can be defined as:

dTC,sc

dp
=

Vm∆β

∆c/TC,sc
(2.5)

where TC,sc is the Curie or the superconducting transition temperature, p is pressure,
∆β is the step in the coefficient of the volume expansion at a critical temperature,
and ∆c/TC,sc is the step in the specific heat at the critical temperature divided by
T. With help of the Ehrenfest relation the initial pressure dependence of the critical
temperatures can be calculated.

2.8 Topological superconductors

In topological insulators (TIs) an unusual state of quantum matter is realised that
can be distinguished by topological invariants of the bulk band structure, rather
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Figure 2.5: Panel (a): The band inversion strength for several half-Heusler com-
pounds defined by the energy difference EΓ6 − EΓ8 as a function of the average
spin-orbit coupling strength represented by the average nuclear charge 〈Z〉. When
EΓ6− EΓ8 > 0, there is no band inversion (upper inset), whereas EΓ6− EΓ8 < 0, band
inversion is present (lower inset). The picture is adapted from Ref. [96, 97]. Panel (b):
Evolution of superconducting and antiferromagnetic ground states of the REPdBi
(RE: rare earth) series as a function of de Gennes factor dG = (gJ − 1)2 J(J + 1),
where gJ is the Landé factor and J is the total angular momentum of the R ion. The
plotted Tc is scaled by a factor of 10. The picture is taken from Ref. [51].

than by spontaneously broken symmetries [98, 99, 100]. TIs have a full insulat-
ing gap in the bulk, but topologically protected gapless surface or edge states on
the outside. It was predicted [101] that the family of Bi2Se3, Bi2Te3 and Sb2Te3 al-
loys should be topological insulators. This was experimentally confirmed by map-
ping the surface band structure of Bi2Se3 using angle resolved photoemission spec-
troscopy (ARPES) [102, 103]. In fact, not only the binary Bi-based compounds have
topologically protected surface states. Electronic structure calculations show that
several half-Heusler compounds with 111 stoichiometry also exhibit topological
band inversion [96, 97]. The band inversion takes place between the twofold-
degenerate s-like Γ6 and fourfold-degenerate p-type Γ8 energy states and depends
strongly on the magnitude of the spin-orbit coupling as is shown in Fig. 2.5(a).
The systems can be either topologically non-trivial, Γ6 − Γ8 < 0, or topologically
trivial, Γ6 − Γ8 > 0. Amongst these topologically non-trivial half-Heusler com-
pounds, some materials are found to be superconducting: YPtBi [45, 46], LaPtBi [44],
LuPtBi [47], and REPdBi [48, 49, 50, 51, 52, 104], where RE = Er, Ho, Tm, Yb and Lu
(see Fig. 2.5(b)).
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Figure 2.6: Panel (a): Calculated polar plot of the angular dependence of the upper-
critical field, Bc2(θ), in the presence of a symmetry-breaking field (in arbitrary units
of B). Different curves represent different temperatures. The picture is taken from
Ref. [105]. Panel (b): Pictorial representation of spin-triplet Cooper pairs in the su-
perconductor CuxBi2Se3, with zero total spin projection along a particular direction
(that is the vertical axis) in the lattice plane. The picture is taken from Ref. [106].
Panel (c): Angular variation of Bc2 in the basal plane (aa*-plane) for Sr0.15Bi2Se3 at
temperatures as indicated. The data are obtained from magnetoresistance measure-
ments at fixed T. The angle θ = 0◦ corresponds to B ‖ a*⊥ I and θ = 90◦ to B ‖ a ‖ I.
The a and a* directions in the hexagonal basal plane are defined as in the figure in
the upper right corner. The picture is taken from Ref. [42].

Another interesting family of potential topological superconductors can be found
among the doped TI Bi2Se3: CuxBi2Se3 [39], SrxBi2Se3 [107], NbxBi2Se3 [108] and
TlxBi2Se3 [109]. The first compound is the most well studied. A small amount (typ-
ically 10%) of Cu (Sr, Nb) intercalated into the van der Waals gaps between the
Bi2Se3 quintuple layers makes the system superconducting. ARPES experiments
on CuxBi2Se3 show that the topological character is preserved [110]. Recent field-
angle dependent magnetotransport [42] and calorimetry [111] measurements reveal
a large anisotropy of the upper-critical field when the magnet field is rotated in the
basal plane of the trigonal crystal structure. The large two-fold anisotropy, while
six-fold is anticipated, cannot be explained with the Ginzburg-Landau anisotropic
effective mass model or flux flow induced by the Lorentz force. The rotational sym-
metry breaking of Bc2 indicates unconventional superconductivity with odd-parity
spin-triplet Cooper pairs (∆4-pairing) recently proposed for rhombohedral topolog-
ical superconductors [112]. ∆4 states are predicted to be nematic superconducting
states with a non-zero nematic order parameter [113].

The measurement of the upper-critical field is a direct method of detecting ne-
matic superconductivity. The theoretical calculations of Bc2 within the framework
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of Ginzburg-Landau theory demonstrated that the upper-critical field exhibits a
twofold anisotropy with characteristic angle and temperature dependence when the
degeneracy of the two components is lifted [105]. Contrary to typical GL theories
which have an emergent U(1) rotational symmetry obscuring the discrete symmetry
of the crystal, the theory of two-component superconductors in trigonal D3d crys-
tals reflects the true crystal rotation symmetry. The resulting angular variation of
Bc2 is shown in Fig. 2.6(a) with comparison to the experimentally observed Bc2 of
Sr0.15Bi2Se3 (Fig. 2.6(c)). The superconducting state is formed by spin-triplet pair-
ing between electrons on two different orbitals, with the property that the total spin
projection of the Cooper pair is zero along certain in-plane directions, as shown in
Fig. 2.6(b). Nematic superconductivity for this materials is predicted to possess a
unique topological nature associated with odd parity.
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Chapter 3

Experimental methods

In this chapter we focus on the experimental techniques used in this thesis. The cryo-
genic equipment and the measurement methods, among which resistivity, suscepti-
bility, torque magnetometry and thermal expansion are presented. Special attention
is given to the design and construction of a new dilatometer that enables us to mea-
sure the thermal expansion down to very low temperatures (30 mK). We present its
calibration and discuss its performance. Moreover, the dilatometer can be rotated in
the magnetic field using a piezo-electric motor. We present the design of the rotators
and a dedicated rotation gear mechanism. The chapter ends with a description of
the sample preparation techniques and an overview of the sample characteristics of
the prepared polycrystalline and single crystalline UCoGe samples.

21
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3.1 Cryogenics

Low temperature experiments were performed using the following experimental
setups.

A Physical Property Measurements System (PPMS, Quantum Design), in which
magnetic and transport measurements were carried out in the temperature range
1.8 - 300 K. The PPMS is equipped with a superconducting magnet with a field up
to 9 T.

A 3He refrigerator, for temperatures in the range T = 0.24− 10 K (Heliox, Ox-
ford Instruments) and magnetic fields up to 14 T. A calibrated RuO2 thermometer
and a heater were mounted close to the sample and read out by an ORPX resis-
tance bridge. A new set of low resistance wires was mounted in the Heliox insert
to supply the driving voltage of the piezoelectric rotators. In the Heliox the fol-
lowing measurements were made: resistivity, ac-susceptibility, thermal expansion,
magnetostriction and torque magnetometry.

A 3He–4He dilution refrigerator (Kelvinox, Oxford Instruments), for tempera-
tures in the range T = 0.03− 1 K and B up to 17 T. A multi-purpose sample platform
was mounted with a temperature control set-up (thermometer-heater) similar to the
one used in the Heliox. Magnetoresistance, torque magnetometry and thermal ex-
pansion measurements were carried out in the Kelvinox.

In addition, torque magnetometry experiments were carried out at the High
Field Magnet Laboratory in Nijmegen in a 3He refrigerator and at fields up to 30 T.

3.2 Resistivity and susceptibility

Resistivity data were acquired using a low-frequency ( f = 16 Hz) resistance bridge
LR 700 or a phase sensitive detection technique using a lock-in amplifier EG&G 7260
with a low excitation current (I ≤ 200 µA). The resistance, R, was measured using
a standard four-point method. The resistivity, ρ, is calculated using the relation
ρ = R A

l , where A is the cross section of the sample and l is the distance between
the voltage contacts. Low-noise pre-amplification of the magnetoresistance signal
was achieved by mounting a low impedance transformer into the field compensated
region of the dilution refrigerator [114].

The ac-susceptibility was measured with a mutual inductance transformer method
using a home-built coil set. The coil set consist of a primary and two oppositely
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wound secondary coils. Low frequency current is applied to the primary coil which
generates a small driving magnetic field of 10−5 T. The induced voltage is measured
by the secondary (pick-up) coils using a EG&G 7260 lock-in amplifier. The measured
voltage is proportional to the ac-susceptibility signal.

3.3 Pressure cell

High-pressure magnetotransport measurements were carried out with help of a hy-
brid clamp cell. It is made of nonmagnetic and strong NiCrAl and CuBe alloys. The
maximum pressure which this particular cell can achieve is 2.5 GPa. The inner and
outer diameters are 6 mm and 25 mm respectively. The total length of the cell is
70 mm and varies slightly with pressure. The sample space is 4.7 mm in diameter
and 8 mm long. A hand press LCP 20 was used to pressurize the cell via a pis-
ton. The sample is mounted on a plug that was placed in a Teflon cylinder with
Daphne oil 7373 as a hydrostatic pressure transmitting medium. For the resistance
measurements in a 4-point configuration, thin gold wires were attached to the flat
sides of the crystals using silver paste. Sample mounting was done with help of Dr.
T. Naka. The pressure calibration of the cell has been carried out by Dr. T.V. Bay by
measuring the superconducting transition of a Sn sample via ac-susceptibility [115].
The pressure efficiency, the ratio between real and nominal pressure, of the cell after
cooling to liquid helium temperatures was found to be 85 %. The pressures given
throughout this thesis refer to the real pressure.

3.4 Cantilever magnetometry

The torque magnetometry technique is based on a thin cantilever. The deflection of
the cantilever is measured using a capacitance method, where the torque, τ, is pro-
portional to a change in capacitance, ∆C. The home-built magnetometer consists of
a flexible and a fixed BeCu plate (size 5× 5 mm2) which form a parallel plate capac-
itor. A schematic of the cantilever magnetometer is shown in Fig. 3.1. The distance
between the plates is about 100 µm. The torque that bends the flexible plate is linked
directly to the magnetisation M of the measured material: ~τ = ~M× ~B. The sample
was glued on the top part of the flexible plate using GE varnish. The cantilever was
mounted on the single-axis piezo-rotator ANRv51/RES (Attocube). The signal of
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Figure 3.1: Schematics of the cantilever and torque magnetometry setup. (a) Top
view: the sample is mounted on its side on the sample plate of the cantilever. (b)
Side view: the capacitance is measured between the sample plate and the bottom
plate. A silver wire is used for the thermalization of the cantilever. The picture is
adapted from Ref. [116]

the empty cantilever was measured at T = 0.25 K and in applied magnetic fields
up to 12 T. The measured torque was of the order of ∆C = 5 × 10−5 pF, which is
four orders of magnitude smaller than the torque obtained for the UCoGe samples.
The empty cantilevers used in this work were kindly provided by Dr. A. McCollam
(Radboud Universiteit Nijmegen).

3.5 Dilatometry

3.5.1 Thermal expansion

Dilatometry measurements have been performed employing a parallel-plate capac-
itance method. The capacitance for this case is given by a simple relation:

C =
εA
d

(3.1)
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Figure 3.2: Schematics of the capacitive dilatometer taken from Ref. [117], where a –
upper (fixed) capacitor plate, b – lower (movable) capacitor plate, c – BeCu spring, d
– sample, e – sample platform, f – lock ring, g – copper shims, h – electrical isolation
(Stycast 2850FT), i – electrical isolation (Kapton washers), j – upper guard ring, k –
lower guard ring, l – nut, m – copper screws (6 in total), n – mounting plate, o – main
body and p – lower fixation body.

where ε = ε0εr, ε0 = 8.854× 10−12 F/m is the vacuum permittivity, εr is the dielectric
constant of the medium between the plates, A is the area of the plates and d is the
distance between them. A schematic drawing of the thermal expansion cell is shown
in Fig. 3.2. By mounting a sample (d) in mechanical contact with the movable plate
(b) it is possible to determine the length change of a sample as: ∆L = −∆d. Here the
BeCu flat spring (c) fixes the movable plate and allows the lower capacitance plate
to move with respect to the cell body.

The capacitance of the dilatometer is measured with a three-terminal technique
[118]. The measurements were performed with an Andeen-Hagerling capacitance
bridge (AH 2500A or AH 2700A). The capacitance resolution of these bridges is
1× 10−7 pF. The design of the cell is taken from Schmiedeshof et al. [117]. The cell is
manufactured at the Technology Centre of the University of Amsterdam (TC UvA).
The Schmiedeshof cell has a number of advantages. It is compact (less that 20 mm
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in diameter) which allows for its rotation in the limited space in the magnet bore of
the cryostat. The cell also has a small cell effect at low temperatures, which makes it
a perfect instrument to measure length changes at low temperatures.

3.5.2 Calibration of the dilatometer

A room temperature calibration is needed to define the εA value which determines
the functional dependence between the capacitor gap d and the measured capaci-
tance C. For the calibration data presented in Fig. 3.3(b), we place the dilatometer on
a flat surface, in air, at room temperature and attached to a protractor. Calibration
has been done on a cylindrical Cu sample with a diameter and height of both 4 mm.
The sample was made from the same oxygen free high conductivity Cu piece as the
dilatometer. The dilatometer was inverted with respect to its normal orientation.
The sample platform is then rotated (tightened) in small steps. After each step the
angular position of the sample platform θ and the capacitance C are measured. The
results plotted as d vs 1/C are shown in Fig. 3.3(b). The capacitance gap d(µm) is
related to θ(deg) as d = 36/25 θ. The constant 36/25 comes from the fact that the
sample platform has 4 threads per mm. The slope of the linear fit to the data de-
termines εA = 13.3± 0.3× 10−16 Fm. The uncertainty in the determination of this
value gives an accuracy of 5% on the absolute value of the experimental data. The
influence of a small amount of He gas (εr ' 1.00006) present between the capaci-
tance plates during the experiment (p ' 10−5 mbar) on the dielectric constant can
be neglected.

An another important aspect is plane-parallelity of the capacitor plates. If the
capacitor plates are not flat or not parallel, C is no longer proportional to 1/d and
an additional term has to be added to Equation 3.1 [119]. If the lower plate is tilted
with respect to the upper plate then the distance between the plates varies from d-a
on one side to d+a on the other side. The capacitance is then determined as:

C =
εA
d
(1 +

a2

4d2 ). (3.2)

The correction to the capacitance depends quadratically on the misalignment. Sig-
nificant corrections are only expected for a large misalignment of the plates. For
example, if the misalignment a = 10 µm with d = 100 µm the correction will be
a2/4d2 = 0.0025 or 0.25 %. For all data in this thesis we neglect this effect.
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Figure 3.3: (a) Typical data showing ∆d/∆T for the dilatometer as a function of
temperature measured on a copper sample (the cell effect). The solid line is a poly-
nomial fit to the data ∆d

∆T = ∑5
i=1 BiTi (see text). (b) Room temperature calibra-

tion data of Equation 3.1: the capacitor gap, d, as a function of inverse capacitance,
1/C, of the dilatometer. The solid line is a linear fit (the coefficient of determina-
tion R2 = 0.987) to the calibration data, where the slope of the curve determines
εA = 13.3 ± 0.3 × 10−16 Fm. (c) The temperature dependence of the linear ther-
mal expansion coefficient of aluminum (circles) compared with the literature val-
ues [120]. (d) Typical capacitance data (left axis, circles) and temperature (solid line,
right axis) as a function of time during measurements of the α of UCoGe.
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A low temperature calibration is needed to determine the cell effect. The cell
effect is the thermal expansion of the dilatometer itself. It was measured on the
same Cu sample as used for the room temperature calibration of εA. The linear
thermal expansion coefficient is defined as α = L−1∆L/∆T, where L is the length
of the sample. The linear thermal expansion coefficient of the sample is calculated
from:

α = − 1
L

(
∆d
∆T

)
cell+sample

+
1
L

(
∆d
∆T

)
cell+Cu

+ αCu. (3.3)

Here, the first term corresponds to the length change of the cell with a sample
mounted, or the measured signal, the second term is the cell effect and the last term
is the thermal expansion of copper. The thermal expansion of copper is well known
from the literature [120]. The cell effect was measured at low temperatures and is
shown in Fig. 3.3(a). The data can be well described with a fifth order polynomial
function:

∆d
∆T

=
5

∑
i=1

BiTi (3.4)

where B1 = 0.03666 Å/K2, B2 = -0.03078 Å/K3, B3 = 0.00201 Å/K4, B4 = -1.0376×10−4

Å/K5 and B5 = 2.65796×10−6 Å/K6.

The cell effect is very small at temperatures below 2 K, which allowed us to de-
termine the linear thermal coefficient of small samples with a good precision. α was
measured using a step-heating method with a few variable parameters: the temper-
ature step, the waiting time for stabilization after heating (cooling) and the number
of (T, C) points over which to average the capacitance step. For the automation of
the experiment a dedicated LabVIEW program has been written with a help of G.
Hardeman (TC UvA). The working principle of this program is as follows. A user
sets the temperatures, the waiting time for each step and the number of points for
averaging. The temperature is controlled using the ORPX heater (in the Kelvinox
and the Heliox for T < 1.5 K) and the standard PID heater in the Heliox (for T >

1.5 K). The ORPX heater was mounted next to the dilatometer. The cell effect and
the expansion of the copper are subtracted from the signal. All the important pa-
rameters such as the capacitance, the temperature and the linear thermal expansion
coefficient are displayed on the screen while running the measurements and saved
to file.

To show how sensitive the dilatometer is we have measured the linear ther-
mal expansion of the 4 mm long aluminium (Al) sample. The data are shown in
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Fig. 3.3(c). Here we compare our data with the literature [120]. This demonstrates
that our thermal expansion cell can resolve α with a precision of 1 × 10−8 K−1 at
T < 4 K.

The step-heating (-cooling) method of measuring the linear thermal expansion
coefficient is demonstrated in Fig. 3.3(d). In this graph we show the time depen-
dence of the capacitance signal and the corresponding temperature measured for a
UCoGe sample. The scatter in ∆C is± 1× 10−6 pF, which is one order of magnitude
higher that the resolution of the AH 2500A bridge. The smallest detectable step in
the capacitance signal we can resolve is 2× 10−6 pF on a 1 mm long UCoGe sample,
at T < 0.5 K with ∆T = 0.07 K and C = 20 pF. Using the relation ∆L = εA

C2 ∆C we
calculate the resolution of the dilatometer is ∆L = 0.033 Å.

The Schmiedeshof dilatometer can show some glitches in the data, both in tem-
perature and in the field dependent data 1. These glitches manifest themselves as
irreversible jumps in the capacitance. They are easy to detect because they are not
reproducible and do not affect more than one or two data points. One can attribute
these to stress relief processes in the copper, but they can also be caused by two ma-
terials (with different thermal expansions) sliding across each other (e.g. the copper
sample platform and the sample). These glitches can cause non-trivial errors in
measurements of ∆L. One can avoid this problem by plotting the capacitance and
temperature as a function of time, and then removing erratic data points due to the
glitches.

3.5.3 Magnetostriction cell effect

The magnetostriction is defined as the length change of a material in applied mag-
netic field, ∆L(B). The coefficient of magnetostriction is defined as λ′ = L−1∆L/∆B.
In order to investigate the effect of an external magnetic field on the behaviour of the
cell a 4-mm long copper sample was mounted and the magnetostriction measured.
The results are presented in Fig. 3.4. The relative length change, ∆L/L, depends on
the magnitude of the applied field and the sweep rate. The measured expansion is
smaller, when the field is constant. In Fig. 3.4(a) ∆L/L is shown as a function of
time and B. The magnetic field was increased or decreased in steps of 0.5 T. This

1An appearance of glitches in the raw data is the downside of this particular design of the
dilatometer. On the other hand, the Schmiedeshof dilatometer allows measuring the thermal ex-
pansion on the sample with non-plane-parallel surfaces.
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3.6. Rotators 31

increase or decrease was followed by a 30 s stabilization time at fixed B. During this
short stabilization period the ∆L/L signal drops. The nature of such a behaviour
of the dilatometer can be explained by eddy-currents. When the magnetic field is
changed, eddy-currents are induced in the Be-Cu spring inside the thermal expan-
sion cell. This can lead to an extra contribution to the measured capacitance signal
due to a magnetic torque on the spring. The direction of the eddy-currents depends
on the vector of the applied field, which results in different sign of ∆L/L for increas-
ing and decreasing field. The increasing B gives a positive outcome (or expansion)
in the magnetostriction of the cell itself, while the decreasing B results in shrinking.
∆L/L as a function of B measured with a continuous field sweeps (rate = 0.1 T/min)
is shown in Fig. 3.4(b). The magnetostriction cell effect is at least two order of mag-
nitude smaller than the measured magnetostriction signal of a ferromagnetic mate-
rial, such as UCoGe, in the high field regime. The relative length change has a weak
temperature dependence.

3.6 Rotators

In order to carry out field angular dependent measurements of for instance magne-
toresistance or thermal expansion in an applied field, in situ rotation in the cryostat
is required. Such a rotator must satisfy the following conditions. It should have a
small size in order to fit in the magnet bore, be able to rotate a load of up to 40 g, be
equipped with a high-precision angle read-out and have a low heat input. For this
purpose, we have used the piezo-based rotators from Attocube. In this section the
implementation of the rotators in the Heliox and Kelvinox is discussed.

3.6.1 Piezo-based rotators

The working principle of a motor with a piezo-element is based on moving an ob-
ject under friction by impulsive force. It utilizes static friction and impulsive force
caused by the rapid displacement of the piezo-actuator. The motion mechanism ba-
sically consists of three parts: the main body, the actuator and the internal weight.
When the actuator executes rapid expansion or contraction, a strong inertial force
is generated and the main body is moved against static friction. When the actuator
executes slow retraction, the static friction may exceed the inertial force so that the
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Table 3.1: Specification of the Attocube rotators
ANRv51/RES ANRv220/RES

footprint; height 10 x 20; 21 mm 27 x 12; 28.5 mm

weight 10 g 38 g

maximum dynamic torque around axis 0.2 Ncm 0.7 Ncm

main body keeps the position. Repeating these fast and slow actuator displacements
carries out the motion [121].

We have used two different rotators: the ANRv50/RES and the ANRv220/RES.
The specifications of both are shown in Table 3.1. Both rotators are made from a Be-
Cu alloy. The ANRv50/RES has a small dynamic torque of 0.2 Ncm. This is enough
to move a typical sample holder which has a mass of 10 g. The technical drawing of
this rotator with a resistance sample holder mounted and a photograph are shown
in Fig. 3.5. The ANRv220/RES has a dynamic torque of 0.7 Ncm. This rotator was
factory adapted to fit our gear mechanism and enables rotation of the dilatometer
with a mass of 40 g.

The controller ANC350 was used for operating the rotators. The rotation is pro-
duced by two main parameters: the amplitude of the voltage pulses V and the fre-
quency of pulses f . In order to achieve a slow, low heat generation motion, typical
values of V = 10 - 50 V and f = 10 - 60 Hz were applied.

3.6.2 Wiring

The wiring is important in two aspects. First, it has to deliver the driving voltage to
power the rotator without significant losses. Low resistance wires are recommended
by Attocube. A room temperature test of the ANRv51/RES showed that wires with
R > 10 Ω reduce the power available to drive the rotator significantly. Secondly,
the heat load on the low temperature platform has to be kept low. For the Heliox it
implies that during rotation the temperature at the sample should not exceed 6 K,
while for the Kelvinox this is 1 K.

The Kelvinox is equipped with two low-ohmic coaxial cables with R = 3 Ω and
these were used to drive the rotator. In the Heliox new wires were installed. Copper
wires were fitted between the top of the insert (room temperature) and the 4.2 K
flange. For a low heat input at the sample platform, superconducting wires (NbTi)
were used in the 3He section in the vacuum can. In fact we had to use several
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rotator ANRv51/RES 
sample holder 

Figure 3.5: Technical drawings (left side, courtesy of R. Manuputty, TC UvA) and a
photograph (right side) of the piezoelectric rotator ANRv51/RES with a resistance
sample holder as indicated.

superconducting wires in parallel in order to reduce the normal state resistance to
below 6 Ω. When applying the voltage across the wiring system at low temperatures
we found that they become resistive quite rapidly. Therefore, a reduced resistance
was obtained by connecting six wires in parallel. Introducing the new wires in the
Heliox has some impact. The working cycle, i.e. the time window for keeping the
lowest temperature without recondensation, was reduced from 48 hours to 6 hours.

3.6.3 Calibration of the angle reader

Precise knowledge of the angle between the axis of the crystal and the direction of
the magnetic field is required. The Attocube rotators are equipped with an angle
reader – the positioner or RES. The positioner is a resistive sensor. The resistance
of the sensor is measured using a four-point technique and translated to degrees.
The calibration of the positioner has been made at room temperature by Attocube.
Therefore, an additional low temperature calibration required for our application. A
miniature Hall probe (Arepoc company) was used to determine the angle. Its Hall
effect is linear at low magnetic fields. When a current, I, is applied to the sensor it
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Figure 3.6: The low temperature calibration of the positioner of the Attocube rota-
tors made with help of the miniature Hall probe at B = 1 T. (a) The angle between
the applied magnetic field and the surface of the Hall probe, φ, as a function of the
positioner of the ANRv51/RES (circles) measured at T = 0.7 K. The solid line rep-
resents a linear fit (R2 = 0.9987) to the data: φ = 1.09× position(RES)− 73.30◦. (b)
The angle between the applied magnetic field and the surface of the Hall probe, φ,
mounted on the main body of the dilatometer as a function of the positioner of the
ANRv220/RES (circles) measured at T = 6 K. The dilatometer was attached with
help of a gear mechanism to the rotator with gear ratio 1:3. The solid line represents
a linear fit (R2 = 0.9988) to the data: φ = 104.50◦ − 0.33× position(RES). The error
bars are within the size of the points.
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Figure 3.7: A photograph of the smaller cogwheel, the rotator ANRv220/RES and
the support plate (right) and the large cogwheel of the gear mechanism and the
dilatometer (left).

results in a Hall voltage:

VHall =
I

ne
Bcos(φ), (3.5)

where φ is the angle between the surface of the sensor and the applied magnetic
field, n is the charge carrier density, e is the electron charge. By measuring VHall at B
= 1 T during rotation it was possible to calibrate the positioners.

The Hall probe was glued on the sample holder using GE varnish. The calibra-
tion of the ANRv51/RES was performed in the Heliox at T = 0.7 K. For each data
point the value of the Attocube RES, the position, was recorded together with the
Hall voltage. The resulting angle φ was calculated using Equation 3.5. In Fig. 3.6(a)
we show the calibration data with the angle φ on the vertical axis and the angle
of the positioner on the horizontal axis. The solid line represents a linear fit to the
points: φ = 1.09× position(RES)− 73.30◦.

3.6.4 Rotation of the dilatometer

Rotation of the dilatometer inside the cryostat was achieved by introducing a ded-
icated gear mechanism. Due to the limited space – the diameter of the vacuum can
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of the Heliox being only 39.6 mm – we decided to use a gear mechanism to transfer
the rotation axis from vertical to horizontal as shown in Fig. 3.8. In this drawing the
ANRv220/RES (item 5) is fixed with screws to the support plate (green in Fig. 3.8).
The vertical axis of the piezoelectric rotator is translated to horizontal using set of
gears comprising a smaller ceramic cogwheel (item 4) and a larger copper cogwheel
(item 3). The gear ratio is 1:3, which improves threefold the angular resolution of
the rotation of the dilatometer. The angular resolution was shown to be 0.05◦. The
dilatometer (item 1) is attached to the large cogwheel. A special ball bearing mecha-
nism (item 2) enables rotation at very low temperatures with reduced friction. Spe-
cial care in the design of the rotation mechanism was taken as regards the position
of the sample, so as to ensure that the latter remains fixed in the center position of
the superconducting magnet. In this configuration the applied magnetic field is al-
ways perpendicular to the dilatation direction of the sample. A photograph of the
disassembled parts is shown in Fig. 3.7.

The rotational calibration of the complete Attocube ANRv220/RES + gears +
dilatometer set-up has been made in the Heliox. To do this, the Hall probe was
mounted on the main body of the dilatometer. The temperature during the rotation
was around 6 K. In Fig. 3.6(b) we show the calibration data, where the angle φ is plot-
ted on the vertical axis and the angle of the positioner on the horizontal axis . The
solid line represents a linear fit to the points: φ = 104.50◦ − 0.33× position(RES).

3.7 Sample preparation

All the single crystalline samples used for this thesis were prepared at the Univer-
sity of Amsterdam by Dr. Y.K. Huang, except for one crystal of UCoGe (RRR = 40)
which was grown by Dr. D. Aoki at CEA, Grenoble. HoPdBi single crystals were
prepared using the flux technique and SrxBi2Se3 crystals by the Bridgman method.
Details of the sample preparation processes for each material are given in the exper-
imental section of each chapter, except for the UCoGe crystals whose preparation is
described below.

3.7.1 UCoGe

The preparation of high quality single crystals of UCoGe is a complex procedure
and involves three major steps. First, a polycrystal has to be prepared. Secondly, the
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Table 3.2: Polycrystalline sample characterisation
batch label U used RRR annealing TC, Tsc

Uranium U Goodfellow 5

U New Brunswick 11

U CEA France 18

U Ames 22

UCoGe 281112 UCoGe Goodfellow 12 - 17 10 days, T = 950◦C 2.9 K, 0.7 K

U1.02CoGe Goodfellow 17 - 20 10 days, T = 950◦C 3.0 K, 0.7 K

U1.02Co1.02Ge Goodfellow 25 10 days, T = 950◦C 3.1 K, 0.75 K

UCoGe 050413 U1.02Co1.02Ge#1 New Brunswick 3 10 days, T = 950◦C 3.1 K, not SC

U1.02Co1.02Ge#2 CEA France 5 10 days, T = 950◦C 2.9 K, 0.3 K

U1.02Co1.02Ge#3 Ames 5 10 days, T = 950◦C 2.7 K, 0.4 K

UCoGe 11062013 UCoGe CEA France 41 10 days, T = 950◦C 3.0 K, 0.75 K

U1.02CoGe CEA France 20 - 22 10 days, T = 950◦C 2.0 K, 0.68 K

U1.02Co1.02Ge CEA France 7 10 days, T = 950◦C 1.4 K, 0.4 K

UCoGe 20130416 Ames 10 10 days, T = 950◦C 2.8 K, –

single crystal is grown by the Czochralski technique. Thirdly, a long annealing pro-
cess finalizes the procedure. Typically it might take more than a month to prepare
and characterize a crystal.

The polycrystalline samples were prepared in a home built mono-arc furnace.
The melting process takes place in a high purity argon atmosphere of 0.5 bar. The
high purity of the starting materials is 3N for U, 4N for Co and 5N for Ge. Pure
U metal was obtained from different companies/laboratories: Goodfellow, New
Brunswick, CEA France and Ames Laboratory. In order to test the purity of the ura-
nium batches small polycrystalline buttons with a typical mass of 1 g were prepared.
Bars were cut by spark erosion from the (unannealed) buttons and the residual re-
sistance ratio, RRR = R(300 K)/R(4 K), was measured. The resulting RRR values are
reported in Table 3.2 and range from 5 (Goodfellow) to 22 (Ames).

For this thesis project we have prepared several batches of polycrystalline UCoGe,
using U from different sources and with a small variation in stoichiometry. Some
characteristics of the polycrystalline batches are presented in Table 3.2. The highest
RRR = 41 was determined for crystal with nominal composition UCoGe grown us-
ing U provided by CEA France. All polycrystalline samples were annealed under
high vacuum in quartz ampoules for 10 days at T = 950◦C. The single crystals are
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Table 3.3: Single crystalline sample characterisation
batch label U used RRR annealing TC, Tsc

UCoGe sc 2013 ann 1 Ames 6.5 14 days, T = 880◦C 1.5 K, 0.55 K

ann 2 TE 21 days, T = 880◦C

ann 2 bar 5 - 8 21 days, T = 880◦C 1.5 K, 0.45 K

UCoGe sc 2014 ann 1 CEA France 21 days, T = 880◦C

ann 2 6 - 7 1 day, T = 1250◦C –, 0.5 K

and 14 days, T = 880◦C

ann 3 6.5 21 days, T = 880◦C –, 0.37 K

UCoGe sc 1214 unannealed Ames 8 –, 0.4 K

ann 1 7.5 14 days, T = 880◦C 1.5 K, 0.58 K

ann 2 7 7 days, T = 900◦C

ann 3 4.6 7 days, T = 900◦C –, 0.49 K

ann 4 3.5 7 days, T = 900◦C –, 0.40 K

ann 5 3.5 21 days, T = 900◦C –, 0.42 K

UCoGe sc 2015 unannealed Ames 3 –, not SC

ann 1 2 21 days, T = 900◦C –, 0.42 K

ann 1 TE 21 days, T = 900◦C

grown using the Czochralski method in a tri-arc furnace from polycrystalline sam-
ples with a mass of more than 10 g. The single crystallinity is checked using X-ray
backscattering Laue diffraction. The same technique is afterwards used to orient the
single crystalline samples. Different sample shapes are generated using a spark ero-
sion machine, whereby bars and cube-shaped samples are cut from the boule by use
of a conducting (Cu) wire immersed in oil. The surfaces of the samples are polished
afterwards to remove the surface layer damaged by the spark cutting process.

The last and very important step in the sample preparation process is an anneal-
ing procedure. The single crystalline samples are wrapped in Ta foil and annealed
in evacuated quartz ampoules (p ' 10−7 mbar) or in a long quartz tube that is evac-
uated continuously by a turbo-pump for a period ranging from 7 to 21 days. A list
of prepared single crystals, their annealing procedure and RRR values is reported in
Table 3.3. In the framework of this PhD project, we did not manage to prepare single
crystals of UCoGe with RRR greater that eight. In some cases (sc 1214 and sc 2015)
annealing did not improve the RRR and the ampoules and Ta foil had a yellow trace
after annealing. The yellow trace most probably is due to uranium oxide. Therefore,
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for part of the experiments high quality single crystals, prepared earlier by Dr. Y.K.
Huang and Dr. N.T. Huy (RRR = 30), and by Dr. D. Aoki (RRR = 40), were used.



Chapter 4

Superconducting and ferromagnetic phase
diagram of UCoGe probed by thermal
expansion

We report thermal expansion measurements on a single crystal of the superconduct-
ing ferromagnet UCoGe for magnetic fields applied along the main orthorhombic
axes. The thermal expansion cell was mounted on a piezo-electric rotator in order
to fine-tune the magnetic field angle. The superconducting and magnetic phase dia-
gram has been determined. With our bulk technique we confirm the S-shape of the
upper-critical field, Bc2, for B ‖ b and the enhancement of superconductivity above
6 T. At the same time the Curie point shifts towards lower temperatures on increas-
ing the field along the b-axis. This lends further support to theoretical proposals of
spin-fluctuation mediated enhancement of superconductivity for B ‖ b.

This chapter has been accepted for publication in Phys. Rev. B.
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4.1 Introduction

The quest for superconducting ferromagnets (SCFMs) goes back to the pioneering
work of Ginzburg [82]. Later, in the 1970s, it was predicted, on theoretical grounds,
that weak itinerant ferromagnets could exhibit p-wave, equal-spin-pairing super-
conductivity [24]. Here, the superconducting state is mediated by the exchange of
longitudinal spin fluctuations, rather than by phonons as in the standard Bardeen,
Cooper, Schrieffer (BCS) scenario. The experimental discovery of superconduc-
tivity in the itinerant ferromagnets UGe2 (under pressure, Ref. [11]), URhGe [12]
and UCoGe [22], opened up the opportunity to investigate the coexistence of su-
perconductivity and ferromagnetism and their interplay in detail. In SCFMs the
superconducting transition temperature Tsc is smaller than the Curie temperature
TC. The uranium 5f -electrons are responsible for both ferromagnetic order and su-
perconductivity. In the past decade ample evidence has been provided that spin-
fluctuations in the proximity to a magnetic quantum critical point provide the at-
tractive pairing interaction for odd-parity superconductivity (for recent reviews see
Refs. [122, 123]). Although these SCFMs share common features, they are also quite
distinct, notably as regards the phase diagrams in the magnetic-field − temperature
and the pressure − temperature plane.

UCoGe crystallizes in the orthorhombic TiNiSi structure with space group Pnma

[124]. Superconductivity at Tsc = 0.6 K and itinerant ferromagnetism at TC =

3.0 K was first observed for polycrystalline samples [22]. The coexistence of fer-
romagnetism and superconductivity on the microscopic scale was demonstrated
by muon spin rotation and relaxation (µSR) [84] and 59Co nuclear quadrupole res-
onance (NQR) [85] experiments. Magnetization measurements on single-crystals
showed that UCoGe is an uniaxial ferromagnet with a spontaneous magnetic mo-
ment, m0 = 0.07 µB per U-atom, that points along the c-axis [125]. Superconductivity
shows a strongly anisotropic response to a magnetic field. For B parallel to the
easy-magnetization axis (c-axis) superconductivity is suppressed in 0.5 T (T → 0).
On the other hand, for B perpendicular to the easy-magnetization axis, the upper-
critical field, Bc2(0), attains extremely large values and largely exceeds the Pauli
limit for spin-singlet superconductivity [125, 87]. Moreover, Bc2(T) measured for
B ‖ b-axis [87] shows a striking S-shape which signals enhanced superconductivity
in fields exceeding 6 T. The pronounced anisotropy of Bc2 is arguably coupled to
spin-fluctuation mediated pairing: for B ‖ c the ferromagnetic fluctuations are sup-
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pressed and superconductivity vanishes, while for B ⊥ c spin fluctuations are robust
and superconductivity persists up to high fields. Solid experimental evidence on the
microscopic level for this scenario has been provided by 59Co nuclear magnetic res-
onance (NMR) [126, 86] and inelastic neutron scattering [127] experiments. The su-
perconducting phase diagram was qualitatively explained by a microscopic theory
employing the coupling between the electrons by means of magnetization fluctua-
tions in ferromagnetic metals [90]. A related approach was based on the Eliashberg
theory by taking into account the Dzyaloshinskii-Moriya interaction arising from
the zigzag chain crystal structure [88]. Here the S-shaped Bc2-curve is qualitatively
explained as a result of the enhancement of the spin fluctuations due to the decrease
of the Curie temperature when the field B ‖ b is increased.

In this chapter we report the ferromagnetic and superconducting phase diagram
in the B− T plane of UCoGe obtained by thermal expansion measurements in fixed
magnetic fields applied along the a-, b- and c-axes. Hitherto, the phase diagram
was mainly studied using transport experiments [87]. Its determination by thermal
expansion has the advantage that it involves a thermodynamic, bulk probe. More-
over, since the phase diagram depends sensitively on the alignment of the field with
respect to the a- or b-axes [87], we mounted our thermal expansion cell on a piezo-
electric rotator to enable tuning of the field-angle, as described in Chapter 3. We
observe that the Curie point for B ‖ b shifts gradually to lower temperatures and
we present bulk-sensitive evidence for the S-shaped Bc2-curve for the same field
orientation. Our results lend further support to the theoretical proposal of spin-
fluctuation mediated enhancement of superconductivity in a magnetic field (B ‖ b).

4.2 Experimental

Single crystals of UCoGe were prepared in a tri-arc furnace (crystal 1) and in a tetra-
arc furnace (crystal 2) using the Czochralski technique. Crystal 1, with residual
resistance ratio RRR = 30, was cut from the grown crystal boule by means of spark
erosion so as to give a bar shape with dimensions a× b× c = 1.0× 5.0× 1.1 mm3.
Sample 2 has RRR = 40 and was cut into a rectangular parallelepiped with dimen-
sions a × b × c = 1.4 × 1.1 × 1.0 mm3. Here RRR is defined as R(300K)/R(0K),
where R(0K) is obtained by extrapolating the normal state resistance Rn(T) to 0 K.
The uncertainty in the alignment of the main crystallographic axes with the spark
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cut planes is typically 2◦. Additional information about the crystal growth, anneal-
ing procedure and characterization can be found in Refs. [128, 129].

The coefficient of linear thermal expansion, α = L−1(dL/dT), with L the sam-
ple length, was measured using a three-terminal parallel-plate capacitance method.
The home-built sensitive dilatometer (see Chapter 3) was based on the design re-
ported in Ref. [117]. The sensitivity of the thermal expansion cell amounts to 0.03
Å. The dilatometer was used in two configurations: longitudinal, i.e. with the field
along the dilatation direction B ‖ ∆L, and transversal with B ⊥ ∆L. In order to tune
the magnetic field-angle with respect to the crystal axes in the transverse configu-
ration, we have implemented an in situ rotation mechanism described in Chapter
3. The magnetic field is always perpendicular to the fixed dilatation direction when
the cell is rotated. The standard field-angle reader of the rotator, the positioner,
was calibrated at low temperatures using a miniature Hall-probe (Arepoc company)
mounted on the main body of the cell and the angular resolution was shown to be
0.05◦. We remark that since we can rotate over one axis only, a possible remaining
absolute misorientation of ∼ 2◦ due to orienting and cutting the crystal cannot be
avoided. The dilatometer and rotator were attached to the cold plate of a Helium-3
refrigerator for temperatures in the range T = 0.24− 10 K (Heliox, Oxford Instru-
ments) and magnetic fields up to 14 T, and to the cold finger of a dilution refrigerator
(Kelvinox, Oxford Instruments) for T = 0.03− 1 K and B up to 17 T. An additional
heater and thermometer were mounted, thermally anchored to the thermal expan-
sion cell, for the step-wise heating method to measure α(T) described in Chapter
3.

4.3 Results

4.3.1 Thermal expansion in zero field

Fig. 4.1 shows the thermal expansion coefficient, αi(T), where i refers to the crystal
axis a, b or c, of UCoGe crystal 1 (upper panel) and crystal 2 (lower panel), measured
in the temperature range 0.05 - 6.0 K. The data for αb in the upper panel are taken
from Ref. [130], since the sample length of crystal 1 along the b-axis (5 mm) is too
large to fit in the improved dilatometer developed in this thesis. The data were mea-
sured on a different crystal with RRR = 30 prepared from the same batch and using
the previous dilatometer which possessed a large cell effect at low temperatures [94].
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Figure 4.1: Temperature variation of the coefficient of linear thermal expansion of
UCoGe along the orthorhombic a-, b- and c-axes, as indicated, for crystal 1 (top
panel, RRR = 30) and crystal 2 (bottom panel, RRR = 40). The data for αb in the top
panel are taken from Ref [130]. The dashed lines indicate idealized, stepped phase
transitions based on an equal-length construction (see text).
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Overall αi(T) of both crystals is very similar and in good agreement with the data
reported in Ref. [130], forming a sound basis for the detailed angular dependent
studies presented in the following. The thermal expansion coefficient is strongly
anisotropic in the paramagnetic state. Below TC, αa(T) and αc(T) behave similarly,
while a strongly pronounced and opposite variation is found for αb(T). The steps in
αi(T) at TC and Tsc are relatively broad. For the ferromagnetic transition they have
a positive sign (when cooling) along the a- and c-axes, and a negative sign along the
b-axis. At the superconducting phase transition the signs are reversed. The dashed
lines in Fig. 4.1 represent idealized transitions, based on an equal-length construc-
tion, with Tsc = 0.40 K and TC = 2.75 K for crystal 1 and Tsc = 0.53 K and TC = 2.66 K
for crystal 2. The construction implies an overall equal-length change is imposed
for the broadened and idealized contributions when integrating αi(T) with respect
to the background.

The different values of both Tsc and TC for the two crystals demonstrate the inti-
mate interplay between ferromagnetism and superconductivity in UCoGe. For the
crystal with lower TC, the superconducting transition temperature is slightly higher,
which is in-line with the enhancement of superconductivity when the magnetic
quantum critical point is approached [131]. We remark that the data for crystal 2
show a pronounced upturn in αb at very low temperatures (T < 0.15 K), measured
using the improved dilatometer. This anomalous behavior is only observed for αb,
and not for αa and αc. Its origin is not understood as will be discussed in section
4.4.3. In the following sections we present the thermal expansion data recorded for
the magnetic field in the longitudinal and transverse geometry for crystal 2.

4.3.2 Longitudinal thermal expansion in magnetic field

In Fig. 4.2 we present the longitudinal thermal expansion of crystal 2 around the
Curie point in fields up to 12 T (B ‖ ∆Li). In this configuration the thermal expansion
cell is directly attached to the cold plate of the Heliox or cold finger of the Kelvinox,
i.e. without rotator, thus tuning of the field-angle is not possible. The response to
the magnetic field is different for each direction. For B ‖ ∆Lc (lowest panel), the fer-
romagnetic phase transition smears out rapidly. In 0.75 T αc(T) is quasi temperature
independent and close to zero. This is expected since the field is parallel to the or-
dered moment m0 and the phase transition becomes a cross-over phenomenon. For
the other two directions B ⊥ m0, and thus the Curie point remains clearly visible in
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Figure 4.2: Coefficient of linear thermal expansion αi, where i is a, b or c, of UCoGe
crystal 2 in longitudinal magnetic fields B ‖ a, b, c as indicated (the colour configu-
ration for the top two panels is identical). Arrows indicate the field variation of TC
for B ‖ a and B ‖ b.
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the data. In the case of B ‖ ∆La (top-most panel), the magnetic contribution to αa

changes from positive to negative between 2 T and 4 T. In higher fields the magnetic
component grows further, while the transitions broadens. The Curie temperature,
which we identify by the minimum in αa(T) at higher fields, is only weakly field
dependent. For B ‖ b ‖ ∆L the magnetic contribution becomes weaker as the field
grows, and TC shifts towards lower temperatures. Comparing the field data for crys-
tal 2 with those reported in Ref. [130] we find a good agreement for B ‖ ∆Lc. For
the other two directions the literature data show a more pronounced magnetic con-
tribution in the field. This we attribute to the more developed ferromagnetic phase
in the crystal measured in Ref. [130] (just like for crystal 1 in zero-field, as can be
seen in Fig. 4.1). The longitudinal thermal expansion around the superconducting
transition was measured in field only for αb and is shown in Fig. 4.3. The supercon-
ducting transition observed at Tsc = 0.53 K in zero field shifts to lower temperatures
with increasing field and remains clearly visible up to 12 T. The data in also show
the upturn in αb(T) below 0.15 K persists all data, up to and including the highest
field used of 12 T.
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4.3.3 Transverse thermal expansion in magnetic field

The upper-critical field, Bc2, of UCoGe is strongly anisotropic [125]. For B ‖ c
Bc2(0) = 0.5 T (T → 0), but when the field is precisely aligned along the a- or b-
axes, Bc2(0) attains extremely large values with 16 T for B ‖ b and close to 25 T
for B ‖ a [87]. A field-tilt of a few degrees away from the a- or b-axes results in a
dramatic reduction of Bc2(0). In order to fine-tune the field angle, the dilatometer
was mounted on the rotator and the transverse thermal expansion was measured.
The suppression of the superconducting state in the case B ‖ c was measured for
B ‖ c ⊥ ∆La. The data are shown in Fig. 4.4(a). The superconducting transition
temperature is gradually reduced with increasing field, and superconductivity is no
longer observable at B = 0.5 T. The suppression of the superconducting state for
B ‖ a(b) was measured for B ‖ a(b) ⊥ ∆Lc. To achieve an optimal alignment of the
field along the a- and b-axes we have used the following strategy. αc(T) around the
superconducting transition was measured in a field of 1 T, then the dilatometer was
rotated over typically 0.5◦ and αc(T) was measured again. After obtaining several
data sets in this way we selected the optimal orientation B ‖ a(b) as the one in which
αc(T) shows the highest Tsc. The B ‖ a and B ‖ b data recorded for these optimised
field orientations are presented in Fig. 4.4(b) and (c). For B ‖ a the superconduct-
ing transition broadens rapidly and we can follow it only to 4 T. For B ‖ b we find
a very different behavior. The superconducting transition - as seen in the thermal
expansion - firstly reduces with increasing B ‖ b, but this reduction then billows
out and there are even indications that Tsc edges back up for B ‖ b = 8 and 10 T
before sinking again for B = 12 T. We do note that for larger fields, the noise level
becomes higher than the idealized step in the linear thermal expansion coefficient at
Tsc. Nevertheless, the step-like feature is still clearly present in the raw data for the
filed as high as 10 T.

In Fig. 4.5 we show the resulting B− T phase diagram obtained by tracking Tsc

via three methods: the onset of the superconducting transition, the step in the ide-
alized transition and the temperature of the local minimum in αc(T). It is clear
from Fig. 4.5 that the upper-critical field for B ‖ b displays an S-shape curve with
enhancement of Bc2 for fields above 6 T.
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Figure 4.4: Coefficient of linear thermal expansion of UCoGe crystal 2 in transverse
magnetic fields. Panel (a): For ∆La and B ‖ c (up to 0.5 T as indicated). Panel (b): For
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4.4 Analysis and discussion

4.4.1 Uniaxial and hydrostatic pressure dependence of critical tem-

peratures

The uniaxial and hydrostatic pressure dependence of TC and Tsc of crystal 2 have
been determined with help of the Ehrenfest relation. For a second-order phase tran-
sition ∂TC,sc

∂pi
= Vm∆αi

∆(c/T) , where the subscript i refers to the orthorhombic axis, Vm =

3.14× 10−5 m3/mol is the molar volume and ∆(c/T) is the step in the specific heat
divided by temperature at the transition. The specific heat data we use for the Ehren-
fest analysis are shown in Fig. 4.6 and we obtain the idealized steps ∆(c/T)FM = 16.6
mJ/molK2 and ∆(c/T)sc = 43.6 mJ/molK2. We remark that these particular data
were obtained [129] on a different UCoGe crystal (RRR = 87) cut from the same batch
as crystal 2. The step sizes in αi and the resulting uniaxial and hydrostatic pressure
dependencies are given in Table 4.1. The largest uniaxial pressure effect is along the
b-axis (pb) for both the ferromagnetic and superconducting phase transitions. For pa

and pc the effect is smaller and the sign is reversed compared to pb. The calculated
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Table 4.1: Idealized steps in αi at the ferromagnetic (FM) and superconducting (SC)
phase transitions for i = a, b and c and the volume effect for UCoGe crystal 2 in
zero field. The uniaxial and hydrostatic pressure dependencies of TC and Tsc are
calculated using the Ehrenfest relation (see text).

a b c volume

∆αFM (10−7/K) 3.3 ± 0.5 -33.2 ∓ 2.3 16.7 ± 1.1 -13.2 ∓ 2.0

∂TC/∂pi (K/kbar) 0.06 ± 0.01 -0.63 ∓ 0.04 0.32 ± 0.02 -0.25 ∓ 0.04

∆αSC (10−7/K) -4.9 ∓ 0.3 21.1 ± 2.3 -7.5 ∓ 0.5 8.7 ± 0.9

∂TSC/∂pi (K/kbar) -0.03 ∓ 0.001 0.15 ± 0.01 -0.05 ∓ 0.003 0.07 ± 0.01

hydrostatic pressure variations amount to ∂TC/∂p = −0.25 K/kbar and ∂Tsc/∂p =
0.07 K/kbar. These values should be compared to ∂TC/∂p = −0.79 K/kbar and
∂Tsc/∂p = 0.10 K/kbar calculated with the Ehrenfest relation on a crystal compara-
ble to crystal 1 as reported in Ref. [130]. Our calculated values for the data shown
here are close to the ∂TC/∂p = −0.21 K/kbar and ∂TSC/∂p = 0.03 K/kbar values
extracted from pressure dependent experiments [132, 131, 133].

4.4.2 Grüneisen analysis

In the top panel of Fig. 4.6 we present the volumetric thermal expansion coefficient
divided by temperature, β/T, of UCoGe crystal 2, whereby β = αa + αb + αc. The
ferromagnetic ordering results in a broad drop in β/T below TC, while the super-
conducting transition results in a sharp peak. In the paramagnetic phase, β follows a
linear temperature variation βP = aPT (T ≤ 5 K) with aP = 3.2× 10−7 K−2. Also in
the ferromagnetic phase, β/T attains a constant value with aFM = −2.4× 10−7 K−2.
The relative volume change due to the ferromagnetic ordering and superconductiv-
ity is obtained by integrating β(T) versus T and is shown in the inset of Fig. 4.6.
∆V/V grows quadratically below the Curie point and decreases below 0.6 K due to
superconductivity with ∆V/V = −2.8× 10−7 for T → 0. The latter value gives the
spontaneous magnetostriction of the superconducting state and agrees well with the
value previously obtained on UCoGe [130] and other heavy-fermions superconduc-
tors such as URu2Si2 [134] and UPt3 [135].

The effective Grüneisen parameter Γ is determined as Γ(T) = Vm
κT

β(T)
c(T) , where κT

is the isothermal compressibility and β(T) the volume expansion. For UCoGe κT
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Figure 4.6: Top panel: Coefficient of the volumetric thermal expansion divided by
temperature, β/T, as a function of temperature of UCoGe (crystal 2). Inset: Tem-
perature variation of the relative volume change ∆V/V of the same sample. Bottom
panel: Specific heat divided by temperature, c/T, as a function of temperature of
UCoGe (data taken from Ref. [129]). Inset: Temperature variation of the Grüneisen
parameter, Γ.
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= 0.324 Mbar−1, which was determined from the sum of the measured linear com-
pressibilities along the a-, b- and c-axes [136, 137]. The resulting temperature depen-
dence of the Grüneisen parameter is shown in the inset to the bottom panel of Fig.
4.6. Above the Curie point, Γ = 50. Upon cooling Γ drops to a value of about−50 due
to the ferromagnetic ordering and then dramatically increases to a value of about 300
due to the SC. In general, it is observed that Grüneisen parameter increases rapidly
with decreasing temperature as the heavy-fermion state stabilizes [138, 134].

4.4.3 Phase diagram

In Fig. 4.7 we present the superconducting and ferromagnetic phase diagram of
UCoGe determined from the dilatometry data presented here. The Tsc(B) and TC(B)
data points are taken from the transverse and longitudinal thermal expansion ex-
periments, respectively. In the case of Bc2 for B ‖ b, we trace the transition points
determined from the minima in αb(T) (see Fig. 4.5). For B ‖ c, the Curie temperature
could not be identified in field, as the magnetic transition smears out rapidly. In ad-
dition, the superconducting transition is suppressed near 0.5 T for B ‖ c. For B ‖ a,
the Curie temperature is constant within the error bar at least up to 12 T, while Tsc is
gradually suppressed, shifting out of the measurement window in fields exceeding
4 T. Lastly for B ‖ b, TC shifts towards lower temperatures with increasing field.
The field dependence of Bc2 along the b-axis exhibits a remarkable S-shape, with
superconductivity being enhanced above 6 T. The data in Fig. 4.7 therefore provide
the first truly bulk sensitive evidence for the enhancement of superconductivity in
fields oriented B ‖ b.

Returning to the magnetism, the field tuning of the Curie point can be fitted us-

ing a quadratic function proposed by Mineev [139, 89]: TC(B) = TC(0)
[

1−
(

B
Bc

)2
]

.

Extrapolation of the fit to this expression to T → 0 indicates the critical field Bc

could amount to as much as 19.6 T (see Fig. 4.7). This value is higher than Bc = 16 T
deduced from the transport data [87]. On the other hand, TC for B ‖ b is determined
from the longitudinal thermal expansion experiment for which precise field-angle
tuning was not possible. As it is likely that TC(B), just like Tsc(B), depends strongly
on the field-angle, a small misorientation could therefore result in a larger value for
Bc for the data presented and analysed here. Relevant to this discussion is the fact
that Bc2 for B ‖ b extracted from the longitudinal thermal expansion (see the inset
of Fig. 4.3) does not show the characteristic S-shape seen in Fig. 4.7, which can be
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explained by a small misorientation of the b-axis with respect to magnetic field in
the longitudinal data.

Finally, the low-temperature upturn in the αb(T)-data for crystal 2 for T < 0.15 K
remains puzzling. A similar upturn is not seen in αa(T) and αc(T). Therefore we can
safely exclude it is due to an artefact of the experiment, such as an undesired cell-
effect (i.e. the expansion of the dilatometer itself), or another purely measurement-
related technical problem. Additionally, this upturn was not observed in the αb(T)-
data taken on a different crystal [130]. The possibility that the upturn is a high-
temperature tail of a Schottky anomaly due to nuclear magnetic moments can be
excluded since the upturn is insensitive to magnetic fields applied along the b-axis
(see Fig. 4.3). Moreover, an analogously anomalous contribution to the specific heat
below 0.15 K is not observed (see Fig. 4.6). We conclude the origin of the upturn in
αb is not understood and further experimental work is needed. The low temperature
specific heat data point to a finite γ-value of 30 mJ/molK2 when c/T as a function
of T is linearly extrapolated to T → 0 [129]. This value is about half of the normal
state γ-value, which could indicate that only one of the spin-split bands takes part
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in the superconducting condensate [27, 26].

4.5 Conclusions

Using a purpose-built, high resolution dilatometer coupled to a precision rotation
stage, we have measured the thermal expansion of a single crystal of UCoGe around
the ferromagnetic and superconducting transitions in magnetic fields up to 12 T ap-
plied along the orthorhombic axes. In order to enable fine-tuning of the magnetic
field angle our home-built compact dilatometer was mounted on a piezo-electric
rotator. Pronounced steps in the thermal expansion coefficient α were detected at
TC and Tsc and their field variation was used to establish the ferromagnetic and su-
perconducting phase diagram. For small fields B ‖ c, the ferromagnetic transition
becomes a cross-over and superconductivity is rapidly suppressed (Bc2 is only 0.5 T
for T → 0). For B ‖ a, b, the Curie point and superconductivity are seen to per-
sist to very high fields, well in excess of the Pauli limit. The dilatometry data also
present a robust and importantly a bulk sensitive conformation of the S-shape of the
upper-critical field, Bc2, for B ‖ b and the enhancement of superconductivity above
6 T. The Curie point is seen to shift towards lower temperatures in the same field
regime. These data lend further support to theoretical proposals of spin-fluctuation
mediated enhancement of superconductivity in UCoGe for B ‖ b.



Chapter 5

Magnetotransport, magnetostriction and
torque magnetometry study of UCoGe

In this chapter we investigate the electronic properties of the superconducting ferro-
magnet UCoGe by means of magnetoresistance, magnetostriction and torque mag-
netometry measurements. The experiments are carried out on single-crystalline
samples for a field applied along the orthorhombic c-axis. We confirm a pronounced
anomaly at a characteristic field B* = 9 T in the magnetoresistance. In the mag-
netostriction and the magnetic torque data the anomaly is less prominent. This
indicates the anomaly is not due to a magnetic transition, but rather to a Lifshitz
transition, in line with the recent literature [Bastien et al., PRL 117, 206401 (2016)].
Magnetoresistance measurements under high pressures of up to 1.5 GPa show B* in-
creases quadratically with pressure. Furthermore, Shubnikov-de Haas oscillations
are detected in the magnetoresistance for B ‖ c with frequencies fα = 250 ± 20 T
and fβ = 300 ± 30 T and heavy quasiparticle masses of 14me and 18me (me is the
free electron mass) respectively are extracted. The presence of the orbits α and β for
B ‖ c indicates the existence of a pair of small Fermi surface pockets of comparable
cross-section that occupy only a tiny portion of the Brillouin zone.
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5.1 Introduction

In this chapter we focus on the electronic properties of UCoGe in applied magnetic
field, particularly for a field applied along the c-axis (B ‖ c). UCoGe is an uniaxial
ferromagnet with a spontaneous magnetic moment m0 of 0.07 µB per U-atom, which
points along the c-axis [125]. The superconducting and ferromagnetic properties
are highly anisotropic, as was discussed in the previous chapter. The upper-critical
field for a field along the c-axis is small, Bc2 = 0.5 T for T → 0 K. In an applied
field, the FM transition becomes a cross-over and a clear Curie point is no longer
observed. In UCoGe the 5f -electrons are responsible for both the magnetism and
the superconductivity. In order to understand the nature of the superconducting
and ferromagnetic ground state, a detailed study of the electronic and magnetic
structure is needed. In the last five years many research groups have dived onto
this topic. High-field magnetisation measurements carried out at T = 1.5 K have
shown [140] the magnetization M(B ‖ c) grows significantly to a value of 0.7 µB at
53 T. The increase of M(B ‖ c) is gradual, no structure in the magnetization curve
is observed, except a weak decrease of the slope dM/dB around 23 T. M(B ‖ a)
is linear up to 53 T, while M(B ‖ b) shows significant enhancement of the slope
near 46 T. In the early polarized neutron diffraction (PND) work [141] on UCoGe
it was demonstrated that by increasing B ‖ c (up to 12 T) the U moment grows
and induces a substantial moment on the Co atom directed antiparallel to the U
moment. Surprisingly, in the latest PND measurements [142] on UCoGe doped with
Ru on the Co site (with doping levels of 3 at.% and 12 at.%), a parallel orientation
of the U and Co moments in field has been established. Similar controversial results
appeared in the X-ray magnetic circular dichroism (XMCD) experiments. The first
XMCD study [143] of UCoGe shows that the Co 3d moments are parallel to the U
5f moments. The second work [144] rules out the parallel coupling of the U and Co
moments. The contradiction in the interpretation of the experimental results calls
for a further detailed investigation of the magnetic properties of UCoGe in magnetic
fields applied parallel to the c-axis.

Here we report magnetoresistance, magnetostriction and magnetic torque mea-
surements on UCoGe. We confirm the presence of a characteristic field B* = 9 T for
B ‖ c, previously observed by magnetotransport [145], using all three techniques.
High-pressure magnetoresistance measurements show B* to increase with pressure.
B* also increases when the direction of B is tilted away from the c-axis. Shubnikov –
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de Haas (SdH) oscillations with two characteristic frequencies were observed in the
magnetoresistance at very low temperatures. The resolvable Fermi surface pockets
are small and the extracted effective masses of 14me and 18me (me is the free electron
mass) are relatively heavy. These results are discussed in terms of a Lifshitz transi-
tion, in which an applied magnetic field drives a change in Fermi surface topology.

5.2 Experimental

Single crystals of UCoGe were prepared in a tri-arc furnace by the Czochralski tech-
nique. All results presented in this chapter were obtained on three single crystals:
sc1 with RRR = 30, sc4 with RRR = 8 and sc2013 with RRR = 6 - 8. Samples were
cut from the crystals by means of spark erosion into a bar shape or parallelepiped.
Additional information about the crystal synthesis and the characterisation can be
found in Ref. [128] and in Chapter 3.

The coefficient of magnetostriction, λ′ = L−1(dL/dB), with L the sample length,
was measured using a three-terminal parallel-plate capacitance method. The design
of the home-built sensitive dilatometer was based on the one reported in Ref. [117]
and is presented in detail in Chapter 3. The sensitivity of the thermal expansion cell
is 0.03 Å. The dilatometer was used in the longitudinal configuration in which the
dilatation axis, ∆L, and the direction of the magnetic field are parallel, ∆L ‖ B, and in
the transverse configuration when ∆L ⊥ B. For the magnetostriction measurements
two crystals were used: sc1 with dimensions a× b× c = 1.0× 5.0× 1.1 mm3 and
sc2013 with dimensions a× b× c = 2.3× 4.4× 3.5 mm3.

The ac-resistivity data were acquired using a low-frequency ( f = 16 Hz) resis-
tance bridge or a phase sensitive detection technique using a lock-in amplifier with
a low excitation current (I = 100 µA). In order to observe quantum oscillations in the
resistance of UCoGe, low-noise measurements of the magnetoresistance are needed.
A pre-amplification of the magnetoresistance signal was achieved by placing a cryo-
genic low-impedance transformer into the field-compensated region of the dilu-
tion refrigerator. For the magnetoresistance measurements, the bar-shaped crystals
sc2013 and sc1 were used.

High-pressure magnetotransport measurements were carried out with help of a
hybrid clamp cell made of NiCrAl and CuBe alloys. The crystal was mounted on
a plug that was placed in a Teflon cylinder with Daphne oil 7373 as a hydrostatic
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Figure 5.1: Magnetoresistance of UCoGe for B ‖ c recorded for T = 0.25 K. The black
(I ‖ a) and blue (I ‖ b) curves were taken in transverse configuration (B ⊥ I) for a
sample sc2013 with RRR = 6 and 8, respectively, while the red curve is taken in the
longitudinal configuration (B ‖ I ‖ c) for a sample sc2013 with RRR = 7. The arrows
indicate B*.

pressure transmitting medium. For the resistance measurements in a 4-point con-
figuration, thin gold wires were attached to the flat sides of the crystals using silver
paste. The bar-shape sample used for this experiment is labeled sc4.

The torque magnetometry technique makes use of a thin cantilever, which was
described in Chapter 3. The samples used in these experiments are labeled sc1 with
typical dimension 0.5 × 0.5 × 0.5 mm3 and 0.1 × 0.1 × 0.5 mm3. They were fixed
to the top part of the flexible cantilever plate using GE varnish. The cantilever was
mounted on the single-axis piezo-rotator ANRv51/RES (Attocube).

Low temperatures were achieved by attaching the dilatometer, the pressure cell,
the transport platform or the cantilever to the cold plate of a 3He refrigerator with
T = 0.24− 10 K and magnetic fields up to 14 T (Heliox, Oxford Instruments), or to
the cold plate of the dilution refrigerator for T = 0.03− 1 K and B up to 17 T (Kelvi-
nox, Oxford Instruments). In addition, torque magnetometry experiments were car-
ried out at the High Field Magnet Laboratory in Nijmegen in a 3He refrigerator and
fields up to 30 T.
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5.3 Results

5.3.1 Magnetoresistance for B ‖ c

Fig. 5.1 shows the resistivity as a function of magnetic field, ρ(B), at temperature T =
0.25 K for three samples with comparable RRR. The electrical current, I, was applied
along the a-, b- or c-axis while B was always aligned along the c-axis. The black
(I ‖ a) and blue (I ‖ b) curves were taken in the transverse configuration (B ⊥ I),
while the red (I ‖ c) curve is taken in the longitudinal configuration (B ‖ I). The
steep increase of ρ(B) at small fields is due to the suppression of superconductivity
with Bc2 ' 0.2 T at T = 0.25 K. Here we focus on the normal state magnetoresistance.

It is clear that there is a dependence of ρ(B) on the current direction. The re-
sistivity value in the transverse configuration is higher that in the longitudinal one.
The presence of the additional resistance when B ⊥ I is normally attributed to the
Lorentz force. In the case of I ‖ b ρ(B) steadily increases and passes through a pro-
nounced maximum at B* = 8.0 ± 0.5 T, while for I ‖ a ρ(B) steadily decreases. The
longitudinal magnetoresistance shows a kink near 9 T. This observation of the kink
for B ‖ c ‖ I is consistent with the data reported earlier [145] on a UCoGe crystal
with RRR = 5. On the other hand, high quality samples with RRR greater than 30
show a somewhat different behaviour in the magnetoresistance [146, 147], but with
a clear anomaly around 9 T.

5.3.2 Magnetoresistance for B ‖ c ‖ I under hydrostatic pressure

The pressure variation of B* was investigated for the sample sc4 (RRR = 8) for B ‖
c ‖ I for pressures up to 1.29 GPa in the 3He refrigerator and for p ≥ 1.29 GPa in the
dilution refrigerator. The measurements taken at T = 0.25 K are shown in Fig. 5.2.
After the initial steep rise, again due to the suppression of superconductivity, ρ(B)
steadily decreases and shows a kink at B* = 9 T, like ρ(B) of the crystal sc2013 in
Fig. 5.1. Under pressure, B* shifts to higher fields in a quadratic fashion at the rate
of 3.0 T/GPa2 (as shown in the inset to Fig. 5.2 showing B*(p) at T = 0.25 K and 1 K).
In this temperature range B* and dB*/dp are temperature independent.
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Figure 5.2: Magnetoresistance of UCoGe (sc4) for B ‖ c ‖ I at pressures of 0.26,
0.52, 0.77, 1.03, 1.29 and 1.46 GPa, as indicated, at T = 0.25 K. The inset shows B*
as a function of pressure at T = 0.25 K (blue circles) and T = 1 K (red squares). The
value of B*(0) = 9 T at ambient pressure (green star) is taken from sample sc2013.
The green solid line is a fit to the data at T = 0.25 K with B* = B*(0) + bp2, where b =
3.0 T/GPa2.

5.3.3 Magnetostriction for B ‖ c

The relative length change of UCoGe, ∆L/L(B), was measured on two samples (sc1
and sc2013) for B ‖ c. The data with ∆L along the a-, b- and c-axes are reported in
Fig. 5.3. With the magnetic field applied along the c-axis, the sample shrinks along
the a- and c-axes, while it expands along the b-axis. The magnitude of the relative
length change in the latter case is the largest and reaches the value of ∆L/L = 12×
10−5 at B = 12 T. The temperature dependence of the magnetostriction, measured
for T up to 10 K, is weak at low field, but becomes significant in fields above 8 T. In
the raw data for ∆L ‖ c ‖ B one can see a saturation in the magnetostriction signal at
B* = 9 T. The derivative of the relative length change, i.e. the linear magnetostriction
coefficient λ′, at T = 0.3 K, is reported for each configuration in the insets in Fig. 5.3.
λ′ first grows (for ∆L ‖ a, c) or drops (for ∆L ‖ b) with increasing field due to the
SC phase transition. Around B* = 9 T, the linear magnetostriction coefficient has an
anomaly. The anomaly is best seen as a kink for ∆L ‖ c and a maximum for ∆L ‖ b
in the data. In case of ∆L ‖ a λ′ does not changes significantly near B*.
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Figure 5.3: The relative length change of UCoGe, ∆L/L, as a function of applied
magnetic field along the c-axis and the dilatation direction, ∆L, measured along the
a-axis (sc1, top panel), along the b-axis (sc2013, middle panel) and along the c-axis
(sc1, bottom panel). Temperatures are T = 0.3 K, 1 K, 4 K and 10 K, as indicated. The
insets show the linear magnetostriction coefficient, λ′, at T = 0.3 K.
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5.3.4 Magnetic torque

The magnetic torque is expressed as τ = M× B, where M is the magnetisation vec-
tor. In UCoGe the ordered magnetic moment aligns along the easy axis below the
Curie point, thus M ‖ c. In our experiments we used a capacitive cantilever to mea-
sure the torque τ ∝ ∆C. The sample was mounted on the flexible plate in the way
that the c-axis of the UCoGe crystal was perpendicular to the plate. The schematic
drawings of the cantilever were presented in Chapter 3. By using a rotator, we were
able to change the angle, θ, between the c-axis of the crystal and the applied mag-
netic field. When θ > 0 the gap between the capacitance plates, d, increases when
B increases which results in the torque appearing as a decreasing signal. When θ <

0, τ increases with increasing the field. The resulting curves are shown in Fig. 5.4.
The magnetic torque was measured on sample sc1, which was cut into a cube (size
0.5× 0.5× 0.5 mm3). The magnetic torque of the cube-shaped sample was measured
at T = 0.30 K in fields up to 12 T (Fig. 5.4(a)) and at T = 0.05 K in fields up to 15 T
(Fig. 5.4(b)). τ gradually increases (θ < 0) or decreases (θ > 0) with increasing B. In
order to detect the B* anomaly, we plot the derivative d(∆C)/dB in Fig. 5.4(c) and
(d). The anomaly is hard to see on the derivative of the torque yet still detectable.
B* shifts towards higher field with increasing angle, θ. We tracked the anomaly in
d(∆C)/dB for both temperatures as a function of θ and the resulting data points
are shown in Fig. 5.4(f) together with the data obtained from the magnetoresistance
at T = 0.15 K [148]. One can see a clear match of the B*(θ) detected in the torque
measurements at T = 0.05 K with B*(θ) from the maximum of ρ(B). B*(θ) at T =
0.3 K deviates from the ρ(B) data, but qualitatively follows the same trend. The
magnetic torque was also measured in high magnetic fields up to 30 T at T = 0.32 K
(see Fig. 5.4(e)). These experiments were carried out on a tiny bar-shaped crystal
(size 0.1× 0.1× 0.5 mm3). The data show the torque signal has a relatively smooth
field variation up to 30 T, in agreement with the magnetization data [140].

5.3.5 Quantum oscillations

The oscillations in the resistivity that occur at low temperatures in the presence
of a strong magnetic field, the Shubnikov–de Haas effect, carry information about
the Fermi surface of the material. In order to detect the SdH signal we have pre-
amplified in situ the magnetoresistance signal ρ(B) using a cryogenic transformer [114].
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Figure 5.4: The magnetic torque, ∆C, of UCoGe sample sc1 (cube) as a function of the
applied field at T = 0.30 K (a) and T = 0.05 K (b) at different angles, θ, as indicated.
θ is the angle between the c-axis of the crystal and the magnetic field. Panels (c)
and (d): d(∆C)/dB as a function of B at T = 0.30 K and T = 0.05 K respectively at
different θ as indicated. Open circles indicate B*. Panel (e): The magnetic torque,
∆C, of UCoGe sample sc1 (bar) as a function of the applied field (up to 30 T) at T
= 0.32 K. Panel (f): B* as a function of θ, where θ = 0 corresponds to B ‖ c. Green
points are determined by tracking the “kink" field in the d(∆C)/dB curve at T =
0.30 K (c) and blue points at T = 0.05 K (d). Red points are B*(θ) determined by
the magnetoresistance data on sc1 at T = 0.15 K (from Ref. [148]). The dashed line
represents B* = B*(0)/cos(θ).
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with values fα = 250± 20 T and fβ = 300± 30 T. Figures are adapted from Ref. [114].
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Figure 5.6: Panel (a) and (c): Shubnikov–de Haas oscillations, ∆ρ, of UCoGe sc1
as a function of the inverse field, 1/B, at different temperatures from T = 50 mK
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as indicated (c). Panel (b): The temperature variation of the amplitude of the Fast
Fourier Transfom (FFT), A, for different frequencies: α – black points and β – red
points. The solid lines represent the Lifshitz-Kozevich function with mα* = 18 me
(black solid line) and mβ* = 14 me (red solid line). Panel (d): The angular variation
of the frequencies obtained by FFT for fα – black points and fβ – red points. θ = 0
corresponds to B ‖ c. Figures are adapted from Ref. [114].
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The magnetoresistance of UCoGe (sc1) for B ‖ c and I ‖ b in the range 8 - 17 T
at T = 0.05 K is shown in the top panel of Fig. 5.5. The SdH oscillations in the ρ(B)
signal become visible with the naked eye above 10 T. In the middle panel of Fig. 5.5
we present the SdH signal as a function of the inverse magnetic field, 1/B, after
careful subtraction of the non-monotonic background of the magnetoresistance. The
characteristic beating pattern points to the mixing of two closely-spaced frequencies.
A Fourier analysis of the quantum oscillations (bottom panel of Fig. 5.5) shows two
main frequencies fα = 250 ± 20 T and fβ = 300 ± 30 T with a presence of harmonics
in the higher frequency region. Another relatively weak frequency fδ∗ = 400 ± 20 T
is present as well. In the following analysis, we will not focus on the latter frequency
due to being close in amplitude to the noise.

The temperature variation of the SdH oscillations has been measured in order to
determine the effective mass of the quasiparticles. ∆ρ as a function of 1/B in the
temperature range 50 mK – 250 mK is presented in Fig. 5.6(a). The Fourier trans-
forms were computed at all measured temperatures. The FFT amplitudes, A, of the
α and β signal were obtained and analyzed using the standard Lifshitz-Kozevich re-
lation: LK(T) = Cm∗T/B0/[sinh(Cm∗T/B0)], where B0 is the inverse of the average
inverse magnetic field, C contains universal constants and is equal to 14.7 T/K, m*
is the quasiparticle mass. The results of the LK analysis are shown in Fig. 5.6(b) for
the two main frequencies fα and fβ. The values of the cyclotron effective masses are
mα* = 18 me and mβ* = 14 me, where me is the electron mass.

A measurement of the field angle dependence of the SdH signal allows one, in
principle, to determine the shape of the Fermi surface. In Fig. 5.6(c) we show the
SdH oscillations as a function of 1/B at T = 50 mK for different angles, θ. Here the
sample was rotated from B ‖ c to B ‖ a with increasing θ. The angular dependence
of the oscillation frequencies is presented in Fig. 5.6(d). The β orbit can no longer
be detected for θ > 15◦. The α orbit remains present for θ < 60◦ while its frequency
decreases. The δ* orbit was not observed in the FFT spectra for θ > 0.

5.4 Analysis and discussion

The major result from the magnetoresistance, magnetostriction and the magnetic
torque measurements is the identification of a pronounced structure in the field vari-
ation at B* = 9 T. The characteristic field B* is a robust property of our samples, but
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Figure 5.7: The relative volume change, ∆V/V, of UCoGe as a function of ap-
plied magnetic field along the c-axis at T = 0.3 K. The red dashed line represents
a quadratic function f (B) = (0.28× B2 − 1.30)× 10−6. The upper inset shows the
volumetric magnetostriction coefficient, λ′V , at T = 0.3 K. The arrow indicates B*.
The lower inset shows a zoom of ∆V/V(B) for low fields.

the shape of the structure in the magnetoresistance depends on the direction of the
electrical current (see Fig. 5.1) and the quality of the samples [146].

The magnetostriction of UCoGe shows that the anomaly around B* is the strongest
for the longitudinal configuration B ‖ c ‖ ∆L. In this case ∆L(B) saturates for B >

9 T. In other words, the sample shrinks in a field applied along the c-axis up to B* and
then keeps a constant length up to 12 T for temperatures T = 0.3 - 10 K. The dilatation
along the a-axis follows a negative trend with increasing field with a small change
above B*. On the other hand, for B ‖ c and ∆L ‖ b we observe ∆L(B) increasing
with a weak change of slope d(∆L)/dB near 9 T. These magnetostriction data show
that the b-axis of UCoGe is the “softest" axis (largest change in ∆L) of the crystal in
terms of elastic properties for B ‖ c. A similar conclusion was reached from the ther-
mal expansion measurements presented in Chapter 4. The relative volume change,
∆V/V, is presented as a function of B ‖ c in Fig. 5.7. ∆V/V is calculated as a sum
of the relative length change for each direction. It shows that the volume of the unit
cell of UCoGe in applied magnetic field along the c-axis first expands for B < 0.2 T
due to suppression of the superconductivity (see the lower insert of Fig. 5.7), then
shrinks until 1.2 T, which we attribute to the smearing of the ferromagnetic contri-



70 Chapter 5. Magnetotransport study of UCoGe

bution, and expands with further increase of the magnetic field up to 12 T. ∆V/V(B)
grows quasi-quadratically in the field region 1.2 - 7.5 T and then its behaviour de-
viates from the quadratic function (dashed line in Fig. 5.7). The volumetric magne-
tostriction coefficient, λ′V , is presented in the upper inset of Fig. 5.7, with the arrow
pointing to the position of B*. λ′V is related to the hydrostatic pressure dependence
of the magnetization M by one of the Maxwell relations:

(
∂M
∂p

)
B,T

= −
(

∂V
∂B

)
p,T

.

For a quadratic field dependence of the volume magnetostriction, ∆V(B), a linear
field dependence of the magnetization M is necessary. Indeed, the literature data
of M(B) show that the magnetization measured for a field along the three crystallo-
graphic axes is quasi-linear in the field region 1 - 23 T [125, 140]. The contribution of
the c-axis component to ∆V/V and λ′V is rather small, consequently the anomaly at
B* hardly shows up in the volumetric magnetostriction.

An appealing scenario that has been put forward to explain the change in magne-
toresistance at B* is a ferro-to-ferrimagnetic transition [145]. This proposal is largely
based on the first PND experiments on UCoGe (RRR = 30) carried out for B ‖ c
[141]. In low magnetic field (3 T) the small ordered moment m0 is predominantly
located at the U atom. In a large field of 12 T the moment grows but at the same
time a substantial moment, antiparallel to the U moment, is induced on the Co site.
This unusual polarizability of the Co 3d orbitals may give rise to a field-induced
ferri-magnetic-like spin arrangement. Support for this scenario was obtained from
field-dependent as-susceptibility data [145] on a crystal with RRR = 5 at T = 40 mK
which exhibit a maximum near B*. However, ac-susceptibility measurements per-
formed on a sample with a similar RRR value did not confirm this result [115]. The
dc-magnetisation M(B) was measured on a crystal with RRR = 45 at T = 1.5 K in
pulsed magnetic fields up to 53 T [140]. For B ‖ c the data do not show a clear
sign of a metamagnetic transition. A weak structure does appear in the derivative
dM/dB near 23 T.

The magnetic torque of UCoGe shows that angular dependence of B* follows
the same trend as extracted from the magnetoresistance data. The main observa-
tion is that B* shifts towards higher fields on rotating the magnetic field direction
away from the c-axis. The effect we see in the torque magnetometry is rather weak.
Therefore, it is difficult to interpret these data as a metamagnetic transition.

An alternative method to probe whether B* is due to the magnetic transition
is X-ray magnetic circular dichroism. In Ref. [144] a XMCD study in combination
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with magnetic Compton scattering is reported which enables the separation of the
contribution from spin and orbital moments. These experiments, carried out on
UCoGe samples (RRR = 4) for B ‖ c at T = 1.5 K and B = 6 T, show that the U and Co
spin moments are antiparallel. The authors of this paper conclude that the total spin
moment is smaller and is aligned antiparallel to the total orbital moment of UCoGe.
However, XMCD experiments at the U M4,5 and Co/Ge K edges demonstrate that
the U and Co spin moments are parallel. The measurements have been done on
high-quality samples of UCoGe with RRR = 30 for B ‖ c at T = 2.1 K and B = 1 and
17 T [143]. The contradiction between the two latter result and the earlier work
points to a high level of complexity of the magnetic state in UCoGe. Therefore,
an additional PND study of Ru substituted UCoGe has been carried out [142]. This
work also concludes the parallel orientation of U and Co moments in URuxCo1−xGe
(with x = 0.03 and 0.12) for B ‖ c at T = 0.3 K and B = 7 and 9 T. To conclude,
the magnetisation, the torque magnetometry and XMCD experiments rule out the
possibility that the B* structure is related to a reorientation of the spins or other
related magnetic transition.

Recently, high-field magnetoresistance and thermopower measurements on high-
quality crystals (RRR ≥ 36) showed [147] that at least five anomalies can be identi-
fied for B ‖ c, at B = 4, 9, 12, 16 and 21 T. The feature at B* = 9 T is observed by us in all
crystals. The anomaly at 12 T can be identified in our results as the local minimum
in the magnetoresistance seen in Fig. 5.5. These five anomalies are associated with
Lifshitz transitions, field-induced topological changes of the Fermi surface. Experi-
mental evidence for this was obtained by the detection of field-dependent quantum
oscillations in the magnetoresistance and the thermopower. In Ref. [147] also the γ

(α in our work) and the β orbit in the field region 9 - 16 T were reported, as well
as their angular dependence. Furthermore, a large high frequency (1 kT) spherical
Fermi pocket was observed for B > 22 T.

Our results show the characteristic beating pattern (see Fig. 5.5) emerging from
two closely-spaced frequencies fα = 250 T and fβ = 300 T. The orbits have heavy
effective masses mα* = 18 me and mβ* = 14 me. Assuming a circular extremal cross
section and with help of the Onsager relation Ak(EF) = 2πe f /h̄, we calculate a
Fermi cross section for the two orbits Aα = 2.3 nm−2 and Aβ = 2.9 nm−2. The
presence of these comparably-sized orbits, α and β, for B ‖ c indicates the existence
of a pair of small Fermi surface pockets that occupy only a tiny portion of the volume
of the Brillouin zone. The angular dependence of the orbital cross-sections shows
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that the β orbit gradually vanishes upon rotation of 15◦ or more towards the a-
axis, while the frequency of the α orbit steadily decreases until a tilt of 57◦. For
this, we can state that the Fermi surface of UCoGe is expected to include a cigar-
shaped (β) and an ellipsoidal Fermi pocket (α) in partial agreement with the LDA
band structure calculations [149] and angle resolved photo-emission spectroscopy
experiments [150]. Quantum oscillations were not detected by us for B ‖ a on a
crystal with RRR = 30.

To summarize, the observation of tiny Fermi surface pockets in transport both
in this work and in Ref. [147] and thermopower measurements [147], together with
the detection of a series of anomalies by several magneto-sensitive probes, provides
convincing evidence for field-induced topological changes of the Fermi surface – or
Lifshitz transition – for magnetic fields B ‖ c in UCoGe.

5.5 Conclusions

We have presented an extensive magnetoresistance study of single crystals of UCoGe
for magnetic fields directed along the c-axis. We confirm a pronounced structure
in the magnetoresistance, which appears when the component of the field parallel
to the c-axis reaches a value B* = 9 T. Measurements of B* as a function of pres-
sure up to p = 1.5 GPa show a quadratic increase B*(p) = B*(0) + bp2, where b =
3.0 T/GPa2. The characteristic field B* = 9 T is also observed in magnetostriction
and magnetic torque measurements, albeit less prominently. The Fermi surface of
UCoGe has been studied by means of quantum oscillations in the magnetoresis-
tance. Two small Fermi surface pockets with heavy effective mass were detected.
Our results are in good agreement with recent magnetoresistance and thermopower
measurements [147] that revealed the presence of multiple anomalies as a function
of the applied magnetic field B ‖ c, which demonstrate a field-induced dynamic
reconstruction of the Fermi surface connected to several Lifshitz transitions.



Chapter 6

High-pressure study of the basal-plane
anisotropy of the upper-critical field of the
topological superconductor SrxBi2Se3

We report a high-pressure transport study of the upper-critical field, Bc2(T), of
the topological superconductor Sr0.15Bi2Se3 (Tc = 3.0 K). Bc2(T) was measured for
magnetic fields directed along two orthogonal directions, a and a∗, in the trigonal
basal plane. While superconductivity is rapidly suppressed at the critical pressure
pc ∼ 3.5 GPa, the pronounced two-fold basal-plane anisotropy Ba

c2/Ba∗
c2 = 3.2 at

T = 0.3 K, recently reported at ambient pressure [Pan et al., Sci. Rep. 6, 28632
(2016)], is reinforced and attains a value of ∼ 5 at the highest pressure (2.2 GPa).
The data reveal that the unconventional superconducting state with broken rota-
tional symmetry is robust under pressure.

This chapter has been published as Nikitin et al., Phys. Rev. B 94, 144516 (2016)
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6.1 Introduction

The tetradymite Bi2Se3 is one of the prototypical materials that played an instru-
mental role in developing the field of three-dimensional topological insulators [42,
151, 152]. Electronic structure calculations [101] predicted Bi2Se3 has a nontrivial
topology of the electron bands due to large spin-orbit coupling. The bulk of the
crystal is insulating and at the surface gapless states exist that are protected by
symmetry. The topological surface states are characterized by a helical Dirac-type
energy dispersion with the spin locked to the momentum. The topological prop-
erties have experimentally been confirmed by angle resolved photo emission spec-
troscopy (ARPES) [103, 153]. Most interestingly, the topological insulator Bi2Se3 can
relatively easily be transformed into a superconductor with Tc ∼ 3 K by doping
with Cu [39], Sr [107], Nb [108] or Tl [109]. Making use of the direct analogy of the
Bogoliubov-de Gennes Hamiltonian for the quasiparticles of a superconductor and
the Bloch Hamiltonian for the insulator it is predicted that these doped systems are
topological superconductors [151, 152]. Taking into account the Fermi surface topol-
ogy in the normal state this can give rise to an odd-parity Cooper pairing symmetry
and a fully gapped superconducting state [154, 155]. Among the Bi2Se3-based su-
perconductors, CuxBi2Se3 has been studied most intensively [39, 156, 157, 158]. A
topological superconducting state was concluded based on a two-orbital model for
centrosymmetric superconductors exhibiting strong spin-orbit coupling. The pos-
sible superconducting order parameters were evaluated by symmetry-group clas-
sification (D3d point group, R3m space group) and an interorbital spin-triplet state
(∆2-pairing) was put forward as order parameter [155, 157]. On the other hand,
scanning tunneling microscopy (STM) measurements [159] argue against uncon-
ventional superconductivity. Moreover, CuxBi2Se3 crystals are prone to sample in-
homogeneities [159, 160] and a maximum superconducting volume fraction of only
∼ 50% has been achieved [156, 160].

An exciting development in the field of Bi2Se3-based superconductors is the ex-
perimental observation of rotational symmetry breaking: a magnetic field applied
in the trigonal basal-plane spontaneously lowers the symmetry to two-fold [41, 42].
In CuxBi2Se3 this was demonstrated for the spin-system by the angular variation of
the Knight shift measured by nuclear magnetic resonance (NMR) [41], while specific
heat measurements show it is a thermodynamic bulk feature [111]. In SrxBi2Se3 rota-
tional symmetry breaking was detected by the angular variation of the upper-critical
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field, Bc2(θ), probed by magnetotransport [42], and in NbxBi2Se3 by torque mag-
netometry that senses the magnetization of the vortex lattice [161]. The rotational
symmetry breaking appears to be ubiquitous in Bi2Se3-based superconductors and
provides additional evidence for topological superconductivity. Especially, it puts
important constraints on the possible order parameters. According to recent mod-
els [113, 112, 105] it restricts the order parameter to an odd-parity two-dimensional
representation, Eu, with ∆4-pairing, which involves a nematic director that breaks
the rotational symmetry when pinned to the crystal lattice. This unconventional
superconducting state is referred to as nematic superconductivity.

Here we report a high-pressure magnetotransport study on single-crystalline
Sr0.15Bi2Se3, conducted to investigate the robustness of the rotational symmetry
breaking to hydrostatic pressure. The upper-critical field, Bc2(T), was measured
for magnetic fields directed along two orthogonal directions, a and a∗, in the trig-
onal basal plane. While superconductivity is rapidly depressed with pressure, the
pronounced two-fold basal-plane anisotropy Ba

c2/Ba∗
c2 = 3.2 observed at T = 0.3 K at

ambient pressure [42], is reinforced and attains a value of∼ 5 at the highest pressure
(2.2 GPa). The rapid depression of Tc points to a critical pressure for the suppression
of superconductivity pc ∼ 3.5 GPa. Recently, a similar rapid decrease of Tc has been
reported in a systematic study of the electronic and structural properties of single
crystals of Sr0.065Bi2Se3 [162]. In the pressure range covering pc the R3m space group
is preserved. By increasing the pressure further two structural phase transitions are
observed, namely at 6 GPa to the C2/m phase and at 25 GPa to the I4/mmm phase.
We remark that at pressures above 6 GPa superconductivity reemerges with a max-
imum Tc ∼ 8.3 K [162]. This is analogous to the emergence of superconductivity
under pressure in undoped Bi2Se3 [163].

6.2 Experimental

For the preparation of SrxBi2Se3 single crystals with a nominal value x = 0.15, high-
purity elements were melted at 850 ◦C in sealed evacuated quartz tubes. Crystals
were formed by slowly cooling to 650 ◦C at a rate of 3 ◦C/hour. Powder X-ray
diffraction confirmed the R3̄m space group. The single-crystalline nature of the
crystals was checked by Laue back-reflection. Flat samples with typical dimensions
0.3× 2.5× 3 mm3 were cut from the bulk crystal with a scalpel blade. The plane of
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the samples contains the a- and a∗-axis. The a-direction was taken along the long
direction of the sample. The characterization of the single-crystalline batch with
x = 0.15 by means of X-ray diffraction, transport and ac-susceptibility measure-
ments is presented in the Supplementary Information of Ref. [42]. The characteri-
zation presented in Ref. [42] is representative for the crystals studied here, among
others a superconducting shielding fraction of 80 %.

High-pressure magnetotransport measurements were carried out with help of a
hybrid clamp cell made of NiCrAl and CuBe alloys. Two crystals were mounted on
a plug that was placed in a Teflon cylinder with Daphne oil 7373 as a hydrostatic
pressure transmitting medium. For resistance measurements in a four-point config-
uration thin gold wires were attached to the flat sides of the crystals by silver paste.
The magnetic field was applied in the aa∗-plane of the sample with configurations
B ‖ a ‖ I (crystal 1) and B ‖ a∗ ⊥ I (crystal 2). In these geometries Bc2 attains its
maximum and minimum value, respectively [42]. The pressure cell was attached to
the cold plate of a 3He refrigerator (Heliox, Oxford Instruments) equipped with a
superconducting solenoid (Bmax = 14 T). The effective pressure was determined in
previous experiments [40, 46] and the maximum pressure reached is 2.2 GPa. Low
temperature, T = 0.24 − 10 K, resistance measurements were performed using a
low-frequency lock-in technique with low excitation currents (I ≤ 100 µA).

6.3 Results

Before mounting the crystals in the pressure cell the temperature variation of the
resistivity was measured at ambient pressure. The resistivity shows a metallic be-
havior and levels off below ∼ 10 K [42]. For both crystals Tc = 3.05 ± 0.10 K as
identified by the midpoints of the transitions in R(T) (see black solid circles in
Fig. 6.1). Under pressure the resistivity remains metallic and the resistance ratio
R(300K)/R(4K) increases by ∼ 100 % for crystal 1 and ∼ 30 % for crystal 2, as
shown in the inset of Fig. 6.2. The larger increase for crystal 1 is mainly due to the
decrease of R(4K), while R(4K) is close to constant for crystal 2. R(T) around the
superconducting transition under pressure is shown in Fig. 6.1 (solid lines). Super-
conductivity progressively shifts to lower temperatures. In Fig. 6.2 we trace Tc(p) of
both crystals. Tc is smoothly depressed to a value of 0.90 K at 2.15 GPa. The dashed
line in Fig. 6.2 represents a linear extrapolation of Tc(p) and indicates the critical
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Figure 6.1: Resistance of Sr0.15Bi2Se3 as a function of temperature around Tc for crys-
tal 1 (left panel) and crystal 2 (right panel) at pressures up to 2.15 GPa as indicated.
The resistance is normalized to R(4K) at ambient pressure. The black solid circles
represent R(T) at ambient pressure.
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Figure 6.3: Left panel: Resistivity of Sr0.15Bi2Se3 as a function of temperature at
p = 1.29 GPa for B ‖ a ‖ I (crystal 1) measured in fixed magnetic fields. Curves
from right to left: from 0 T to 0.6 T with 0.1 T steps and from 0.8 T to 1.6 T with 0.2 T
steps. Right panel: Data for B ‖ a∗ ⊥ I (crystal 2) measured in fixed magnetic fields.
Curves from right to left: from 0 T to 0.4 T with 0.05 T steps and in 0.5 T.

pressure pc for the suppression of superconductivity is ∼ 3.5 GPa. We remark that
the value pc = 1.1 GPa reported in Ref. [162] most likely underestimates pc as it is
based on the extrapolation of Tc(p) from temperatures above 2 K only. In the case
of CuxBi2Se3 the critical pressure is estimated to be a factor 2 larger than in the Sr
doped case, pc ∼ 6.3 GPa [40].

The resistance as a function of temperature in fixed magnetic fields applied along
the a- and a∗-axis was measured to determine the upper-critical field, Bc2. Typical
data at p = 1.29 GPa are presented in Fig. 6.3. The superconducting transition
becomes broader in magnetic field. In order to systematically determine Tc(B) (or
Bc2(T)) we collected the midpoints of the superconducting transitions in R(T). We
remark that other definitions of Tc, such as a 10% or 90% drop of the resistance with
respect to the normal state value, will affect the absolute value of Bc2, but not our
central conclusion that the anisotropy of Bc2 is robust under pressure.

The main results are presented in Fig. 6.4, where we have plotted Bc2(T) at dif-
ferent pressures for B ‖ a (crystal 1) and B ‖ a∗ (crystal 2). Note the difference of
a factor 2 in the units along the vertical axis between the left and right panel. The
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Figure 6.4: Temperature variation of the upper-critical field, Bc2, of Sr0.15Bi2Se3 with
configuration B ‖ a ‖ I (left panel) and B ‖ a∗ ⊥ I (right panel) at pressures (from
top to bottom) of 0, 0.26, 0.60, 0.95, 1.29, 1.72 and 2.15 GPa. Open circles yield Bc2
taken from field sweeps at fixed temperature. The data at p = 0 (crystal 3) in the
right panel are taken from Ref. [42]. Inset: Pressure variation of the basal-plane
anisotropy Ba

c2/Ba∗
c2 at T = 0.5 K (solid red symbols) and at T/Tc = 0.28 (solid blue

symbols). The ambient pressure point is taken from Ref. [42]. The dashed line is a
guide to the eye.

most striking feature is the strong depression of Ba
c2(T) and Ba∗

c2(T) with pressure.
A second remarkable feature is that the strong anisotropy Ba

c2(T)� Ba∗
c2(T) persists

under pressure.

6.4 Analysis and discussion

The robustness of the large basal-plane anisotropy can be quantified by tracing the
ratio Ba

c2/Ba∗
c2 at the low temperature of 0.5 K as a function of pressure (see inset in

Fig. 6.4). This shows the anisotropy ratio is reinforced under pressure and increases
by a factor close to 2 at the highest pressure (2.2 GPa). Since Bc2(T) does not level off
when T → 0, we have also traced the anisotropy ratio at the reduced temperature
T/Tc = 0.28 in the inset. The increase is the same. The configurations B ‖ a ‖ I
(crystal 1) and B ‖ a∗ ⊥ I (crystal 2) were selected because at these field angles the
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maximum and minimum Bc2 values are measured. The large anisotropy Ba
c2/Ba∗

c2

tells us the rotational symmetry breaking is preserved. Since we cannot rotate the
pressure cell in the magnetic field in-situ, the development of additional anisotropy
terms cannot be ruled out. This is however highly unlikely given the smooth varia-
tion of Ba

c2(p) and Ba∗
c2(p).

As discussed in Pan et al. [42] the large two-fold basal-plane anisotropy can-
not be explained by the Ginzburg-Landau anisotropic effective mass model or by
the effect of flux flow on Bc2 due to the Lorentz force for B ⊥ I. Instead it pro-
vides solid evidence for unconventional superconductivity. This was put on firm
footing by calculations of the upper-critical field in the framework of the Ginzburg-
Landau theory for superconductors with D3d crystal symmetry [164, 105]. While for
one-dimensional representations Bc2 is isotropic in the basal plane, two-dimensional
representations, like Eu, can give rise to a six-fold anisotropy. The further reduction
of Bc2 to two-fold as observed in experiments [41, 111, 42, 161] is then naturally ex-
plained by the lifting of the degeneracy of the two components. The origin of the
lifting of the degeneracy has not been established yet, and is the subject of future
research. Possibly, uniaxial strain or a preferred ordering of the dopant atoms in the
Van der Waals gaps between the quintuple layers of the Bi2Se3 crystal, lowers the
symmetry.

The increase of the ratio Ba
c2/Ba∗

c2 with pressure is somewhat unexpected, since
hydrostatic pressure has a tendency to broaden phenomena. According to the basic
Ginzburg-Landau relations, Ba

c2 = Φ0/(2πξa∗ξc) and Ba∗
c2 = Φ0/(2πξaξc), where ξ

is the superconducting coherence length and Φ0 the flux quantum, it implies ξa/ξa∗

increases with pressure. Interpreting ξ as the Cooper-pair size this tells us the pair-
ing interaction along a∗ increases (ξa∗ smaller) with respect to that along a and in a
simple model that the superconducting gap becomes more anisotropic. Here we use
the BCS relation ξ = h̄vF/π∆, where ∆ is the superconducting gap and vF the Fermi
velocity. This in turn implies that in the Ginzburg-Landau theory of Bc2 in the D3d

crystal point group the coupling constant g of the symmetry breaking term and (or)
the ratio J4/J1 of the gradient coefficients increase(s) [105].

We remark that both Ba
c2 and Ba∗

c2 show an unusual temperature variation, no-
tably at low pressures a pronounced upward curvature below Tc is followed by a
quasilinear behavior. In an attempt to model Bc2(T) we present the data in Fig. 6.5
in a reduced plot b∗(t), with b∗ = −(Bc2(T)/Tc)/(dBc2/dT)|Tc and t = T/Tc the
reduced temperature. In calculating the slope (dBc2/dT)|Tc we have neglected the
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Figure 6.5: Reduced plot b∗(t) of the upper-critical field, with b∗ =
−(Bc2(T)/Tc)/(dBc2/dT)|Tc and t = T/Tc at pressures of 0, 0.26, 0.60, 0.95, 1.29,
1.72 and 2.15 GPa for B ‖ a∗ ⊥ I (left panel) and B ‖ a∗ ⊥ I (right panel). The black
solid line represents a comparison with the WHH model for a weak-coupling spin-
singlet superconductor and the blue solid line represents the generalized Ginzburg-
Landau model (see text). In the determination of the slope (dBc2/dT)|Tc and Tc the
low-field curvature of Bc2 is neglected.

low-field curvature which resulted in a lower Tc. Therefore the reduced data show
a tail that extends to t > 1. Apart from the low-field curvature that weakens un-
der pressure, the data overall collapse onto a single function b∗(t), as reported, for
instance, for CuxBi2Se3 [40] and the half-Heusler superconductor YPtBi [46]. This
shows the functional dependence does not change under pressure. For comparison
we have plotted in Fig. 6.5 the Bc2-curve for a standard weak-coupling BCS spin-
singlet superconductor with orbital limit Borb

c2 (0) = −0.72× Tc(dBc2/dT)|Tc , i.e. the
Werthamer-Helfand-Hohenberg (WHH) model curve [77]. Clearly, the data deviate
strongly from the model curve. This calls for detailed theoretical work to model
Bc2(T) in the case of ∆4-pairing in the Eu representation. Finally, we remark that the
phenomenological Ginzburg-Landau model curve, Bc2(T) = Bc2(0)[(1− t2)/(1 +

t2)], that was used in Ref. [165] to provide an estimate of Bc2(0), yields a description
of the collapsed data over fairly large temperature range as shown in Fig. 6.5, where
we used b∗(0) = 0.84.
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6.5 Conclusions

We have carried out a high-pressure study of the unconventional superconduc-
tor Sr0.15Bi2Se3 in order to investigate the unusual basal-plane anisotropy of the
upper-critical field, recently detected at ambient pressure [42]. The superconducting
transition temperature is rapidly depressed with a critical pressure of ∼ 3.5 GPa.
Bc2(T) has been determined for the B-field applied along two orthogonal direc-
tions, a and a∗, in the basal plane. The pronounced two-fold basal-plane anisotropy
Ba

c2/Ba∗
c2 = 3.2 at T = 0.3 K is robust under pressure and attains a value of ∼ 5 at

the highest pressure (2.2 GPa). The two-fold anisotropy of Bc2(T) provides solid
evidence for rotational symmetry breaking in the D3d crystal structure. This puts
stringent conditions on the superconducting order parameter, namely it should be-
long to a two-dimensional representation (Eu). Rotational symmetry breaking seems
to be ubiquitous in the family of doped Bi2Se3-based superconductors. This of-
fers an exciting opportunity to study unconventional superconductivity with a two-
component order parameter.



Chapter 7

Magnetic and superconducting phase diagram
of the half-Heusler topological semimetal
HoPdBi

We report a study of the magnetic and electronic properties of the non-centrosymmetric
half-Heusler antiferromagnet HoPdBi (TN = 2.0 K). Magnetotransport measure-
ments show HoPdBi has a semimetallic behaviour with a carrier concentration n =

3.7× 1018 cm−3 extracted from the Shubnikov-de Haas effect. The magnetic phase
diagram in the field-temperature plane has been determined by transport, magneti-
zation and thermal expansion measurements: magnetic order is suppressed at BM ∼
3.6 T for T → 0. Superconductivity with Tc ∼ 1.9 K is found in the antiferromag-
netic phase. Ac-susceptibility measurements provide solid evidence for bulk super-
conductivity below Tc = 0.75 K with a screening signal close to a volume fraction
of 100 %. The upper-critical field shows an unusual linear temperature variation
with Bc2(T → 0) = 1.1 T. We also report electronic structure calculations that clas-
sify HoPdBi as a new topological semimetal, with a non-trivial band inversion of
0.25 eV.

This chapter has been published as Nikitin et al., J. Phys.: Condens. Matter 27, 275701 (2015)
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7.1 Introduction

The compound HoPdBi is member of the large family of half-Heuslers that crystal-
lize in the non-centrosymmetric space group F43m [166]. Ternary Heuslers with
composition 2:1:1 and half Heuslers with composition 1:1:1 attract ample atten-
tion because of their flexible electronic structure, which gives rise to applications
as multifunctional materials in, for example, the fields of spintronics and thermo-
electricity [167]. Recently, a new incentive to investigate half-Heusler compounds
was provided by first principles calculations [97, 96, 168]. By employing the hy-
bridization strength and the magnitude of the spin-orbit coupling it was established
that “heavy-element" half-Heusler compounds may show a non-trivial band inver-
sion, similar to the prototypical topological insulator HgTe [169, 151, 152]. Topolog-
ical half-Heuslers are zero-gap semiconductors, where the topological surface states
can be created by applying strain that opens the gap. The emergence of magnetic
order and superconductivity at low temperatures in half-Heuslers provides a new
research direction to study the interplay of topological states, superconductivity and
magnetic order [48].

Recently, much research has been devoted to the band-inverted half-Heusler
platinum and palladium bismuthides, notably because some of these superconduct
at low temperatures [170]: LaPtBi (Tc = 0.9 K [44]), YPtBi (Tc = 0.77 K [45, 46]),
LuPtBi (Tc = 1.0 K [47]) and LuPdBi (Tc = 1.7 K [49, 52]). The s-p inverted band
order (Γ8 > Γ6) makes these compounds candidates for topological superconduc-
tivity [171, 172]. Topological superconductors are predicted to be unconventional
superconductors, with an admixture of even- and odd-parity Cooper pair states in
the bulk, and protected Majorana states at the surface [151, 152]. Since the crystal
structure lacks inversion symmetry these superconductors might also be classified
as non-centrosymmetric. Here theory predicts a mixed even- and odd-parity Cooper
pair state [173] as well.

Recently, we reported the observation of superconductivity (Tc = 1.22 K) and
antiferromagnetic order (TN = 1.06 K) in the half-Heusler ErPdBi [48]. In addi-
tion, electronic structure calculations predicted a sizeable band inversion, which
makes ErPdBi a first candidate for the investigation of the interplay of topologi-
cal states, superconductivity and magnetic order. Another candidate proposed is
CePdBi (Tc = 1.3 K, TN = 2.0 K), however, here superconductivity develops in small
part of the sample and is associated with a disordered phase [174]. The coexistence
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of superconductivity and magnetic order in ErPdBi provided a strong motivation to
search for similar phenomena in other REPdBi compounds (RE = Rare Earth), such
as HoPdBi [166, 175]. HoPdBi was reported to be an antiferromagnet with a Néel
temperature TN = 2.2 K [175]. Its magnetic susceptibility follows a Curie-Weiss
law with an effective moment µeff = 10.6 µB, in good agreement with the theoretical
value for free RE3+ ions with Russell-Saunders coupling (J = 8). The weak antifer-
romagnetic coupling is furthermore inferred from the low value of the Curie-Weiss
constant ΘP = −6.4 K. Here we report results of transport, magnetic and thermal
measurements on single crystalline HoPdBi. Our flux-grown crystals show antifer-
romagnetic order at TN = 2.0 K and superconductivity at Tc ∼ 1.9 K. However, the
transition to bulk superconductivity, inferred from the full diamagnetic screening
signal (100 % volume fraction), sets in near Tbulk

c ∼ 0.75 K. We report the magnetic
and superconducting phase diagram in the field-temperature plane, as well as elec-
tronic structure calculations that reveal a non-trivial band inversion of 0.25 eV at
the Γ-point. In the course of our investigations, Nakajima et al. [51] reported that
superconductivity occurs in almost the entire antiferromagnetic REPdBi series, with
Tc ∼ 1 K for HoPdBi.

7.2 Methods

Several single crystalline batches of HoPdBi were prepared using Bi flux. The high
purity elements Ho, Pd and Bi (purity 3N5, 4N and 5N, respectively) served as start-
ing material. First an ingot of HoPdBi was prepared by arc-melting and placed in
an alumina crucible with excess Bi flux. The crucible was sealed in a quartz tube
under a high-purity argon atmosphere (0.3 bar). Next the tube with the crucible
was heated in a furnace to 1150 ◦C and kept at this temperature for 36 h. Then the
tube was slowly cooled to 500 ◦C at a rate of 3 ◦C per hour to form the crystals. The
single-crystalline nature of the crystals was checked by Laue backscattering. After
cutting the crystals in suitable shapes for the various experiments, the surfaces were
cleaned by polishing. Powder X-ray diffraction confirmed the F4̄3m space group
and the extracted lattice parameter, a = 6.605 Å, is in good agreement with the lit-
erature [166]. Several tiny extra diffraction lines point to the presence of a small
amount of an impurity phase (< 5 %). These lines could not be matched to potential
inclusions or impurity phases, such as Bi, PdBi, α-Bi2Pd and β-Bi2Pd. The results
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presented here are taken on samples that all come from the same single-crystalline
batch. The measured samples are labeled #2-#4, and show very similar magnetic
and superconducting properties.

Magnetic and transport measurements were carried out in a Physical Property
Measurements System (PPMS, Quantum Design) in the temperature range 1.8-300 K.
The magnetization and susceptibility were measured utilizing a Vibrating Sample
Magnetometer, while the resistance and Hall effect were measured using a standard
four-point low-frequency ac-technique with an excitation current of 1 mA. The spe-
cific heat was measured down to 2.0 K on a crystal with a mass of 10 mg in the
PPMS as well. Low temperature, T = 0.24− 10 K, resistance and ac-susceptibility
measurements were made in a 3He refrigerator (Heliox, Oxford Instruments) using
a low-frequency lock-in technique with low excitation currents (I ≤ 200 µA). The co-
efficient of linear thermal expansion, α = L−1(dL/dT), with L the sample length, was
measured using a three-terminal parallel-plate capacitance method using a home-
built sensitive dilatometer based on the design reported in Ref. [117]. Magnetore-
sistance data were taken in a dilution refrigerator (Kelvinox, Oxford Instruments)
for T = 0.03− 1 K and high magnetic fields up to 17 T. Additional low-temperature
dc-magnetization and ac-susceptibility measurements were made using a SQUID
magnetometer, equipped with a miniature dilution refrigerator, developed at the
Néel Institute.

7.3 Results and analysis

7.3.1 Superconductivity

In Fig. 7.1 we show the resistivity ρ(T) of a single crystal of HoPdBi (sample #2).
The resistivity values are rather large and ρ(T) has a broad maximum around 80
K. The charge carrier concentration nh extracted from the low field (B < 2 T) Hall
effect measurements is traced in the inset of Fig. 7.1. The carriers are holes and at the
lowest temperature (T = 2.0 K) nh = 1.3× 1019 cm−3. These transport parameters
reveal semimetallic-like behaviour. At low temperatures, the resistivity drops to
zero, which signals the superconducting transition.

The superconducting transition measured by resistivity in zero and applied mag-
netic fields is reported in detail in Fig. 7.2. The superconducting transition at B = 0
is fairly broad, with an onset temperature of 2.3 K and zero resistance at 1.6 K. By
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Figure 7.1: Resistivity and carrier concentration (inset) as a function of temperature
of HoPdBi sample #2.
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Figure 7.2: Resistivity as a function of temperature for HoPdBi sample #2 measured
in fixed magnetic fields: from right to left 0 T to 1.1 T in steps of 0.1 T, 1.2 T to 2 T
in steps of 0.2 T, and 2.25 T, 2.5 T and 3 T. Lower inset: Derivative dρ/dT versus T
for B = 1.0 T; arrows indicate Tc and TN. Upper inset: ρ(T) versus T in zero field for
sample #3.
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tracing the maximum in the derivative dρ/dT we obtain Tc = 1.86 K. The broad
transition is most likely related to the simultaneous development of antiferromag-
netic order with TN = 2.0 K (see below). A similar rounded ρ(T) near the onset for
superconductivity was observed for ErPdBi, where Tc ' TN as well [48]. We have
determined the upper-critical field Bc2 by taking Tc(B) as the maximum in dρ/dT
obtained in constant magnetic fields. See the lower inset of Fig. 7.2 for the data at
B = 1.0 T. Here the structure at 2.0 K signals the antiferromagnetic transition. The
temperature variation Bc2(T) is reported in the phase diagram, Fig. 7.7. In the up-
per inset of Fig. 7.2 we show the zero-field data for sample #3. The resistivity data
for this sample (data in field are not shown) are in good agreement with the results
obtained for sample #2.

In Fig. 7.3 we show ac-susceptibility (χac) data taken on sample #3 for different
driving fields Bac ranging from 0.0025 to 0.25 mT. Upon cooling χac(T) first increases
and has a pronounced maximum at 2.0 K, which locates the antiferromagnetic phase
transition temperature. Upon further cooling a large superconducting signal ap-
pears below 0.75 K. For the smallest driving fields Bac ≤ 0.05 mT the screening
fraction associated with this diamagnetic signal is ∼ 90 %, which provides strong
support for bulk superconductivity. Upon increasing the driving field to 0.25 mT
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Figure 7.4: Left panel: Magnetic susceptibility of the HoPdBi sample #3 as a function
of temperature measured in magnetic fields up to 3 T as indicated. Right panel:
Magnetization in fields up to 8 T at temperatures of 0.075, 2.0 and 5.0 K.

the magnitude of the diamagnetic signal is rapidly depressed, which indicates the
lower-critical field Bc1 is very small. However, a close inspection of the data shows
that a weaker diamagnetic signal develops near 1.8 K, which is close to midpoint of
the superconducting transition at 1.9 K of sample #3 (see upper inset Fig. 7.2). The
amplitude of the diamagnetic signal varies with Bac. This clearly indicates a smaller
volume fraction (∼ 20 %) of the sample becomes superconducting at 1.8 K. Here we
have neglected the demagnetization factor that we estimate to be N = 0.07± 0.02
for our needle-shaped sample #3. We remark that after correcting for demagneti-
zation effects the total superconducting volume fraction is close to ∼ 100 %. These
observations are corroborated by the imaginary part of χac(T) shown in the inset of
Fig. 7.3. The transition to the bulk superconducting state reveals the presence of a
remaining sample inhomogeneity, as indicated by the double peak structure in χ′′ac

for small values Bac ≤ 0.005 mT.

7.3.2 Antiferromagnetic order

Magnetic susceptibility measurements carried out in a field of 0.1 T confirm local
moment behaviour of the Ho moments. For T > 50 K Curie-Weiss behaviour is
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observed with an effective moment µe f f = 10.3 µB and a negative Curie-Weiss
constant ΘP = −5.7 K indicating the presence of antiferromagnetic interactions.
These values are close to the ones reported in Ref. [175]. In Fig. 7.4 we show the
dc-susceptibility around the antiferromagnetic transition measured in fields up to
3 T down to very low temperatures (0.1 K). The Néel temperature is progressively
shifted with field and can no longer be discerned at the largest field. The varia-
tion TN(B) is traced in the phase diagram (Fig. 7.7). In the right panel we show
the magnetization measured at T = 0.075 K, deep in the antiferromagnetic phase,
and at 2 K and 5 K, measured along the (100) axis. At the lowest temperature the
magnetization increases rapidly until it reaches a value of ∼ 6 µB at 3 T after which
the increase is more gradual. In a field of 8 T the magnetization attains a value
of 7.2 µB which is still considerably below the saturation value ms = gJ = 10 µB

(here g = 5/4 is the Landé factor). An explanation for this is offered by the sizeable
magnetic anisotropy associated with the Ho ions (see section 7.4). The presence of
magnetocrystalline anisotropy can also be inferred from the very weak signature of
a metamagnetic-like transition observed in M(B) below TN.

In Fig. 7.5 we show the coefficient of linear thermal expansion α(T) around the
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antiferromagnetic transition. Upon cooling a large positive step ∆α is observed,
where the midpoint nicely agrees with TN determined by the magnetic susceptibil-
ity. The superconducting transition is not observed in the thermal expansion be-
cause of the relatively small entropy involved (see the discussion section). In the
right panel we show the specific heat measured in the temperature range 2 - 50 K.
The increase at low temperatures upon approaching 2 K is due to the antiferromag-
netic transition. When we compare c(T) with the lattice specific heat, estimated by
a Debye function with a Debye temperature θD = 193 K, a broad magnetic contri-
bution centered around 15 K becomes noticeable. This magnetic contribution with
an entropy of ∼ 1.7× R, where R = 8.31 J/molK is the gas constant, is most likely
a Schottky contribution to the specific heat, associated with the partly lifting of the
crystalline electric field ground state. In the cubic symmetry, the holmium J = 8 mul-
tiplet, with 2J + 1 = 17 levels, may split into 1 singlet, 2 doublets and 4 triplets [176].
We remark that the magnetic susceptibility starts to deviate from the Curie-Weiss be-
haviour below 50 K as well. By combining the thermal expansion and specific heat
data we can make an estimate of the pressure variation of TN using the Ehrenfest re-
lation dTN/ dp = Vm∆β/(∆c/TN). Here the coefficient of volume expansion β = 3α

and Vm = 4.3× 10−5 m3/mol is the molar volume. Using the experimental values
∆α = 1.2× 10−4 K−1 and ∆c/TN ∼ 5 J/molK2 we obtain dTN/ dp ∼ 0.3 K/kbar. In
an applied field, the longitudinal thermal expansion measured along the direction
of the magnetic field, α‖, develops a pronounced minimum. The negative α‖ indi-
cates a large magnetocrystalline anisotropy, with an expansion along the field and a
contraction perpendicular to the field, upon cooling below TN. Notice, in magnetic
field β = α‖ + 2α⊥. The variation TN(B) extracted from the thermal expansion is
traced in the phase diagram Fig. 7.7.

7.3.3 Quantum oscillations

The magnetoresistance was measured in magnetic fields up to 17 T at low temper-
atures in the dilution refrigerator. A typical trace taken at T = 0.05 K is shown
in Fig. 7.6. After the suppression of superconductivity, the kink at BM = 3.6 T lo-
cates the antiferromagnetic phase boundary. In fields exceeding 8 T we observed
Shubnikov-de Haas oscillations. Since the oscillatory component is rather small
(∆ρ/ρ ∼ 0.1%) and superimposed on a non-monotonic background, it is difficult to
extract the precise magnitude as a function of 1/B. In the lower inset of Fig. 7.6 we
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Figure 7.6: Resistance of the HoPdBi sample #2 as a function of the magnetic field
at T = 0.05 K. The arrow indicates the antiferromagnetic phase boundary at BM.
Lower inset: ∆ρ as a function of 1/B showing the Shubnikov - de Haas effect at
0.05, 0.3 and 0.6 K. Upper inset: fast Fourier transform of the data with frequency
F = 75± 5 T.

trace the resulting oscillations in ∆ρ as a function of 1/B. A fast Fourier transform
(upper inset) shows the frequency is 75± 5 T. For a circular extremal cross section
Ak(EF) = πk2

F we calculate with help of the Onsager relation a Fermi wave vector
kF = 4.8× 108 m−1. Assuming a spherical Fermi surface pocket, the corresponding
3D carrier density n = k3

F/3π2 = 3.7× 1018 m3 which is a factor ∼ 3.5 smaller than
the value deduced from the Hall effect measurements. Additional measurements
at T = 0.3 and 0.6 K show the thermal damping is very weak, which points to an
effective mass much smaller than the free electron mass, me f f < 0.5me, as reported
for other topological semimetals [45, 44].

7.3.4 Phase diagram

In Fig. 7.7 we present the magnetic and superconducting phase diagram of HoPdBi.
The upper-critical field Bc2 shows a smooth variation with temperature and extrap-
olates to the value of 1.1 T at T = 0. This tells us Bc2(T) is associated with the
superconducting transition observed at 1.9 K in zero field. When we compare the
Bc2-data to the Werthamer-Helfand-Hohenberg (WHH) curve for a weak-coupling
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nomenological order parameter fit with TN = 2.0 K and BM = 3.6 T at T = 0 (see
text)

.
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spin-singlet orbital-limited superconductor, some departure appears below∼ 0.7 K.
We remark this is close to the temperature below which the diamagnetic screening
signal shows the sudden increase towards bulk superconductivity (see Fig. 7.2). In
the WHH model the clean-limit zero-temperature orbital critical field can be calcu-
lated from the relation Borb

c2 (0) = 0.72 × Tc|dBc2/dT|Tc and attains a value of 0.9
T (in the dirty limit the coefficient 0.72 is replaced by 0.69). From the experimen-
tal value Bc2(0) = 1.1 T we calculate, utilizing the relation Bc2 = Φ0/2πξ2, where
Φ0 is the flux quantum, a superconducting coherence length ξ = 17 nm. A depar-
ture from the WHH model has also been observed for ErPdBi [48] and notably for
YPtBi [45, 46], where is was taken as a strong indication of an odd-parity component
in the superconducting order parameter. We remark, the superconducting phase is
completely embedded in the antiferromagnetic phase.

The antiferromagnetic phase boundary has been determined by resistivity, mag-
netization and thermal expansion measurements, see Fig. 7.7. After an initial (B <

1 T) steep increase with field, TN smoothly decreases, and the antiferromagnetic
phase transition is suppressed at BM(0) = 3.6 T. Values for TN extracted from the
magnetization and thermal expansion are somewhat lower than the values obtained
by transport, but all three experiments track the same phase boundary. These dif-
ferences might be partly attributed to different orientations of the crystals in the
magnetic field in connection to the large magnetic anisotropy. For the magnetiza-
tion experiments the magnetic field was applied along (100), while for the other
experiments the field was applied along an arbitrary crystal direction. In the figure
we compare the phase boundary with the phenomenological order parameter func-
tion BM(T) = BM(0)(1− (T/TN)

α)β with TN = 2.0 K, BM(0) = 3.6 T, α = 2 and
β = 0.34. The latter value is close to the theoretical value β = 0.38 expected for a 3D
Heisenberg antiferromagnet [177].

7.3.5 Electronic structure

To understand the electronic properties, we have performed ab initio band structure
calculations [178] based on the density-functional theory. The core electrons are rep-
resented by the projector-augmented-wave potential. We keep only three valence
electrons of Ho (equivalent to La) and freeze all other f electrons as core electrons,
to simplify the understanding of the topology. The calculated bulk band structure of
HoPdBi exhibits a zero-gap, and is quite similar to that of ErPdBi [48] and other half-
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ergy, EF, is shifted to zero (horizontal dashed line). The measured sample is slightly
p-doped, which will cause EF to lie marginally below zero.

Heusler topological semimetals [97, 96]. The Γ6 band (contributed by Pd-s states)
is below the Γ8 bands, showing the hall mark of band inversion. Therefore, we can
clearly conclude that HoPdBi is also a topological semimetal. The effect of magne-
tization of Ho- f states is expected to possibly split the spin degeneracy slightly, but
to preserve the inverted band order because the band inversion strength (the energy
difference between Γ8 and Γ6 bands) is as large as 0.25 eV. The measured sample is
slightly p-doped, which will cause EF to lie marginally below zero.

7.4 Discussion

Our systematic transport, magnetic and thermal properties study demonstrates that
HoPdBi combines local moment magnetism and superconductivity and thus be-
haves very similar to the related half-Heusler compound ErPdBi [48]. Supercon-
ductivity occurs at Tc = 1.9 K as determined by the resistive transition and the
onset in χac, however, the transition to a full diamagnetic screening fraction sets in
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at a lower temperature, near 0.75 K. These results are in line with the recent work
by Nakajima et al. [51], but nevertheless there are some noticeable differences: the
midpoint of the resistive transition is at ∼ 1.0 K, and the onset of the diamagnetic
signal is at ∼ 0.9 K [51]. Moreover, the transition measured by χac [51] is very
broad and extends to the lowest temperature measured (∼ 0.1 K). A comparison of
both studies suggests the superconducting phase transition found below ∼ 0.9 K
by Nakajima et al. [51] is to be associated with the transition to the bulk supercon-
ducting state at 0.75 K as reported in fig. 2. The presence of a small volume fraction
of our sample that superconducts at 1.9 K remains a puzzling aspect. A possible
explanation is the presence of an impurity phase. Among the binary Bi-Pd alloys
α-Bi2Pd is reported to superconduct at 1.7 K [179]. However, the few extra tiny lines
in the diffraction pattern could not be matched to the structure of α-Bi2Pd. More-
over, Bc2(0) of α-Bi2Pd is small [51], which is at variance with the measured value
Bc2(0) = 1.1 T.

A second, appealing explanation for superconductivity at 1.9 K is the occurrence
of surface superconductivity associated with the topological surface states. Surface
superconductivity at temperatures higher than the bulk Tc was recently proposed
by Kapitulnik et al. [180, 181] for the topological half-Heuslers YPtBi and LuPtBi.
Experimental evidence for this was provided by (surface sensitive) Scanning Tun-
neling Spectroscopy measurements. Surface superconductivity may also offer an
explanation for the "unknown impurity phase" with Tc = 1.7 K, i.e. above the bulk
Tc of 1.2 K, reported for ErPdBi [48]. Interestingly, Nakajima et al. [51] claim that
surface superconductivity with Tc = 1.6 K can be induced by heat treatments at
200 ◦C for all REPdBi. These results may open a new, fascinating research direction
in the field of topological superconductivity. Future experiments have to be directed
to disentangle surface and bulk superconductivity in order to put these ideas on a
firmer footing.

Local-moment antiferromagnetic order has been detected for most members of
the REPdBi series [182, 175, 48, 51], with TN following the De Gennes scaling: TN ∝
(gJ − 1)2 J(J + 1) with gJ the Landé factor (see e.g. [183]). The Neél temperature
TN = 2.0 K of our crystals is in between the values 2.2 K and 1.9 K reported in
Refs. [175] and [51], respectively. The phase diagram (Fig. 7.7) shows that antifer-
romagnetic order entirely encloses the superconducting phase. Superconductivity
is attributed to the Γ8 hole states (see Fig. 7.8). Normally, conventional BCS spin-
singlet superconductivity is suppressed by local-moment magnetism. However, in
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HoPdBi the energy scales are comparable, since Tc ∼= TN. The large superconduct-
ing volume fraction inferred from the low temperature χac and dc-magnetization
measurements indicates that superconductivity and antiferromagnetic order coex-
ist. Magnetic local-probe techniques, such as muon spin rotation/relaxation (µSR)
and/or nuclear magnetic resonance (NMR) would be very helpful to verify the co-
existence of both ordering phenomena on the microscopic scale. From recent neu-
tron diffraction experiments [51] it was concluded that HoPdBi has a type-II anti-
ferromagnetic structure: ferromagnetic planes couple antiferromagnetically with a
propagation vector along the cube diagonal, Q = (0.5, 0.5, 0.5). The magnetization
curves (Fig. 7.4) and the thermal expansion in field (Fig. 7.5) reveal the magnetocrys-
talline anisotropy is rather strong. This offers the following scenario for the magne-
tization curves. When the field is increased along the (100) axis the spins progres-
sively reorient towards the field, while still pointing along the (111) direction. Near
the antiferromagnetic phase boundary the component of the spin along the (100)
direction is ms/

√
3 = 5.8 µB which is close to the experimental value. For fields

above 3 T the spins are being pulled against the anisotropy field, which explains
the reduced value with respect to ms = 10 µB. Interestingly, theoretical work based
on symmetry classifications predicts the type II antiferromagnetic structure in these
half-Heuslers produces a new ground state: an antiferromagnetic topological insu-
lator [184]. Recently, it was proposed that a first realization of this novel electronic
state is found in the half-Heusler antiferromagnet GdPtBi (TN = 9 K) [185].

The large contribution of antiferromagnetic order to the thermal properties (Fig.
7.5) hampers the detection of superconductivity in the thermal expansion and spe-
cific heat. An estimate for the step-size ∆c in the specific heat at Tc can be calculated
from the standard BCS relation (∆c/Tc)/γ = 1.43, where γ is the Sommerfeld coef-
ficient. It appears that γ cannot reliably be deduced from the experimental data (see
Fig. 7.5) because of the presence of the large magnetic contribution centered around
15 K. However, an estimate for γ can be obtained from the Shubnikov - de Haas
data using the relation γ = π2k2

Bg(EF)/3, where g(EF) = m∗kF/h̄2π2 is the density
of states. With the parameters calculated in section 3.3 we obtain γ < 0.1 mJ/molK2

and ∆c < 0.1 mJ/K at Tc, which is very small indeed. An estimate for the step size
in the thermal expansion coefficient, ∆α, at Tc can be obtained from the Ehrenfest
relation dTc/dp = Vm3α/(∆c/Tc). Assuming a typical value for dTc/ dp = 0.044
K/GPa [46] we calculate ∆α at Tc is smaller than 4.5× 10−11 K−1, which is beyond
the resolution of the dilatometer.
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The occurrence of superconductivity in a Ho-based compound is uncommon.
Rare examples are found among the Chevrel phases [186] and the heavy-rare earth
cuprates [187] and pnictides [188]. Coexistence of superconductivity and antiferro-
magnetic order is found in the borocarbide HoNi2B2C [189], but here Tc = 10.5 K
and exceeds TN = 6.0 K. An important new aspect in the REPdBi series is the non-
centrosymmetric crystal structure and the topological nature of the electronic struc-
ture. This provides a new opportunity to investigate unconventional superconduc-
tivity, due to mixed even and odd parity Cooper pair states, and its interplay with
long-range magnetic order.

7.5 Summary

We have investigated the transport, magnetic and thermal properties of the half-
Heusler antiferromagnet HoPdBi. Electrical resistivity and ac-susceptibility data
taken on flux-grown single crystals show superconductivity occurs below 1.9 K. We
demonstrate HoPdBi is a bulk superconductor. However, the transition to bulk su-
perconductivity, as indicated by a diamagnetic screening fraction close to 100 %, sets
in at a lower temperature of 0.75 K. The Néel temperature TN is 2.0 K as determined
by thermal expansion and dc-magnetization measurements. The superconducting
and magnetic phase diagram in the B− T plane has been determined: superconduc-
tivity is confined to the antiferromagnetic phase. Electronic structure calculations
show HoPdBi is a topological semimetal with a band inversion of 0.25 eV at the
Γ-point. This is in-line with the semimetallic behaviour observed in the electrical
resistivity and the low carrier concentration nh = 3.7× 1018 cm−3 extracted from
the Shubnikov-de Haas effect. We conclude, HoPdBi belongs to the half-Heusler
REPdBi series with a topological band structure and presents a new laboratory tool
to study the interplay of antiferromagnetic order, superconductivity and topological
quantum states [48, 51].

7.6 Further development

After the work above was published [50], another paper on HoPdBi appeared in
the literature [104]. Pavlosiuk et al. [104] carried out magnetic, electrical and spe-
cific heat measurements that confirmed the coexistence of superconductivity at Tc =
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0.7 K and antiferromagnetic order at TN = 1.9 K. The specific heat shows a λ-shaped
anomaly at TN = 1.9 K that was attributed to the antiferromagnetic phase transition,
but no contribution of the superconducting transition at Tc = 0.7 K was observed.
The Crystal Electric Field scheme was derived by comparing the specific heat of
HoPdBi to one of the non-magnetic isostructural compound LuPdBi [52]. For the
ground state multiplet 5 I8 the Ho3+ ion splits into four magnetic triplets, two mag-
netic doublets and one non-magnetic singlet. The electronic ground-state was found
to be the triplet Γ(1)

5 with a first excited doublet-state Γ(1)
3 located at ∆1 = 22 K.

Neutron diffraction experiments confirmed the antiferromagnetic order (type II)
with a (0.5, 0.5, 0.5) propagation vector. Shubnikov-de Haas oscillations were ob-
served in the magnetoresistance measured at T = 2.5 K. The Fast Fourier Transform
shows two frequencies: F1 = 78.5 T and a shoulder near F2 = 144 T. The frequency
F1 = 78.5 T is close to the value F = 75 T we reported above. This possibly indicates
that the Fermi surface is more complex than can be concluded based on Fig. 7.8. The
authors also claim the oscillations have a non-trivial Berry phase, which is in line
with the topological nature of the material.
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Summary

Superconductivity is a fascinating phenomenon. Over the last hundred years, re-
searchers from all over the world have been working on superconducting materi-
als. New superconductors are discovered on a daily basis, and superconductivity
has found many applications. Nevertheless, we are still far away from understand-
ing the mechanisms which drive superconductivity in several important classes of
superconductors, like cuprates, pnictides and heavy-fermion compounds. In this
thesis, we concentrate on three different unconventional superconductors.

UCoGe belongs to the family of superconducting ferromagnets. The physics of
such systems is extremely rich. First of all, the coexistence of superconductivity
and ferromagnetism within a single phase is quite unique. Only a few materials
exhibit such a coexistence: UGe2, URhGe and UCoGe. Secondly, these materials
are strongly correlated electron systems with a heavy-fermion nature based on the
uranium 5f -electrons, which are responsible for both superconductivity and ferro-
magnetism. The combination of all mentioned properties makes UCoGe a unique
laboratory tool to study ferromagnetic quantum criticality and the related effects,
such as strong spin fluctuations and superconductivity in the vicinity of the quan-
tum critical point.

Recently, a new class of unconventional superconductors received ample atten-
tion, topological superconductors, partly because it was theoretically predicted that
they can host Majorana zero modes at the surface. Currently, two approaches to
search for topological superconductors have been quite successful. First, doping of
topological insulators may transform the material into a superconductor. Examples
of such systems are SrxBi2Se3 and CuxBi2Se3. Recently, a surprising discovery was
reported: the in-plane upper-critical field in these materials is strongly anisotropic.
This finds an explanation in terms of nematic superconductivity, where the order
parameter is a vector and can depend strongly on the direction of magnetic field.
The second approach is based on the idea to search for topological superconductors
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among materials which contain heavy elements. The presence of heavy elements,
such as rare earth atoms, within the crystal, can create a band inversion in the elec-
tronic structure due to the strong spin-orbit coupling. Electronic structure calcula-
tions predicted a large number of compounds in which non-trivial topology may be
realized. An example of such a system discussed in this thesis is HoPdBi, which is a
member of the half-Heusler family with non-trivial topology.

An important part of this thesis project was devoted to the design and construc-
tion of a dilatometer with very high sensitivity that could be rotated in the magnetic
field. Moreover, the dilatometer needed to be operated under extreme conditions,
notably at milli-Kelvin temperatures and high magnetic fields. The design of the
thermal expansion cell was chosen to satisfy the following criteria: a small size, a
low cell effect, non-magnetic, and high resolution. For this a parallel-plate capac-
itance dilatometer was constructed. The resolution of the thermal expansion cell
at low temperature is 0.03 Å. In order to conduct field-angle dependent measure-
ments, a rotation mechanism was implemented. A piezo-electric rotator mounted
onto a gear system was installed. The angular resolution of the device is 0.05◦. A
detailed description of the dilatometer, the rotation mechanism, the calibration of
the system and other technical issues are presented in Chapter 3. In addition, the
cryogenic equipment, other experimental techniques and the sample characteriza-
tion are discussed in Chapter 3.

In the following two chapters, we focus on the superconducting and ferromag-
netic properties of UCoGe. The phase diagram of this superconducting ferromagnet
has been determined by dilatometry, a bulk sensitive probe. Measurements of the
thermal expansion coefficient on a high-quality single crystal of UCoGe around the
Curie point and the superconducting transition temperature in magnetic fields up
to 12 T applied along the orthorhombic axes have been carried out. A precise orien-
tation of the magnetic field with respect to the crystal axes was obtained by in situ
rotation of the cell using the piezo-electric motor. The field variation of the super-
conducting and ferromagnetic transition temperatures was established. For small
fields B ‖ c the ferromagnetic transition becomes a cross-over and superconductiv-
ity is rapidly suppressed (Bc2 = 0.5 T when T → 0). For B ‖ a, b the Curie point
and superconductivity persist. With our bulk technique, we confirm the unusual S-
shape of the upper-critical field for B ‖ b and the enhancement of superconductivity
above 6 T. At the same time, the Curie point shifts towards lower temperatures.
This lends further support to theoretical proposals of spin-fluctuation mediated re-
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inforcement of superconductivity for B ‖ b.

Next, an extensive magnetoresistance study on single crystals of UCoGe for a
magnetic field directed along the c-axis is presented. We confirm a pronounced
structure in the magnetoresistance, which takes place when the component of the
field parallel to the c-axis reaches a value B* = 9 T. Measurements of B* as a function
of pressure up to p = 1.5 GPa show a quadratic increase B*(p) = B*(0) + bp2, where b
= 3.0 T/GPa2. The characteristic field B* = 9 T is also observed in magnetostriction
and magnetic torque measurements, albeit less prominent. The Fermi surface of
UCoGe has been studied by quantum oscillations in the magnetoresistance. A pair
of small Fermi surface pockets with a heavy effective mass was detected. Our results
are in good agreement with recent magnetoresistance and thermopower measure-
ments that revealed the presence of multiple Lifshitz transitions as a function of
the applied magnetic field B ‖ c. This demonstrates the Fermi surface of UCoGe
undergoes a dynamic reconstruction under large magnetic fields.

An important part of this thesis is dedicated to topological superconductors. The
recent discovery of nematic superconductivity in SrxBi2Se3 provided the motivation
to investigate this phenomenon under high pressures up to 2.2 GPa. Therefore,
Chapter 6 focuses on a high-pressure study of Sr0.15Bi2Se3 in order to investigate
the unusual basal-plane anisotropy of the upper-critical field. The superconduct-
ing transition temperature is found to be rapidly depressed with a critical pressure
of ∼ 3.5 GPa. Bc2(T) has been determined for the B-field applied along two or-
thogonal crystal directions, a and a∗, in the basal plane. The pronounced two-fold
basal-plane anisotropy Ba

c2/Ba∗
c2 = 3.2 at T = 0.3 K is robust under pressure and

attains a value of ∼ 5 at the highest pressure (2.2 GPa). The two-fold anisotropy of
Bc2(T) provides solid evidence for rotational symmetry breaking in the D3d crystal
structure. This puts stringent conditions on the superconducting order parameter,
namely it should belong to a two-dimensional representation (Eu). Rotational sym-
metry breaking seems to be ubiquitous in the family of doped Bi2Se3-based super-
conductors. This offers an exciting opportunity to study nematic superconductivity
with a two-component order parameter.

In Chapter 7, the transport, magnetic and thermal properties of the half-Heusler
antiferromagnet HoPdBi are discussed. We discovered superconductivity at 1.9 K
as evidenced by electrical resistivity and ac-susceptibility data. However, the tran-
sition to bulk superconductivity sets in at a lower temperature of 0.75 K. The Néel
temperature TN is 2.0 K as determined by thermal expansion and dc-magnetization
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measurements. The superconducting and magnetic phase diagram in the B − T
plane has been determined: superconductivity is confined to the antiferromagnetic
phase. Electronic structure calculations show HoPdBi is a topological semimetal
with a band inversion at the Γ-point. This is in-line with the semimetallic behaviour
observed in the electrical resistivity and the low carrier concentration extracted from
the Shubnikov-de Haas effect. HoPdBi belongs to the half-Heusler REPdBi series
with a topological band structure and presents a new laboratory tool to study the
interplay of antiferromagnetic order, superconductivity, and topological quantum
states.



Samenvatting

Supergeleiding is een fascinerende eigenschap. In de afgelopen honderd jaar hebben
talloze wetenschappers uit de hele wereld onderzoek gedaan aan supergeleidende
materialen. Nieuwe supergeleiders worden nog bijna dagelijks ontdekt. Daarnaast
zijn er veel belangrijke toepassingen voor supergeleiding. Desalniettemin is het
mechanisme dat supergeleiding veroorzaakt in diverse belangrijke groepen van su-
pergeleiders, zoals de hoge-Tc koperoxiden, de pnictiden en zware-fermion verbindin-
gen, verre van begrepen. In dit proefschrift worden drie verschillende onconven-
tionele supergeleiders onderzocht.

UCoGe behoort tot de groep van supergeleidende ferromagneten. Deze mate-
rialen vertonen een rijke natuurkunde. Ten eerste, de unieke coëxistentie van su-
pergeleiding en ferromagnetisme in één en dezelfde fase. Een dergelijke coëxisten-
tie is gevonden in slechts drie materialen: UGe2, URhGe en UCoGe. Ten tweede,
deze materialen zijn alle sterk gecorreleerde elektron systemen, waarbij de zware-
fermion toestand veroorzaakt wordt door de 5f -elektronen die tevens verantwo-
ordelijk zijn voor zowel supergeleiding als ferromagnetisme. De combinatie van
al deze eigenschappen maakt UCoGe een uniek laboratoriumgereedschap om de
ferromagnetische quantum kritische toestand te onderzoeken, en de daaraan gere-
lateerde effecten, zoals sterke spinfluctuaties en supergeleiding bij het quantum kri-
tisch punt.

In de afgelopen jaren heeft een nieuwe groep van onconventionele supergelei-
ders veel belangstelling getrokken, de topologische supergeleiders. Dit vooral om-
dat theorie voorspelt dat aan het oppervlak van deze supergeleiders zogeheten Ma-
jorana zero modes kunnen bestaan. Twee methoden om topologische supergeleiders
te maken zijn succesvol gebleken. Ten eerste, het intercaleren van een topologische
isolator kan het materiaal veranderen in een supergeleider. Voorbeelden hiervan
zijn SrxBi2Se3 en CuxBi2Se3. Onlangs is in deze geïntercaleerde materialen een ver-
rassende ontdekking gedaan: het bovenste kritische veld, gemeten voor een mag-
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neetveld aangelegd in het basis vlak, is sterk anisotroop. Dit kan verklaard wor-
den door nematische supergeleiding, waarbij de orde-parameter zich als een vector
gedraagt waarvan de richting gerelateerd is aan de richting van het magneetveld.
De tweede methode om topologische supergeleiders te maken is om verbindingen
met zware elementen te onderzoeken. De aanwezigheid van zware elementen, zoals
zeldzame aard atomen, in de kristalstructuur, kan een sterke spin-baan koppeling
tot gevolg hebben, hetgeen aanleiding kan geven tot inversie van de elektronenban-
den. Theoretische berekeningen van de elektronenbandenstructuur voorspellen dat
in een groot aantal verbindingen zo’n niet triviale topologie kan bestaan. Een voor-
beeld van een dergelijk systeem met bandinversie én supergeleiding dat behandeld
wordt in dit proefschrift is de halve-Heusler verbinding HoPdBi.

Een belangrijk onderdeel van het promotieonderzoek was gewijd aan het on-
twerpen en construeren van een gevoelige meetcel voor thermische uitzetting, die
tevens gedraaid kon worden in een uitwendig magneetveld. Bovendien, moest de
meetcel gebruikt kunnen worden onder extreme condities: bij milliKelvin temper-
aturen en in zeer sterke magneetvelden. Het ontwerp van de meetcel werd mede
bepaald door de volgende randvoorwaarden: kleine afmeting, een gering cel effect,
niet-magnetisch materiaal en een hoge resolutie. Er is gekozen voor een capacitieve
meetcel gebaseerd op een vlakke-plaat condensator. De resolutie van de meetcel bij
lage temperatuur is 0.03 Å. Om ook de hoekafhankelijkheid van het magneetveld te
kunnen meting werd de meetcel gemonteerd op een draai mechanisme. Hiervoor
werd een piëzo-elektrische rotator geïnstalleerd. De hoek resolutie bedraagt 0.05◦.
Een gedetailleerde beschrijving van de meetcel, het rotatiemechanisme, de ijking
van de meetcel en rotator, en andere technische aspecten worden gepresenteerd in
Hoofdstuk 3. Ook worden daar de cryogene apparatuur, de andere gebruikte exper-
imentele meetmethoden en de karakterisatie van de gemeten preparaten behandeld.

In de volgende twee hoofdstukken focuseren we op de supergeleidende en fer-
romagnetische eigenschappen van UCoGe. Het fasediagram van deze supergelei-
dende ferromagneet is bepaald door thermische uitzetting, een techniek die de bulk
van het preparaat meet. De thermische uitzettingscoëfficiënt is gemeten aan een
eenkristal van UCoGe van hoge kwaliteit. Er is gemeten rond de Curie temper-
atuur en de supergeleidende overgang in magneetvelden tot 12 T aangelegd langs
de orthorhombische kristalassen. Voor de precieze oriëntatie van het magneetveld
langs de kristalassen is gebruik gemaakt van in situ rotatie van de meetcel met de
piëzo-elektrische motor. Het effect van het magneetveld op de supergeleidende en
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ferromagnetische overgangstemperaturen is bepaald. Voor kleine magneetvelden
B ‖ c wordt de ferromagnetische overgang een cross-over en supergeleiding snel
onderdrukt (Bc2 = 0.5 T voor T → 0). For B ‖ a, b blijven het Curie punt en de
supergeleiding meetbaar tot hoge velden. Met onze bulk techniek bevestigen we de
ongebruikelijke S-vorm van het bovenste kritische veld voor B ‖ b en de versterking
van supergeleiding boven 6 T. Tegelijkertijd schuift het Curie punt naar lagere tem-
peraturen. Dit ondersteunt theoretische modellen waarin supergeleiding versterkt
wordt door spin-fluctuaties voor B ‖ b.

Vervolgens wordt een uitgebreide studie aan eenkristallen van UCoGe voor het
magneetveld langs de c-as gepresenteerd. We bevestigen een uitgesproken struc-
tuur in de magnetoweerstandscurve, die optreedt wanneer de component van het
magneetveld, B*, langs de c-as een waarde van 9 T bereikt. Metingen van B* als
een functie van de aangelegde druk tot p = 1.5 GPa laten een kwadratische toe-
name zien: B*(p) = B*(0) + bp2, met b = 3.0 T/GPa2. Het karakteristieke veld B* is
ook waargenomen in magnetostrictie en magnetische torsie metingen, maar is daar
beduidend minder goed zichtbaar. Het Fermi oppervlak van UCoGe is bestudeerd
met behulp van quantumoscillaties in de magnetoweerstand. Een tweetal kleine
pockets met een hoge effectieve massa zijn gedetecteerd. Onze resultaten zijn in
goede overeenstemming met recente metingen van de magnetoweerstand en ther-
mospanning die een reeks van Lifshitz overgangen laten zien als functie van het
magneetveld B ‖ c. Dit toont aan dat het Fermi oppervlak van UCoGe een dy-
namische reconstructie ondergaat als functie van het magneetveld.

Een belangrijk onderdeel van dit proefschrift is gewijd aan topologische supergelei-
ders. De recente ontdekking van nematische supergeleiding in SrxBi2Se3 leverde
de motivatie om dit verschijnsel te onderzoeken onder hoge druk tot 2.2 GPa. In
Hoofdstuk 6 is de focus derhalve op een hoge-druk studie van Sr0.15Bi2Se3 teneinde
de ongebruikelijke anisotropie van het bovenste kritische veld voor een magneetveld
in het basis vlak te onderzoeken. De supergeleidende overgangstemperatuur neemt
snel af als functie van de druk en wordt nul bij de kritische druk ∼ 3.5 GPa. Bc2(T)
is bepaald met het magneetveld gericht langs twee orthogonale richtingen, a en
a*, in het basis vlak. De uitgesproken tweevoudige anisotropie Ba

c2/Ba∗
c2 = 3.2 bij

T = 0.3 K persisteert onder druk en bereikt een waarde van ∼ 5 bij de hoogste
druk (2.2 GPa). De tweevoudige anisotropie van Bc2(T) levert overtuigend bewijs
voor een gebroken rotatiesymmetrie in de D3d kristalstructuur. Dit leidt tot strenge
voorwaarden wat betreft de supergeleidende orde-parameter, deze dient namelijk
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een twee-dimensionale representatie (Eu) te hebben. Gebroken rotatiesymmetrie is
ook gevonden in andere leden van de familie van gelegeerde Bi2Se3 supergeleiders.
Dit biedt een fascinerende mogelijkheid om nematische supergeleiding met orde-
parameter met twee-componenten te bestuderen.

In Hoofdstuk 7 worden de transport, magnetische en thermische eigenschap-
pen van de halve-Heusler antiferromagneet HoPdBi bediscussieerd. We hebben su-
pergeleiding ontdekt bij een temperatuur van 1.9 K door middel van metingen van
de elektrische weerstand en ac-susceptibiliteit. Bulk supergeleiding treedt echter
pas op bij een lagere temperatuur, beneden 0.75 K. De Néel temperatuur TN is 2.0 K
en werd bepaald door thermische uitzettings- en dc-magnetizatiemetingen. Het su-
pergeleidende en magnetische fasediagram in het B− T vlak is bepaald: supergelei-
ding is begrensd door de antiferromagnetische fase. Berekeningen van de elektron-
structuur laten zien dat HoPdBi een topologisch semi-metaal is met een bandinver-
sie in het Γ-punt. Dit is in overeenstemming met het semi-metallische gedrag geme-
ten in de elektrische weerstand en de lage ladingsdragerdichtheid bepaald door het
Shubnikov-de Haas effect. HoPdBi behoort tot de halve-Heusler REPdBi reeks met
een topologische bandinversie en is een nieuw laboratoriumgereedschap om de wis-
selwerking tussen antiferromagnetische ordening, supergeleiding en topologische
quantumtoestanden te bestuderen.
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