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Abstract

Topological phases of matter describe electronic structures that can be continu-

ously tuned into one another while being characterized by a well defined global

(topological) invariant. Recently, noncentrosymmetric Weyl semimetals have emerged

as one of the few such phases hosting 3D relativistic fermions in the bulk; therein,

pairs of Weyl nodes – each node characterized by a well defined Chern number –

are stabilized by broken inversion symmetry and strong spin-orbit interaction. So

far, Weyl semimetals as well as most other topologically nontrivial phases were

studied in noninteracting systems, or in settings that are adiabatically connected

to them. On the other hand, exploring topologically nontrivial phases in systems

where electron correlation effects are strong may open the way towards entirely new

quantum phases. Heavy fermion materials are canonical representatives of strongly

interacting electron systems. Therein, a plethora of novel quantum phases emerge

due to the Kondo entanglement of conduction electrons and a sublattice of local-

ized magnetic moments. Therefore, they constitute an ideal setting for exploring

the interplay of topology and strong electron correlations.

In this work, I show that tuning the spin-orbit interaction in the canoni-

cal noncentrosymmetric Kondo insulator Ce3Bi4Pt3 via Pd-Pt substitution drives

the system into a semimetal. Low-temperature specific heat experiments for the

novel Pd end compound Ce3Bi4Pd3 demonstrate that this compound hosts Kondo

interaction-driven Weyl cones, thus realizing a new groundstate dubbed Weyl-

Kondo semimetal. To probe the Berry curvature of Ce3Bi4Pd3, zero-field temper-

ature dependent Hall resistivity measurements were carried out. They reveal a

giant nonlinear spontaneous Hall effect in this material exposing a diverging Berry

curvature at the Fermi energy. Whereas this effect was predicted for time-reversal

preserving Weyl semimetals – though with orders of magnitude smaller magnitude

than observed here – I show that it features additional terms that are beyond this
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theoretical framework, and whose description requires a non-perturbative treat-

ment of the effect. Finally, I present magnetotransport and magnetization ex-

periments of Ce3Bi4Pd3 and magnetization experiments of Ce3Bi4Pt3, both done

in high magnetic fields and at low temperatures. The data evidence that the

groundstate of Ce3Bi4Pd3 is driven across a two-step quantum phase transition

with increasing magnetic field. In the first step, the Weyl-Kondo semimetal state

collapses at a topological quantum phase transition. In the second step, the sys-

tem undergoes an abrupt metallization featuring quantum critical behaviour, thus

exposing a Kondo insulator gap underlying the Weyl nodes.

The results discussed in this thesis demonstrate that strong electron corre-

lations can drive new topologically nontrivial electronic phases with properties

beyond what could have been anticipated from weakly interacting systems. I

anticipate that this insight will trigger further work, both experimental and theo-

retical, thereby helping to establish correlation-driven electronic topology as a new

field of fundamental research, with potential also in quantum applications.
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1 INTRODUCTION

1 Introduction

The triumph of band theory in solids, put forward by Felix Bloch and colleagues

in the 1930’s, set grounds for modern solid state physics and formulated a frame-

work to understand and predict electronic properties of materials. Remarkably,

this theory proved to be not only correct but quantitatively accurate (in case of

simple metals), despite taking only the electron’s kinetic energy into account, and

completely neglecting the Coulomb interaction between electrons. Yet, more and

more compounds emerged such as Mott insulators and heavy fermion compounds,

where such a simple, single electron approach breaks down, and where including

the electron-electron interaction is essential to understand the microscopic mech-

anism stabilizing their ground state. Among the many families of compounds

hosting strongly interacting electrons, heavy fermion systems stand out due to

their remarkable richness of novel ground states and phenomena. In these systems,

the Kondo interaction between itinerant electrons and localized magnetic moments

leads, at low temperatures, to the formation of a truly quantum manybody ground

state with extremely heavy fermionic quasiparticles, whose mass can be enhanced

by orders of magnitude over the free electron mass (hence their name). Most in-

triguingly, due to the competing energy scales that typically govern these systems

(Kondo vs. RKKY), the ensuing richness in novel physics exceeds by far that of

a simple renormalized band picture. Tipping the balance between the low-energy

scales of these systems, which can be frequently achieved by readily accessible

tuning parameters (such as magnetic field or pressure) realizes many novel quan-

tum states of matter such as “strange metals” or unconventional superconductors.

Thus, starting from the initial experimental work on dilute Kondo systems in the

1930’s, through the discovery of heavy fermion superconductivity in the 1970’s, via

the study of quantum criticality in the last two decades, heavy fermion systems

still continue to be a fertile ground of novel physics and phenomena. Certainly,
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1 INTRODUCTION

many new and exotic effects await identification.

In parallel to the advances in strongly correlated electron systems, another

major progress beyond a simple band classification of solids – albeit still within a

single particle picture – was put forward by the theory of topology and topological

classification of matter. Motivated by the remarkable discovery of the quantum

Hall effect in 1982 by von Klitzing et al., it was quickly realized that the quantum

mechanical geometrical phase (also known as the Berry phase) of an electron in

a solid gives rise to fundamentally new quantum phenomena on a macroscopic

scale, similar to superconductivity and Bose-Einstein condensates. At the heart

of these systems are degenerate electronic states that disperse like massless, ul-

trarelativistic particles, similar to light. The richness of novel quantum states

of matter and related phenomena that followed with the discovery of graphene,

topological insulators and Dirac and Weyl semimetals, led to a spectacular prolif-

eration of this field, and put topology (traditionally a discipline of mathematics) at

the spearhead of modern condensed matter physics. Discoveries include quantum

phenomena such as the spin Hall effect or high mobility protected electrical trans-

port that are the working principles of next generation electronic technologies, but

also the detection of massless chiral Weyl fermions, long sought for in high energy

physics.

The investigation of topology in condensed matter systems has so far focused

on weakly interacting systems. However, introducing strong electron correlations

is expected to further expand the horizon as far as novel states of matter are con-

cerned, the same way it did for topologically trivial systems. In this quest, heavy

fermion systems are ideal candidates due to their extreme correlation strength.

Thus exploring the nontrivial topology of these systems is of great interest. Initial

studies – focused on exploring topological surface states in the Kondo insulator

SmB6 – proved to be challenging, and provided in part ambiguous and conflict-

8
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1 INTRODUCTION

ing results. Exploring topologically nontrivial states in Kondo semimetals, on

the other hand, represents an entirely different approach, where novel topological

responses and phenomena are expected in the bulk.

The focus of this thesis is to explore the interplay of strong electron interactions

and electronic topology as shown in Fig. 1. Emphasis is given to novel phenomena

beyond a simple noninteracting picture. In the first part of the thesis, I show that

the spin-orbit coupling strength can be readily tuned by Pd-Pt substitution in the

Kondo insulator Ce3Bi4Pt3. This tuning is a powerful way to search for electronic

states with nontrivial topology, as was done in the case of the topological insula-

tor BixSb1−x. I show, that as a result a novel, strongly interacting ground state

emerges that is neither insulating nor metallic, and the emergence of which can be

directly attributed to the change of the spin-orbit coupling strength. In the second

part of the thesis, I address this novel ground state by means of thermodynamic

and electrical transport probes, and show that it represents a topologically non-

trivial, strongly interacting Weyl semimetal state dubbed Weyl-Kondo semimetal.

In particular, I discuss the transport evidence of topologically nontrivial states

detected in the Hall response of Ce3Bi4Pd3, and discuss that this state is not adia-

batically connected to a noninteracting Weyl semimetal. Finally, in the third and

last part, I present a high magnetic field study of Ce3Bi4Pd3. I show that the small

energy scales present in this compound are readily tuned by accessible magnetic

fields, revealing the richness of its phase diagram, and the underlying mechanism

stabilizing the Weyl-Kondo state.
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2 BACKGROUND

Figure 1: The aim of this work to explore the interplay of strong electron interac-
tion in heavy fermion systems and nontrivial topology.

2 Background

2.1 The Kondo effect

Conventional electron scattering mechanisms in simple metals such as electron-

impurity, electron-phonon and electron-electron scattering result in resistivities

that decrease with decreasing temperature. It thus came as a surprise, when early

experiments on the low-temperature resistivity of certain metals evidenced a local

minimum of the electrical resistivity followed by a logarithmic increase as temper-

ature further decreased [1]. The first model to successfully address this puzzling

observation was the single-ion Kondo model [2]. Recognising that such a minimum

correlates with the presence of magnetic impurities, Jun Kondo demonstrated that

second order perturbation theory of the antiferromagnetic s − d model, with the
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2 BACKGROUND

Hamiltonian

Hs−d = Jσ(r) · S , (1)

indeed leads to a ρ(T ) ∼ − log T contribution, in agreement with the experimental

results [2]. Here J is the coupling constant, σ(r) is the spin density of the conduc-

tion electrons and S is the spin of the localized moment. Subsequent theoretical

work by Abrikosov et al. [3] has identified a characteristic temperature TK, the

Kondo temperature, as given by

kBTK = De−1/2Jg(EF ) , (2)

where g(EF ) is the electronic density of states at the Fermi energy, and kBTK

the characteristic energy scale of the Kondo interaction. Jun Kondo’s original

(perturbation theory) approach holds only for T ≫ TK. The regime T ≪ TK

represents a strong-coupling regime, where conduction electrons screen the spin of

the magnetic moment to form a many-body nonmagnetic singlet state [4] (Fig. 2 a).

A related model for the interaction of magnetic impurities with conduction

electrons is the Anderson model [4]

H =
∑

k,σ

ǫkc
†
k,σck,σ +

∑

σ

ǫdnd,σ + Und,↑nd,↓ +
∑

k,σ

(

Vkc
†
d,σck,σ + V ∗

k
c†
k,σcd,σ

)

. (3)

Here the first term is the usual kinetic energy of the conduction electrons, the

second term is the bare energy of the d-electrons that represent the localised

species, the third term describes the interaction between d-electrons by an onsite-

interaction term U , and the last term captures the interaction between the conduc-

tion and d-electrons with an amplitude Vk. For a large U and in the local moment

limit (nd ≈ 1) this model was shown to be equivalent to the antiferromagnetic

Kondo model [6]. At low temperatures, the formation of the Kondo singlet, that
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2 BACKGROUND

Figure 2: The Kondo effect. a: Crossover of the Kondo effect from weak
(T/TK ≫ 1) to the strong (T/TK ≪ 1) coupling regimes as temperature is lowered.
Incoherent scattering at high temperatures crosses over to a nonmagnetic singlet
where the local moment (red arrow) is screened by conduction electrons (blue
arrows). k, q and Sz denote electron wavevectors and the local moment spin
state, respectively. b: Spectral density of the Anderson model (Eqn. 3) at various
temperatures. Corresponding to the Kondo-singlet, a many-body Kondo resonance
develops at low temperatures. ∆ and δ are the widths of the Hubbard bands and
Kondo resonance, respectively. Panel b is taken from [5].

results also from the Kondo model in treatments beyond the perturbative one,

leads to a narrow many-body resonance at the Fermi energy, with a characteristic

width of δ ∼ kBTK (Fig. 2 b).

2.2 The Kondo lattice

In systems where the localized magnetic moments form a sublattice as opposed to

being dilute and randomly distributed impurities, the physical properties at high-

temperatures can still be explained with the single-ion Kondo model discussed so

far, because in this temperature range incoherent scattering dominates. However,

at low temperatures, the sublattice periodicity suppresses the incoherent scatter-

ing, and coherent Bloch bands emerge.
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2 BACKGROUND

Kondo impurity

Kondo lattice Tcoh

-log T

Figure 3: Temperature-dependent resistivity of CexLa1−xCu6. For x = 1,
the system represents a Kondo lattice. In the coherent regime below Tcoh, the
-log T behaviour turns into a metallic behaviour. Figure adapted from [7].

As a result, the -logT trend in ρ(T ) turns into the usual metallic behaviour

(with the resistivity decreasing with decreasing temperature) below a character-

istic coherence temperature Tcoh (Fig. 3) [7]. A cartoon of the band picture with

d-electrons derived flat band pinned to the Fermi energy and hybridizing with the

conduction electron band is shown in Fig. 4.

As a result, a gap ∆ opens in the Kondo resonance peak with a characteristic

scale of ∆ ∼ kBTK (Fig. 4) [8]. The enhanced density of states then manifests

as a sizeable increase in the quasiparticle effective mass (Fig. 4), reaching up to

m⋆ ∼ 1000me, where me is the bare electron mass. Such a heavy fermion state

is realized in numerous iso-called heavy fermion compounds. Therein, 4f (5f)

electrons residing on a sublattice of lanthanide atoms such as Ce or Yb (actinide

such as U) represent the localized species (d-electrons in the above discussed mod-

els). Such a sublattice is located in a metallic host (typically containing transition

metals) that provides the broad conduction band.
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2 BACKGROUND

f-states

conduction 
band

D ~ kBTK

m* ~ 103 me

Figure 4: Cartoon of the Kondo lattice band structure. The hybridization
of a wide conduction band (blue) with localized-electron derived flat-band. The
localized states (d-states in the Kondo and Anderson models discussed above) typ-
ically represents f -electrons of certain lanthanides (actinides). The hybridization
gives rise to a large Fermi surface of coherent, heavy quasiparticles dubbed heavy
fermions. The corresponding density of states displays a Kondo resonance similar
to the single-ion case (Fig. 2 b) but now featuring a gap ∆, which is in the order of
magnitude of the Kondo energy kBTK. The enhancement of the density of states
manifests as an increased quasiparticle mass m⋆, that was experimentally shown
to reach values as large as ∼ 1000me. Figure adapted from [8].

At low temperatures, the ground state of heavy fermion metals are usually well

described by Fermi liquid theory where the electrical resistivity, heat capacity and

magnetic susceptibility follow the forms

ρ(T ) = ρ0 + AT 2 , (4)

C(T ) = γ0T , (5)

χ(T ) = χ0 . (6)

The coefficients A, γ0 and χ0 are enhanced via the strongly enhanced quasiparticle
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2 BACKGROUND

mass. This boosts the physical properties described in Eqns. 4-6 to a level where

the low-temperature properties are dominated by the Fermi liquid behaviour. For

example, only in heavy fermion compounds is the A-coefficient large enough to

overcome the ∼ B T 5 contribution of electron-phonon scattering.

An aspect not addressed so far is that in addition to the Kondo interaction,

also the inter-moment RKKY interaction needs to be considered in (dense) Kondo

lattice systems [9]. The competition between these two energy scales makes these

system responsive to external stimuli such as magnetic field or pressure. It allows

to tip the balance between different ground states, most typically a fully Kondo-

screened paramagnet and an (itinerant or local-moment) antiferromagnet. The

continuous suppression of magnetic order at a quantum critical point (QCP) leads

to quantum critical fluctuations, that lead to non-Fermi liquid behaviour. Partic-

ularly interesting is the situation where the ordered phase is not itinerant, with

a spin-density wave order parameter [10, 11], but features local moments. This

requires Kondo destruction to occur at the QCP [12]. The main characteristic of

such a Kondo destruction QCP is that it involves critical electronic modes, and

defines an additional temperature scale T ⋆ associated with the Kondo destruction

of the ground state [12, 13].

Finally, in some Kondo lattices, the Fermi energy falls within the hybridization

gap, giving rise to a strong correlation-driven insulating state known as the Kondo

insulator [16]. The salient features of such systems are the simultaneous quenching

of the spin and charge degrees of freedom at low temperatures. The hybridization

gap gives rise to an activated temperature-dependent resistivity and a suppression

of the magnetic susceptibility [16]. A more detailed discussion of the archetypal

Kondo insulator Ce3Bi4Pt3 is presented in Sect. 4.2.
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a. b.

Figure 5: Unconventional quantum criticality in heavy fermion systems.
a: Temperature – magnetic field phase diagram of the heavy fermion compound
YbRh2Si2 for fields along the crystallographic c direction. It features a Kondo
destruction QCP at B = 70mT separating an antiferromagnetic (AF) phase from
a paramagnetic phase where Fermi liquid (FL) behaviour is seen below a certain
temperature. Across the scale T ⋆ the static Kondo screening is destroyed. b: The
resistivity exponent ǫ of the measured ρ ∼ T ǫ law in the same phase diagram
as panel a. Non-Fermi liquid behaviour with ǫ = 1 emerges from the QCP, in a
background of Fermi-liquid behaviour (ǫ = 2). Panels a and b are taken from [14]
and [15], respectively.

2.3 Topological classification of matter

Condensed matter systems are traditionally classified into phases dictated by spon-

taneously broken symmetries [17]. An important step in the way beyond this

paradigm was provided by the remarkable discovery of the quantum Hall effect

by von Klitzing et al. [18], which demonstrated a robust quantization of the Hall

resistivity in a 2D electron gas with an unprecedented accuracy, and most notably,

without any apparent breaking of the system’s symmetries. Subsequent theoretical

investigations showed that it is in fact the Bloch electron’s well-defined geomet-

rical phase that provides the key for understanding these phenomena [19]. These
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advances uncovered a novel classification scheme of matter that is based on the

topology of the system under consideration. In this section, I will present the basic

concepts.

Topology is an abstract mathematical discipline that describes properties of

space that remain unchanged upon continuous deformation such as stretching and

bending.

Figure 6: Concept of topology. Topological classification of a sphere, a torus
and a mug characterized by their genus g (number of holes). Whereas a sphere
and a torus are topologically distinct (g = 0 and g = 1, respectively), a torus and a
cup are topologically equivalent. The latter two can be transformed continuously
into one another without encountering singularities (creating or destroying holes).

For example, the continuous deformation of a sphere into a torus is not possible,

as a singularity is encountered in the form of creating a hole (Fig. 6). Thus, these

two objects are topologically distinct. On the other hand, a torus and a mug are

topologically equivalent (Fig. 6), as no such singularity is encountered. Generally,

a topological class is characterized by the existence of a well-defined topologi-

cal number, which in the previous example corresponds to the genus (number of

holes) of the various objects. This number then remains invariant upon continuous

deformations.

In condensed matter systems, topological classification was first introduced for

2D insulators. Based on their Bloch-Hamiltonian H(k), they can be classified
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into topological phases that are continuously deformed into one another without

closing of the gap [20]. Each of these topological phases are then characterized

by a well-defined topological invariant. For example, in the case of the quantum

Hall state [19] and related Chern insulators [21], such a topological invariant is

the Chern number Cn, that assumes a nonzero value. It is defined as the surface

integral of the Berry curvature [22]

Ωn(k) = i∇k × 〈un(k)| ∇k |un(k)〉 , (7)

over the Brillouin zone (BZ) so that

Cn =
1

2π

∫

BZ

Ωn(k) dk
2 . (8)

Here n indicates the band index and |un(k)〉 the corresponding Bloch wavefunction

at a wavevector k. As can be seen from Eqn. 8, Cn is a measure of the Berry flux

in the Brillouin zone, and is interpreted as the Berry phase [22] of the Bloch state

divided by 2π.

Because the transition between two distinct topological phases occurs via a

quantum phase transition where the gap collapses, interfaces of such systems are

particularly rich in novel quantum phenomena. For example, since the adjacent

vacuum to a quantum Hall state (n ≥ 0) has a Chern number n = 0, the gap

collapse at their interface gives rise to chiral, conducting edge states (Fig. 7 a-b).

Such edge states are required by the bulk topology of the system, known as the

bulk-edge correspondence and, thus, are protected against scattering. It is this

topological protection that drives the precise quantization of the Hall conductance

and maintains dissipationless electron transport [23] (Fig. 7 c).

Motivated by the quantum Hall effect and Chern insulators, topologically non-

trivial phases of matter were demonstrated in time-reversal symmetric setting and
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c.b.

Magnetic Field (T)

rxx

kW/sq

rxy

h/e2

a.

Figure 7: Topology of the quantum Hall effect. a: Schematic draw of the
quantum Hall state at the interface of a trivial insulator such as the vacuum.
Closed orbits around an external magnetic field (blue circles) are disrupted at the
edge forming a chiral, 1D conduction channel. Here n denotes the Chern number
of the medium. b: Corresponding schematic bandstructure displaying a chiral
edge state that crosses the Fermi energy. c: Quantization of the Hall resistivity
(red, right axis) in the universal units of h/e2. Each plateau is accompanied
by dissipationless edge conductivity where the bulk resistivity vanishes (left axis,
green). Panels a and b are adapted from [20]. Panel c is taken from [24].

higher dimensions. For example, the spin-orbit interaction driven band inversion

in Z2 topological insulator allows to define a topological number ν beyond the

Chern number n (that is zero for these systems) [25]. The bulk-boundary corre-

spondence in these systems drives spin polarized edge states, such as in the case

of gate tuned HgTe/CdTe heterostructures [26]. A related topological number in

three dimensional topological insulators, on the other hand, drives metallic sur-

face states with well-defined spin texture [27]. Early representatives of this novel

state of matter were Bi1−xSbx [28] and Bi2Se3 [29] bulk crystals as shown by band-

structure calculations and angle-resolved photoemission spectroscopy (ARPES)

experiments.

Finally, the topologically equivalent classes discussed so far are defined in the

presence of a gap. Thus, the identification of such phases in itinerant systems is

not straightforward. Whereas ungapped, itinerant systems may form topological
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classes in a sense that certain features in their band structure are stable against

continuous deformations. In the next section, I present such a phase known as the

Weyl semimetal.

2.4 Weyl semimetals

2.4.1 Theoretical model

In solids with two relevant orbitals, the Hamiltonian of the resultant bands is

uniquely given by a linear combination of the Pauli matrices so that [30]

H(k) = f1(k)σx + f2(k)σy + f3(k)σz , (9)

where the fi(k) are general functions. The corresponding bandstructure then

features an energy gap of

∆(k) =
√

f 2
1 (k) + f 2

2 (k) + f 2
3 (k) . (10)

The aspect defining the Weyl semimetal physics are points in k-space where the two

bands are degenerate. It is realised for k0 values where the gap closes, ∆(k0) = 0,

which requires that all fi(k0) terms in Eqn. 10 simultaneously vanish (Fig. 8).

Notably, when introducing perturbations to the Hamiltonian (e.g., via a tuning

parameter) such degeneracy points persist robustly, and are merely displaced in

the Brillouin zone [30] (Fig. 8 b).

The low-energy sector in the vicinity of such points is then obtained by linearising

the Hamiltonian in Eqn. 9, yielding [30]

H(k) =
∑

i=1, 2, 3

h̄viqσi . (11)
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Figure 8: Accidental degeneracies in a 3D. a: The intersection of the two
surfaces (black spheres) that describes the f1,2(k) = 0 conditions, respectively
(Eqn. 10), define the curve F (k) in 3D (red). b: The simultaneous condition of
f1,2,3(k) = 0 holds at the intersection of F (k) and f3(k) = 0. It defines (pairwise)
Weyl points W+ and W− (green and red dots, respectively). A change in the
Hamiltonian leads to the shift of F (k) by δF (red dashed line), and the mere
displacement of the Weyl nodes.

Here vi = ∂fi(k)/∂k are the quasiparticle velocities and q = k−k0 is the k-space

distance measured from the degeneracy point. The effective Hamiltonian in Eqn. 11

has the form of the Weyl Hamiltonian that describes mass-less, ultrarelativistic

Dirac fermions with well-defined chirality χ = ±1 [31].

The robustness of the Weyl nodes is deeply rooted in the topological properties

of Weyl semimetals. The Berry curvature Ω(q) around a single Weyl node goes

as Ω(q) = q/(2q3) [22, 32]

Then, it follows directly that the integral over any closed Fermi surface (FS),

∫

FS

d2qΩ(q) = ±2πn , (12)

yields an integer valued topological index n, that is ±1 if the FS encloses a Weyl

node, and 0 otherwise. Thus, it is this Gauss law that captures the topological
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Figure 9: Berry curvature structure of a Weyl semimetal. a: Schematic
of a pair of a Weyl and anti-Weyl nodes b: The Berry curvature distribution in
the Brillouin zone shows sinks and sources (monopoles) at the Weyl points. The
figure is taken from [33].

stability. It detects a Weyl point through its Berry monopole that disappears only

if another Weyl node with an opposite charge enters the surface integral. As this

surface can be arbitrarily small, Berry monopole charges disappear only when two

Weyl nodes with opposite chiralities meet, at which point they annihilate and a

gap opens in the bandstructure.

Finally, the arguments presented so far inherently exploit the fact that the spin

degree of freedom is frozen out. As a consequence, Weyl nodes discussed so far are

expected in systems that break either time-reversal or inversion symmetry [30]. For

example, in the noncentrosymmetric zincblende structure, the interplay of spin-

orbit interaction and inversion symmetry breaking was demonstrated to stabilize

a Weyl semimetal state over a broad range of parameter values [34] (Fig. 10).
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Figure 10: Noncentrosymmetric Weyl semimetals. a: The phase diagram of
the noncentrosymmetric zincblende model as function of the inversion symmetry
breaking and spin-orbit interaction parameters ǫ and λ, respectively [34]. Both
are measured in units of kinetic energy, t and 4t, respectively. The Weyl nodes
are stable over a broad range of parameters. b: Position of Weyl node pairs of
opposite chiralities (blue and red dots) in the Brillouin zone of the zincblende
lattice. The nodes correspond to a specific value of ǫ and λ in the Weyl semimetal
phase. Panels a and b are taken from [34].

2.4.2 Experimental signatures

Key techniques in the search for novel Weyl semimetals have been the identifica-

tion of Weyl nodes in density functional theory (DFT) bandstructure calculation

of candidate materials [35–38], followed by the direct confirmation of the Weyl

bands using ARPES [37–39]. In addition, the nontrivial topology of these systems

gives rise to novel quantum phenomena that go beyond the standard textbook

description of conductors. In this section, I will address three salient topological

responses of Weyl semimetals: the chiral anomaly, Fermi arc mediated transport

and the anomalous Hall effect.

Although the chirality is a good quantum number for Weyl fermions, the si-
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multaneous pioneering works by Adler, Bell and Jackiw demonstrated that the

conservation of the chiral current breaks down under the action of a weak elec-

tromagnetic field [40, 41]. This anomaly, known as the Adler-Bell-Jackiw (ABJ)

anomaly (or simply the chiral anomaly), has been extended to Weyl fermions in

condensed matter systems [42] (Fig. 11 a), where it manifests as an additional lon-

gitudinal magnetoconductivity

σ(B) = σ0 +
e4B2τa
4π2g(ǫF)

, (13)

that is absent in the transverse configuration [30].

Figure 11: The chiral anomaly in Weyl semimetals. a: For a Weyl cone in a
magnetic field along the p3 direction, the lowest Landau level (n=0) remains chiral,
and crosses the Fermi energy. Applying a parallel electric field (E ‖ B) creates
chiral fermions on that Landau level (arrow). b: For a pair of Weyl cones, the
axial charge pumping described in panel a is compensated by the axial relaxation
rate τa. It creates a steady state imbalance of Weyl fermions. Panels a and b are
taken from [42] and [43], respectively.

Here σ0 is a background conductivity, τa is the axial relaxation rate (Fig. 11 b) and

g(ǫF) is the density of states at the Fermi energy. Remarkably, the chiral anomaly
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induced negative magnetoresistance was indeed observed in representative Weyl

semimetals such as TaAs [43], TaP [44], Cd3As2 [45] and ZrTe5 [46], although

isolating this effect from other trivial contributions is a major challenge [47]

Another intriguing consequence of the nontrivial topology of Weyl semimetals is

the existence of topologically protected surface states required by the bulk-surface

correspondence [48]. Such surface states appear in the form of Fermi arcs in the

surface Brillouin zone, and extend between Weyl nodes projections of opposite

chirality, at which point they merge with the bulk states [48] (Fig. 12 a). Indeed,

Fermi arc states have been explicitly identified by DFT bandstructure calculations

in candidate materials [38, 39, 48], and assigned to related signals in subsequent

ARPES experiments [38, 39]. In addition, their unique magnetotransport fea-

tures were experimentally demonstrated by Schubnikov-de Haas [49] (Fig. 12 b)

and quantum Hall effect [50] (Fig. 12 c) measurements, although microstructured

samples are required for such experiments, where the surface-to-bulk ratio is large

enough that Fermi arc mediated transport prevails [49–51].

Finally, beside the unusual topological response of the Fermi arcs discussed

so far, the Berry curvature singularities at the Weyl nodes are expected to drive

a bulk topological Hall effect in Weyl semimetals [52–54]. Indeed, such an ef-

fect was experimentally evidenced for representative magnetic Weyl semimetal

systems [55–57]. For noncentrosymmetric Weyl semimetals, a spontaneous Hall

effect-driven by imbalanced left- and right-handed Weyl fermions was theoretically

predicted [53,54], but so far lacked experimental confirmation until its demonstra-

tion in the present work. For a more detailed discussion of both the magnetic and

noncentrosymmetric cases, I refer the reader to Sect 3.4 and Sect. 3.5, respectively.

In conclusion, the well-defined chirality and topological index of Weyl bands

give rise to novel quantum phenomena such as the chiral anomaly, Fermi arcs

mediated charge pumping and various unusual Hall responses that constitute the
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Figure 12: Topological response of Fermi arcs. a: Schematic of the Fermi
arc state at the surface Brillouin zone (green line). It extends between the surface
projections (red and blue dots) of the bulk Weyl nodes. b: Fourier transform am-
plitude of the Shubnikov-de Haas effect in a microstructured samples of the Weyl
semimetal Cd3As2. Depending on the angle between the magnetic and electric
fields, the measurement evidences Weyl orbits related to the surface states (FS) as
opposed to the bulk contribution (FB). c: Fermi arc-driven quantum Hall effect
in a similar system as panel b. Panels a, b and c are taken from [39, 49, 50],
respectively.

intrinsic fingerprints of these exotic systems.

2.5 Muon spin rotation and relaxation spectroscopy

Muon spin rotation (µSR) is a powerful tool to measure the local magnetic field

in solids. Because of its high sensitivity (down to B ∼ 1G or M ∼ 10−3 µB), this

technique has been successfully used to determine the occurrence (or the absence)

of time-reversal symmetry breaking in many different materials [58–60]. Contrary

to other well established local probes such as nuclear magnetic resonance (NMR)

and electron spin resonance (ESR) here experiments can be done in zero applied

magnetic field (ZF-µSR), and in the absence of any probing electromagnetic radi-

ation. Instead, as positive muons µ+ are spin 1/2 (S = 1/2) massive (m ≈ 207me)

and charged (q = +e) particles, µSR phenomena rely on two key points:
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1. Due to its large magnetic moment µµ and gyromagnetic ratio γµ, the total

spin polarization P of the implanted µ+ ensemble will precess around the

local magnetic field Bloc with a Larmor frequency of ωL = γµBloc.

2. The muon decay µ+ → e+ + νe + νµ (with a lifetime of τ = 2.2µs) violates

parity conservation, with an asymmetric e+ emission in the preferential di-

rection of the muon spin (Fig. 13). Thus, by tracking the positron emission

Ne+(t), the spin polarisation P (t) can be reconstructed.

Figure 13: µSR measurement configuration. A spin polarized µ+ ensemble,
with the spin Sµ parallel to the momentum pµ, is implanted in the sample (orange
circle). The spin polarization P (t) is measured via the asymmetric e+ decay
(orange ellipse, red arrows), which rotates (green ellipse) around the local magnetic
field Bloc (vertical arrow). Finally, time dependent e+ counts (NF(t) and NB(t))
are detected at two opposing detectors at the front and back, respectively, and
A(t) is obtained (Eqn.14). Figure is taken from [61].

In a µSR experiment, the Ne+(t) asymmetry and, thus, P (t) is recorded via a two

detector configuration (Fig. 13), quantified by the asymmetry parameter

A(t) =
NB(t)−NF(t)

NB(t) +NF(t)
. (14)

HereNB andNF are the detected e+ counts on the backward and forward detectors,

respectively (Fig. 13), and the initial, maximum value of A(t = 0) reaches Amax =
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2 BACKGROUND

0.2− 0.3).

For nonmagnetic materials, the local magnetic field is determined by the spin

fluctuation of electronic and nuclear degrees of freedom, resulting in a decoherence

of the muon’s spin with time. Typically, the relaxation due to the nuclear moments

(in case of Ce3Bi4Pd3 by the 4.11µN nuclear moment of 209Bi), is described by the

Gaussian Kubo-Toyabe function [62] characterized by the relaxation rate σ, that

is

GKT =
1

3
+

2

3
(1− σ2t2)e−

σ2t2

2 . (15)

In parallel, the electronic contribution to the ZF-µSR spectrum is modelled by an

additional Lorentzian relaxation, with the electronic relaxation rate denoted by

Λ [58–60], so that the total relaxation is given as

AZF = AsGKTe
−Λt + Abkg , (16)

where As and Abkg are the sample- and background-related constant asymmetries,

respectively.

Finally, additional information of the system under investigation can be ex-

tracted if the µSR relaxation is measured while applying an external magnetic

field parallel to the initial spin polarization, that is, in a so-called longitudinal-field

configuration (LF-µSR). Clearly, if the applied field is zero, the spin precession is

determined by the internal field of the solid. On the other hand, if the longitudi-

nal field is dominating, then the spins are pinned to it, and no precession occurs.

Thus, in a typical LF-µSR experiment, one determines the magnetic field, where

the transition between these two regimes occur. This field is an estimate of the

local magnetic field strength in the investigated material.
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2 BACKGROUND

2.6 Crystal growth from liquids

Crystal growth from a liquid phase is one of the simplest and most wide-spread

growth techniques. The liquid phase may be a stoichiometric melt or a solution

of the solid in a solvent (flux growth). From a technical point of view, several

versions exist such as the Czochralski method or zone melting. The main principle

is that, from a thermodynamic point of view, the composition and the temperature

are the only control parameters. They select the state of matter with the lowest

Gibbs energy G (the maximum amount of extractable work at constant pressure

and temperatures).

solid

TmTm - DT

GL

GS

DG

G

T

liquid

a. b.

Tm

Figure 14: Principle of crystal growth from the melt. a: Gibbs free energy
G vs. temperature for a system that undergoes a liquid to solid phase transition.
GL and GS are the Gibbs free energies of the liquid and solid phase, respectively,
that are equal at the melting temperature Tm. The red line denotes the actual
state of matter. At a temperature ∆T below Tm, the solid phase has ∆G energy
gain compared to the liquid phase (indicated by a dashed line and an arrow).
b: Schematic temperature–concentration phase diagram of a binary compound
AB. The growth occurs by reducing the temperature from above TM (vertical red
arrow). Figures are taken from [63].

At high temperatures, the Gibbs energy GL of the liquid phase (L) is lower

29

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

2 BACKGROUND

than that (GS) of the solid phase (S) and, thus, the system remains liquid. As

temperature decreases, the Gibbs energies of the two phases first become equal at

TM (Fig. 14 a), and the melt starts to crystallize. Consequently, TM is the melting

temperature of the compound. By further decreasing the temperature by ∆T

below Tm, the solid phase is lower in energy by ∆G compared to the liquid phase

(Fig. 14 a).

The main advantage of the flux method is the controlled reduction of the melting

temperature of the compound by introducing a solvent. In the case of self-flux

technique, the solvent has offstoichiometric, frequently a strong excess of one of

the components, otherwise the flux is an additional foreign element. This concept

is presented schematically for a simple case of a hypothetical binary compound

AB in Fig. 14 b, where TM is maximum at the stoichiometric point, and is reduced

by introducing an excess of A (or B). By decreasing the temperature from above

TM, the compound AB crystallizes in the melt of A, and is commonly separated

from the liquid by centrifuging.

Whereas the flux method is a powerful and simple crystal growth technique, it

also offers challenges to be overcome for a successful single crystal growth. With-

out addressing all of them, I briefly discuss two important aspects that arise due

to crystal surface effects, namely: constitutional supercooling and spontaneous

nucleation.

Constitutional supercooling arises when different species in the melt are ab-

sorbed at different rates. This leads to a difference in the local density Ci of the

i-th species near the surface of the growing crystal with respect to its value in

the melt. Since TM of the compound is controlled by the relative ratio of the con-

stituents, its value may be reduced at the surface of the crystal resulting in “spiky”

and irregular growth. Constitutional supercooling can be suppressed primarily by

reducing the cooling rate, and by introducing a temperature gradient between the
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crystal surface and the melt.

Spontaneous nucleation, on the other hand, arises because the energy penalty

due to the surface formation of the crystal competes with the energy gain of

the volume. For an initial nucleus with radius rN, the former scales with ∼ r2N

and the latter with ∼ r3N. Thus, the surface contribution will prevail at small

rN and crystals will form only at a temperature T ⋆ below Tm. However, when

the nucleation rate increases, the bulk growth rate is already large, resulting in

an uncontrolled crystal growth and the formation of polycrystals. To avoid the

spontaneous nucleation, and promote single crystal growth, the growth procedure

must take place in the so-called Ostwald-Miers region [63]. In a first step the

temperature is reduced below the bulk Tm to T ⋆, and kept there. This helps the

formation of some initial seeds. Thereafter, the temperature is not reduced further,

resulting in the stop of nucleation and the oversaturated state is relieved. Finally,

single crystal growth based on the initial nucleus proceeds according to the bulk

liquidus line.
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3 HALL EFFECT

3 Hall effect

3.1 Introduction and symmetry aspects

The Hall effect is defined as a transverse current response to an applied electric

field. Here, and throughout this thesis, I define the Hall effect setting as the electric

field excitation being in the x direction, i.e., E = Ex, and the response being in

the y direction, i.e., j = jy (Fig. 15). the associated Hall conductivity σxy in the

linear response regime is then defined as

σxy = lim
Ex→0

jy
Ex

. (17)

Due to its extreme low-energy scales (with respect to the Fermi energy), the

Hall effect stands out as sensitive tool to probe the ground state of condensed

matter systems. It has delivered invaluable insight in quantum critical systems

[13, 64–66], topologically non trivial 2D [18, 21, 67] and 3D [55, 57, 68] states of

matter, and in novel magnetic materials such as skyrmion lattices [69, 70] and

non-collinear magnets [71, 72]

In an experiment, the Hall contacts represent an open circuit condition, thus

no net current can flow in the y-direction. This is ensured by the fact that the

Hall current jy = σxyEx leads, after an initial transient period, to an accumulation

of charge on one side of the sample (Fig. 15). Subsequently, the charge separation

gives rise to an electric field Ey in the y-direction that drives, via the usual Ohmic

conductivity σyy, a current density j⋆ = σyyEy, so that j⋆ = −jy. In this case, the

equilibrium condition for Ey is given by
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3 HALL EFFECT

G

I- I+

H+

H-
- - - - -

+ + + + +

Ex

Ey jx

x

y

z

jy

Figure 15: Sketch of the Hall effect. Electron current density (dashed blue
arrow) flows between contacts I− and I+. It leads to the build up of an x-direction
electrical field Ex (green). Electrons coupled to a time-reversal breaking quantity
described by the out of plane vector G (red arrow) leads to a bending of jx and,
thus, to a y component current density jy. This results in a subsequent charge
imbalance along the y direction (orange + and -). The associated y-direction
electrical field Ey (green arrows) is then measured with the Hall voltage contacts
H− and H+.

jy + j⋆ = σxyEx − σxxEy = 0 ,

|Ey| =
σxy

σxx

|Ex| = tanΘH|Ex| .
(18)

Here I have used that in a cubic system σyy = σxx. As can be seen from Eqn.18, the

strength of the response Ey due to Ex, and a figure of merit for the Hall effect, is

given by the ratio σxy/σxx, known as the tangent of the Hall angle tanΘH. Thus, in

an experiment, it is Ey that is directly measured with respect to a current density

excitation jx (Fig. 15), defining the Hall resistivity as

ρxy = lim
jx→0

Ey

jx
. (19)
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3 HALL EFFECT

Another important aspect related to a finite ΘH is that it leaves its fingerprint

on the electrical resistivity ρxx. This is because the Hall conductivity enters the

expression of ρxx directly as

ρxx =
σxx

σ2
xx + σ2

xy

=
1

σxx

1

1 + (tanΘH)2
. (20)

In case of a negligible Hall angle, the resistivity is simply the inverse of the con-

ductivity ρxx = 1/σxx, whereas if the Hall angle is π/2 (tanΘH = ∞), such as in

the case of the quantum Hall effect [18], the (bulk) resistivity vanishes.

Finally, I discuss aspects of time-reversal symmetry (TRS) that imposes strict

constraints on the Hall effect. Generally, σxy is driven by a physical parameter G

that is perpendicular to the plane defined by Ex and jy, so that jy ∼ G × Ex.

Here G can be an external magnetic field B, magnetization M or the integral Ω

of the Berry curvature Ω(k) over occupied electronic states in the Brillouin zone

(see Fig. 16 and Sects.3.2, 3.3, 3.4).

jy jy jy

E
x

E
x E

x

B M Ω

Skew scatteringnormal Hall effect

(Extrinsic anomalous Hall effect)

Topological Hall effect

(Intrinsic anomalous Hall effect)

(Nonlinear Hall effect)

x

y

z

a. b. c.

Figure 16: Different types of Hall effect. A Hall response is due to an out
of plane vector G that breaks TRS (Fig. 15). In the case of the normal Hall
effect (panel a), this is an external magnetic field (G = B, Sect. 3.2). In case of
skew scattering (panel b, also known as the extrinsic anomalous Hall effect) G

is the internal magnetization (G = M , Sect. 3.3). For the topological Hall effect
(panel c) such as the intrinsic anomalous Hall effect and the nonlinear (quantum)
Hall effect, G is the integral Ω of the Berry curvature distribution Ω(k) over the
occupied states in the Brillouin zone (G = Ω, Sect .3.4).
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3 HALL EFFECT

Since Ex is invariant under time-reversal operation T (T Ex = Ex) but jy changes

sign (T jy = −jy), it directly implies that T G = −G. Thus, σxy is finite only if

G explicitly break TRS, otherwise jy is forced to vanish. As a consequence, this

restricts σxy to be a fully antisymmetric function ofG such as σxy(G) = −σxy(−G),

known as the Casimir-Onsager relations [73]. Here I note that this argument does

not apply for the usual electrical conductivity, as therein, dictated by the third

law of thermodynamics, TRS is inherently broken due to the entropy production

(Ṡ = jxEx). For the Hall current Ṡ = 0 since jy and Ex are orthogonal.

3.2 The normal Hall effect

In a conductor, applying an external magnetic field perpendicular to the current

(G = B see Fig. 16 a) gives rise to a Lorentz force FL = −ev ×B acting on the

charge carriers and, thus, leads to a Hall voltage. Here v is the electron velocity.

In this case, the corresponding dependence of ρxy(B) is linear-in-field at low fields,

determined by the Hall coefficient RH, which is defined as the initial slope and

reads

RH = lim
B→0

∂ρxy
∂B

. (21)

In the case of a single Fermi pocket (one band case), such as in simple metals and

semiconductors, RH is inversely proportional to the charge carrier concentration n

and charge q so that

RH =
1

nq
. (22)

The associated Hall angle in a simple Drude picture, where ρxx = 1/(nqµ), is then

a good measure for the mobility µ and reads

tanΘH =
RHB

ρxx
= µB . (23)
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3 HALL EFFECT

For systems with two (multiple) bands intersecting the Fermi level (Fig. 17 a),

ρxy(B) is a complicated function of n1, n2, µ1, µ2, q1 and q2 (i sets of parameters

if i bands), and is given by [74]

ρxy(B) =
n1q1µ

2
1 + n2q2µ

2
2 + (n1q1 + n2q2)µ

2
1µ

2
2B

2

(n1q1µ1 + n2q2µ2)2 + (n1q1 + n2q2)2µ2
1µ

2
2B

2
B . (24)

This may deviate considerably from simple linear behaviour (Fig. 17 b). Here the

parameters denote the carrier densities, mobilities and the type of the two bands,

respectively.

a. b.

Figure 17: Hall effect in a two-band system. a: Calculated Fermi surface
structure of LaBi showing a central hole pocket and peripheral electron pockets.
b: Hall resistivity in the same material showing strong nonlinearities at low tem-
peratures (2K) captured by a two-band fit (yellow line). Panels a and b are taken
from [75].

Finally, whereas a nonlinearity in ρxy(B) may have many possible sources,

the two-band model offers a strict consistency check: Two-band parameters ob-

tained from fits to ρxy(B) according Eqn.24 uniquely determine the magnetic field-

dependent electrical resistivity ρxx(B) given as [74]

ρxx(B) =
n1q1µ1 + n2q2µ2 + (n1q1 + n2q2)µ1µ2B

2

(n1q1µ1 + n2q2µ2)2 + (n1q1 + n2q2)2µ2
1µ

2
2B

2
. (25)
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3 HALL EFFECT

Thus, a strong disagreement between the calculated and the measured MR curves

indicates that nonlinearity of the ρxy(B) curve is driven by a mechanism other

than the presence of multiple bands.

3.3 Skew scattering in heavy fermion systems

Magnetic moments embedded in a metallic host – whether as impurities or as an

integral part of the lattice – serve as scattering centres for conduction electrons. If

spin-orbit interaction is non-negligible, the left-hand right-hand symmetry of the

scattering is broken, and is described by an asymmetric transition rate WA
k,k′ [68]

so that

WA
k,k′ =

1

τA
k × k′ ·M . (26)

Here M is the magnetization vector, whereas k and k′ denote the wave vector of

the initial and final Bloch states. Thus, in a Hall effect experiment, skew scattering

leads to the appearance of a Hall voltage that is proportional to the out-of-plane

magnetization (Fig. 16 b). In such a case the Hall resistivity is given by

ρxy = R0B +R1M(T,B) , (27)

where R0 and R1 are the normal and anomalous Hall coefficients, respectively [68].

A distinctive feature of this type of scattering is that it is proportional to the

momentum scattering rate ρxy ∼ τ and, thus, the coefficient R1 scales linearly

with ρxx [68]. This provides a most direct way to isolate this contribution from

other Hall effect contributions that are independent of ρxx.

In heavy fermion systems, the strong interaction between conduction electrons

and magnetic moments gives rise to a sizeable skew scattering contribution in the

incoherent regime [76]. It leads to a Hall coefficient that is dominated by R1 at high

temperatures (Fig. 18), and that scales linearly with the product of the magnetic
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3 HALL EFFECT

susceptibility and the magnetic contribution to the resistivity [76] such that

R1 = γ1χ
⋆ρmag . (28)

Here χ⋆ is the reduced magnetic susceptibility χ⋆ = χ/C where C = nmagµ
2
eff/(3kB)

is the Curie constant, nmag is the magnetic moment density, µeff is the effective

moment and kB is the Boltzmann constant.

Figure 18: Skew scattering in heavy fermion compounds. a: Sketch of
the Hall coefficient RH vs. T . The coherence temperature Tcoh separates two
regimes: A high-temperature part dominated by incoherent skew scattering, and
a low-temperature part where the latter is suppressed. b: Experimental RH vs.
T for the heavy fermion metal CeCu6 (symbols). Lines indicate fits according to
Eqn. 28. Inset shows the data plotted vs. χ⋆ρ. Figures are taken from [76].

Most importantly, the constant γ1 is determined by the microscopic properties of

the scattering, and has an overall maximum value of |γ1| < 0.21, which reduces

to γ1 < 0.1 for the specific case of Ce containing Kondo systems [76]. Indeed,

experimentally determined γ1 values of γ1 = 0.082, 0.075, 0.016, and 0.01K/T

for prototypal heavy fermion metals CeCu6, CeAl3, CeCoRh5, and CeCoIr5, re-

spectively [76, 77], are in good agreement with the theory. Finally, below the

characteristic coherence temperature Tcoh, conduction electrons and magnetic mo-

ments form heavy quasiparticles that propagate coherently and, thus, the skew

scattering is suppressed [76] (Fig. 18 a)
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3 HALL EFFECT

3.4 The anomalous Hall effect

In systems hosting a finite Berry curvature distribution Ω(k), applying an electric

field E gives rise to an additional, anomalous component va(k) to the electron

velocity, given by [32]

va(k) =
e

h̄
E ×Ω(k) . (29)

Here k denotes the wavevector of a single Bloch state of the Brillouin zone. In-

tegrating va(k) with respect to the occupied state in the Brillouin zone leads to

a macroscopic Hall current jy = σxyEx, with the Hall conductivity determined

as [32]

σxy =
e2

h̄

∫

BZ

d3k

(2π)3
Ωz(k)f(k) . (30)

Here f(k) is the electron distribution function under an applied electric field E.

It can be generally written as f(k) = f0(k) + g(k), where f0(k) and g(k) are the

equilibrium (Fermi-Dirac) and nonequilibrium contributions to the distribution

function, respectively.

The nature and properties of the Hall effect described in Eqn.30 depend on

whether Ω(k) is driven by a broken time-reversal symmetry (TRS), or by a broken

inversion symmetry. In this section, I will focus on the former, commonly known

as the intrinsic anomalous Hall effect (AHE) [68].

For systems with broken TRS, the Berry distribution is an even function of

k so that Ω(k) = Ω(−k) [32]. Since f0(k) is even- whereas g(k) is odd-in-k,

the integral in Eqn.30 is finite only for the former case. Then, the integrand is

determined by the perfect crystal, and the Hall conductivity is independent of the

scattering time, i.e., σxy ∼ τ 0. As a consequence σxy is constant (Fig. 19 a) and

results in a Hall resistivity ρxy ∼ σxy/σ
2
xx that is proportional to ρ2xx [68].

For the intrinsic anomalous Hall effect discussed so far TRS can be broken in

several ways. In case of 2D electron gases, TRS is broken either by applying a
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3 HALL EFFECT

a. b.

Figure 19: Intrinsic anomalous Hall effect in TRS broken systems. a:
Anomalous Hall conductivity vs. electrical conductivity in Co3Sn2S2. Tempera-
ture is an implicit variable. The Hall conductivity appears after a ferromagnetic
phase transition at a Curie temperature TC, and is independent of the electrical
conductivity. b: The tangent of the Hall angle for various TRS breaking materials.
Magnetic Weyl semimetals such as GdPtBi and Co3Sn2S2 stand out due to their
largely enhanced Berry curvature distribution. Panels a and b are taken from [57].

strong external magnetic field that gives rise to the quantum Hall effect (QHE)

[18,67], or spontaneously, e.g., due to a ferromagnetic phase transition, giving rise

to an anomalous QHE [21]. In bulk 3D systems, the Berry curvature-driven AHE

was demonstrated for simple ferromagnets [78], non-collinear antiferromagnets [71,

72], skyrmion lattices [69,70], and even systems without any long range magnetic

ordering [79]. The common aspect in all these systems is that the Berry curvature

is proportional to the TRS breaking (order) parameter.

Finally, as the AHE is driven by Ω(k), it is expected to be substantially en-

hanced by its singularities in a magnetic 3D Weyl semimetal [52]. Indeed, the AHE

evidenced in these systems, such as GdPtBi [55], ZrTe5 [56] and Co3Sn2S2 [57],

shows that the associated Hall angle is greatly enhanced with respect to systems

lacking linear band crossings (Fig. 19 b).
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3 HALL EFFECT

3.5 The nonlinear Hall effect

As mentioned in the previous section, in TRS broken systems, a Berry curvature-

driven AHE carried by the equilibrium Fermi-Dirac distribution has been exper-

imentally demonstrated and theoretically understood. In systems with preserved

TRS but broken IS, however, the Berry curvature is odd-in-k [Ω(k) = −Ω(−k)]

and, thus, its integral with f0(k) (Eqn. 30) vanishes. It was, however, theoretically

demonstrated that when the out of equilibrium part of the distribution function

g(k) is considered (that is also odd-in-k), such systems display a Berry curvature-

driven Hall effect [53]. In this case the Hall current density is given by

jy = σxyEx =
e2

h̄

∫
d3k

(2π)3
g(k, Ex, τ)Ωz(k)Ex . (31)

Equation 31 clearly shows that the salient feature of this Hall effect is the nonlin-

earity in the driving electric field, and the explicit dependence on the momentum

scattering time. Both of these features are in sharp contrast to the AHE in TRS

broken systems and, thus, can be used to uniquely identify this mechanism.

The exact dependence of σxy on Ex, and the functional form of the nonlinear-

ity is given by the specific form of g(k) (Eqn.31), which in the simplest case, is

obtained perturbatively by solving the Boltzmann equation in the relaxation time

approximation [53]. g(k) is then simply the first order term of a Taylor series

around the equilibrium Fermi-Dirac distribution [80], and is given by

g(k) =
eτ

h̄
Ex

∂f0(k)

∂kx
, (32)

so that the Hall current reduces to

jy =
e3τE2

x

h̄2

∫
d3k

(2π)3
∂f0(k)

∂kx
Ωz(k)

︸ ︷︷ ︸

Dxz

. (33)
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3 HALL EFFECT

In this approximation, the Hall current is quadratic in Ex and proportional to the

Berry dipole Dxz of the material [53].

For an AC excitation with an angular frequency of ω, i.e., Ex(t) = Ex cosωt,

the E2
x term results in a Hall current that is composed of a rectified DC and a

second-harmonic (2ω) response [53] as shown by

jy =
e3τE2

x

h̄2 Dxzcos
2(ωt) =

e3τE2
x

h̄2 Dxz(
1

2
︸︷︷︸

DC

+
cos (2ωt)

2
︸ ︷︷ ︸

2ndharmonic

) . (34)

For Weyl semimetals, Berry curvature singularities at the Weyl nodes are expected

to boost the nonlinear Hall effect. Indeed, first principle calculations for several

weakly interacting Weyl semimetals have predicted a nonlinear Hall effect that is

enhanced if the Fermi energy is in the vicinity of the Weyl points (Fig. 20 g) [54];

this effect remains to be experimentally confirmed. Most importantly, it was shown

that this effect is finite only in case of tilted and type-2 Weyl semimetals (Fig. 20 a-

f) [54]. This is because for a given Weyl cone, the integrand in Eqn. 33 is symmetric

in the kx-ky plane and integrates to zero for the symmetric Fermi surface of a Weyl

cone without a tilt (Fig. 20 a).

Another important aspect of this effect is TRS breaking. Whereas the nonlinear

Hall effect occurs in systems with microscopically preserved TRS, it is the exper-

iment itself that breaks TRS: Since g(k) is driven by Ex, σxy can be maintained

only at the cost of entropy production Ṡ = jxEx, thus breaking the TRS at the

thermodynamic level via the third law of thermodynamics. To be more explicit,

the Hall effect discussed here is a nonlinear response, defined only in this entropy

producing state, and is suppressed to zero if entropy production is suppressed, i.e.,

σxy → 0 if Ex → 0 (Eqn.31). This is in sharp contrast to conductivities described

in the linear response limit, where σxy remains finite in the Ex → 0 (Ṡ = 0) limit

(Eqn. 17).
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3 HALL EFFECT

Figure 20: Nonlinear Hall effect in noncentrosymmetric Weyl semimetals.
a-c: Sketch of Weyl cones with various tilts intersecting the Fermi energy (ǫ = 0
plane). a-c: Berry curvature dipole density (integrand in Eqn.33) in the kx −
ky plane, with respect to the occupied states (black shaded area). For a non-
tilted Weyl cone (a), the occupation function is symmetric over the Berry dipole
distribution and hence its integrand vanishes. Only in the case of a tilt is this
symmetry broken (b-c, e-f), resulting in a finite nonlinear Hall conductivity. g:
Calculated Berry curvature dipole for the Weyl semimetal TaAs as function of the
Fermi energy position in a rigid band model. Dxy is strongly enhanced in the
vicinity of the Weyl points (W1, W2, W3). All panels are taken from [54].

Finally, I discuss the limitations of the perturbative treatment presented in

[53, 54]. As seen in Eqn. 32, g(k) is a Taylor expansion around the equilibrium

(Fermi-Dirac) distribution function f0(k), where the expansion parameter δk is

determined by the electric field and scattering time as δk = e/h̄ · τE. Clearly, the

validity of this approach is fulfilled if the absolute value δk is much smaller than

that of the characteristic wave vector determining f(k), the Fermi wavevector kF.

This is indeed the case: For an ideal metal with a single, half filled band and a

spherical Fermi surface, kF is of the order of the inverse lattice length 1/a. As
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3 HALL EFFECT

a ∼ 10−9m, kF is of the order of kF ≈ 109m−1. For a value of τ = 10ps (typical

for good metals), and an electric field E = 100V/m (a large value to provide an

upper limit of δk) the expansion parameter is of the order of δk = 104 m−1 << kF.

Thus, a linearised Boltzmann approximation is clearly justified. A second aspect

of the linearised Boltzmann approximation is that it traces the observable quantity

back to a surface integral in k-space at the equilibrium Fermi surface (Eqn. 33).

Such an approximation is only valid if the observed microscopic quantity, in this

case va(k) or equivalently Ω(k), does not change considerably on the scale of δk.

Weyl semimetals do not generically satisfy this requirement; if the Fermi energy

is pinned to he Weyl points the singular Ω(k) dictates a diverging va(k) at the

Weyl nodes and, thus, its change on the scale of δk cannot be neglected. If, by

contrast, the Fermi energy is far from the Weyl points, this divergence does not

play an important role, and the electric field can be considered as a perturbation.

3.6 Hall effect in quantum critical systems

As discussed in Sect. 2.2, heavy fermion systems have been found where the static

Kondo effect breaks down at a quantum critical point [12, 13]. This leads to pro-

nounced features in the Hall effect. For magnetic field-driven quantum criticality

in such systems, RH can no longer be considered as the initial slope of ρxy(B).

This is because the magnetic field here plays a two-fold role of tuning the ground

state, and providing the Lorentz force acting on the current. Thus, instead of RH,

the relevant quantity is the local slope R̃H at any finite field B0, i.e.,

R̃H(B0) =
∂ρxy
∂B

∣
∣
∣
B=B0

, (35)
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3 HALL EFFECT

leading to a Hall resistivity defined as

ρxy(B0) =

∫ B0

0

R̃H(B)dB . (36)

Indeed, in such systems, the initially linear ρxy(B) shows a crossover to a second

linear regime with a different slope (Fig. 21 a) [13, 64–66].

Figure 21: Hall resistivity across a Kondo destruction quantum critical
point in a heavy fermion system. a: Isothermal ρxy(B) curves across the
quantum critical point of YbRh2Si2 at Bc = 0.7T (symbols, left axis). The field-
dependent Hall coefficient corresponds to the local slope of the curve (black triangle
on the red curve). Fits according to Eqn.36, 37 are shown as solid lines. R̃H

obtained at T = 75mK according to Eqn.35 shows a broadened step at BH (right
axis). b: T–B Phase diagram of YbRh2Si2. Both the temperature dependence
of BH (plotted as THall, red symbols) and the FWHM of the crossover (inset)
extrapolate to Bc and 0, respectively, in the zero temperature limit. Panels a and
b are taken from [13].

A distinctive feature is that the crossover extrapolates to a sharp kink in ρxy(B),

and a step in R̃H(B), in the T → 0 limit (Fig. 21 a). At finite temperatures, these

features are broadened. In such a case, R̃H is described by the empirical crossover

function

R̃H = R∞
H − (R∞

H −R0
H)

[

1 +

(
B

BH

)p]−1

(37)
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4 THE KONDO INSULATOR CE3BI4PT3

(see Fig. 21 a and [13]). Here BH is the crossover field, R0
H and R∞

H are the initial

and final Hall coefficients at zero and infinite fields (below and above BH, respec-

tively), and p is a parameter related to the width of the crossover. Quantitatively,

the latter is captured by the full width at half maximum (FWHM) of the second

derivative of ρxy(B) curves, that resembles a peak function in the low-temperature

limit [13, 64]. Then, a tell-tale of a QCP scenario is that in the T → 0 limit, BH

and the FWHM extrapolate to Bc and zero, respectively (Fig. 21 b).

4 The Kondo insulator Ce3Bi4Pt3

Among the few known Kondo insulator systems [16] Ce3Bi4Pt3 stands out due

to the lack of any controversy regarding its Kondo insulating ground state. In-

deed, a long series of studies spanning a wide range of experimental techniques,

such as transport [81–84], thermodynamics [81, 82], magnetization [81, 82], spec-

troscopy [85–87], neutron scattering [88] and tuning studies [89–92], have firmly

established the Kondo insulator ground state of Ce3Bi4Pt3. Thus, while including

all essential ingredients for correlation-driven topology, the clarity offered by this

systems makes it especially attractive as a starting point in the path of realizing it.

In this section, I present the most important properties of this compound based

on the pioneering works cited above.

4.1 Crystal structure

Ce3Bi4Pt3 crystallizes in the cubic noncentrosymmetric Th3P4 phase of space

group I 4̄3d (space group Nr. 220) with a lattice constant of a = 10.051 Å (Sect. 5.1.3).

Here, I stands for a body center structure, 4̄ denotes a 4-fold roto-inversion sym-

metry around the x-axis (and equivalently y and z), 3 means 3-fold rotational

symmetry around the body diagonals (Fig. 22 a) and d indicates the presence of
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4 THE KONDO INSULATOR CE3BI4PT3

a glide plane with respect to the face diagonals. This space group belongs to the

highly symmetric tetrahedral point group Td that has 24 symmetry elements in

total (E, 8C3, 3C2, 6S4, 6σd) [93]. Due to the presence of a glide plane, Ce3Bi4Pt3

belongs to the class of nonsymmorphic crystals, that was recently predicted to

host symmetry protected, topologically nontrivial electron structures in the strong

electron interaction limit [94, 95].

a. b. c.

Figure 22: Crystal structure of Ce3Bi4Pt3. a: A chain of Ce, Pt and Bi in the
[111] direction demonstrating the 3-fold rotational symmetry of the I 4̄3d space
group. b: Unit cell of Ce3Bi4Pt3 and close environment of a Ce atom (yellow
polyhedron, top-left part) showing Ce, Pt and Bi atoms in yellow, grey and purple
respectively. c: The close environment of the Ce atom in details. Four Pt first
neighbours are located in a tetrahedral configuration, and eight Bi second nearest
neighbours form the polyhedron.

The unit cell of Ce3Bi4Pt3 contains four formula units, thus 40 atoms make

up the rather complicated structure (Fig. 22 b). To better capture it, the local

environment of the Ce atom— which is most essential in shaping the extraordinary

physical properties of the compound (Sect. 4.2)— is presented in its position in

the unit cell (Fig. 22 b) and alone, emphasizing the Pt and Bi positions (Fig. 22 c).
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4 THE KONDO INSULATOR CE3BI4PT3

Each Ce atom is surrounded by 12 atoms (4 Pt and 8 Bi). However, Ce has

only Pt atoms as nearest neighbours at 3.01 Å distance, arranged in a tetrahedral

configuration. The second nearest neighbours are formed by 8 Bi atoms in a

distorted polyhedral structure at a distance of 3.41 Å.

4.2 Physical properties

As mentioned in Sect. 2.2, the prime feature of Kondo insulators is the opening of

a hybridization gap at the Fermi energy as temperature decreases. Such a Kondo

gap opening is most directly observed in the temperature-dependent resistivity,

due to the exponentially activated carrier concentration. Indeed, the electrical

resistivity ρ(T ) in Ce3Bi4Pt3 increases by two orders of magnitude with decreasing

temperature down to T = 4K (Fig. 23 a).

b.a.

Figure 23: Transport gap opening in Ce3Bi4Pt3. a: Temperature-dependent
electrical resistivity in Ce3Bi4Pt3 on a semi-logarithmic scale (bottom-left) shows
a clear insulating behaviour. Arrhenius plot (log ρ vs. 1/T , top scale) reveals an
activated behaviour (linear relation, dashed line) down to T = 50K. b: Low-field
Hall coefficient for Ce3Bi4Pt3 on a semi-logarithmic scale. Panels a and b are
taken from [81] and [82], respectively.

The corresponding Arrhenius plot (log ρ vs. 1/T ) shows a linear regime from

300 to 50K (Fig. 23 a), indicative of exponential activation across an energy gap
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4 THE KONDO INSULATOR CE3BI4PT3

∆ with a characteristic temperature of ∆/2kB ≈ 70K [81]. Below T = 50K, the

data cross over to another linear regime with a smaller slope corresponding to

∆/2kB ≈ 37K [91]. Optical spectroscopy studies confirm that it is this second gap

that is associated with the development of Kondo coherence [85], which is further

supported by magnetic field-dependent resistivity studies at high magnetic fields

(Sect. 4.3). Finally, that the insulating behaviour seen in ρ(T ) is due to charge

carrier density reduction is confirmed by temperature-dependent Hall coefficient

measurements. These show a similar, two orders of magnitude increase on the

same temperature scale (Fig. 23 b), which (in a single band picture) correspond to

a reduction of the charge carrier concentration n from n(100K) ≈ 6 · 1021 1/cm3

to n(4K) ≈ 1019 1/cm3.

That the observed activated behaviour of ρ(T ) is indeed driven by the Kondo

interaction is supported by the fact that substituting La for Ce in Ce3Bi4Pt3

drives the system into a metallic state (Fig. 24 a). Remarkably, even a minuscule

value of La concentration amounting to ∼ 1% is enough to suppress the 3 orders

of magnitude increase of ρ(T ) at low temperatures (Fig. 24 a). This is because

even small amounts of La disrupt the translational symmetry of the Ce sublattice,

pointing to the importance of Kondo coherence in the gap formation.

The role of the Ce subblattice is further highlighted by temperature-dependent

specific heat measurements (Fig. 24 b). C/T in Ce3Bi4Pt3 is dominated by the

phonon contribution down to the lowest temperatures, with an electronic term

(γ = 10mJ/molK2) that is significantly smaller than in the nonmagnetic (and

metallic) La reference compound (γ = 30mJ/molK2) [81]. This what is expected

from a Kondo insulator, where the finite and small γ value is usually attributed

to residual impurity-driven ingap bands [96].

Finally, a unique fingerprint in Kondo insulators is the simultaneous freezing

out of charge and magnetic degrees of freedom at low temperatures [97]. Indeed,
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4 THE KONDO INSULATOR CE3BI4PT3

b.a.

Figure 24: La substitution in Ce3Bi4Pt3. a: Normalized temperature-
dependent electrical resistance for various substitution levels x. With increasing
La concentration the Kondo insulator gap collapses, and the system eventually
turns into a metal. b: Temperature-dependent specific heat plotted as C/T vs.
T 2 for Ce3Bi4Pt3 (full symbols) and La3Bi4Pt3 (open symbols). The temperature
dependence of both is determined by the phonon background (C/T ∼ T 2) and a
Sommerfeld coefficient γ. The latter is considerably smaller for the Ce compound
(γ = 10mJ/molK2 vs. γ = 30mJ/molK2 respectively). Panels a and b are taken
from [89] and [81], respectively.

magnetic susceptibility measurements in Ce3Bi4Pt3 clearly evidence the loss of

magnetization at low temperatures (Fig. 25) [81, 86].

The magnetic susceptibility at high temperatures displays a Curie-Weiss (χ ∼

1/(T −Θ)) behaviour expected from localized moments in the incoherent regime.

With further decreasing temperatures, this behaviour is successively suppressed

after a local maximum at T = 70K, (Fig. 25 a). The crossover from local magneti-

zation to a suppressed magnetic state has also been confirmed by complementary

techniques such as NMR (Fig. 25 b) [86] and neutron scattering [88] experiments.

Notably, the local maximum in these magnetic probes coincides with the upturn

of the resistivity and Hall coefficient (Fig. 23) and, thus, is clearly related to the
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4 THE KONDO INSULATOR CE3BI4PT3

b.a.

Figure 25: Magnetic properties of Ce3Bi4Pt3. a: Magnetic susceptibil-
ity of Ce3Bi4Pt3 (black curve), 7% La substituted Ce3Bi4Pt3 (dashed line), and
La3Bi4Pt3 (dotted line). Data for Ce3Bi4Pt3 show a local maximum at T ≈ 70K.
It separates the high-temperature Curie-Weiss regime, from the spin-screened low-
temperature regime. An upturn at the lowest temperatures is likely due to un-
screened magnetic 4f impurities on the Ce site, which are a natural contamination
of even high-purity Ce metals. b: Effective magnetic moment vs. temperature in
Ce3Bi4Pt3 shows the suppression of local magnetization. The data are obtained
from isotropic Knight shift measurements. Panels a and b are taken from [81]
and [86], respectively.

opening of the charge gap. This confirms the Kondo insulating ground state of

this compound.

4.3 High magnetic field studies

Tuning studies in heavy fermion metals have proven essential in unravelling the

mechanism stabilizing their exotic ground states [98]. In such an experiment, a

non-thermal control parameter is varied to induce transitions between the ground

states of these systems. In the Kondo insulator Ce3Bi4Pt3, tuning by pressure [90]

and chemical composition [89] have provided invaluable information about how

the ground state is stabilized therein. In this section, I revisit magnetic field-

tuning studies in Ce3Bi4Pt3, and summarize how an applied large field collapses
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4 THE KONDO INSULATOR CE3BI4PT3

the Kondo insulator gap. Due to the magnitude of the gap energies in Kondo

insulators (∆/kB ≈ 50−100K) [16], such tuning studies are typically done at high

magnetic field facilities [91, 92, 99–102].

Because in Kondo insulators the opening of a charge gap is coupled to the

opening of a spin gap [88,97], an applied magnetic field with a corresponding Zee-

man energy of gµBB ≈ ∆ is expected to collapse the Kondo insulator gap [92].

Indeed, magnetic field-dependent resistivity measurements in Ce3Bi4Pt3 confirm

this scenario (Fig. 26) [91]. They show that, at low temperatures and high magnetic

b.a.

Figure 26: Collapse of the Kondo insulator gap in Ce3Bi4Pt3 at high
magnetic fields. a: Magnetic field-dependent electrical resistivity of Ce3Bi4Pt3
up to B = 60T at T = 1.57K. The data show a strong suppression of the resistivity
with increasing field. Zero resistance values for the sweep up curve is due to
intentional grounding of the voltage leads at the beginning of the measurement.
b: Iso-field electrical resistivity curves show a strong suppression of the resistivity
below T = 20K. Panels a and b are taken from [91].

fields, the resistivity is strongly suppressed above B ≈ 40T (Fig. 26 a). Similar

behaviour has also been observed in other Kondo insulators such as SmB6 [102]

and YbB12 [99,100]. Interestingly, the collapse of the resistivity upturn is observed
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4 THE KONDO INSULATOR CE3BI4PT3

only for temperatures below T = 20K (Fig. 26 b). Even for B = 60T the tem-

perature dependence remains non-metallic (Fig. 26 b). These observations suggest

that the Kondo insulator gap opens only below T ≈ 20K out of a pseudo-gapped

background bandstructure.

The gap collapse seen in the magnetic field-dependent electrical resistivity is

also reflected in Hall effect measurements at high magnetic field (Fig. 27). The

ρxy(B) curve at the lowest temperatures shows a continuous suppression of the Hall

resistivity with respect to the initial, large slope curve (Fig. 27 a). The extracted

b.a.

Figure 27: Hall effect in Ce3Bi4Pt3 at high magnetic fields. a: Hall re-
sistance vs. magnetic field (continuous line) obtained by antisymmetrizing the
measured curves obtained during increasing and decreasing magnetic field (dash-
dotted and dashed lines respectively). The data show a strong suppression of the
slope of the curve (the differential Hall coefficient) with increasing field. b: Tem-
perature dependence of the carrier concentration at different magnetic fields up to
B = 60T. The data are obtained from field-sweep curves such as that in panel a.
The data show a strong field-induced increase of the carrier concentration below
T = 20K. Panels a and b are taken from [91].

iso-field curves of the carrier concentration (in a simple 1-band model) show a

strong increase of the charge carrier concentration with increasing field, amounting
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4 THE KONDO INSULATOR CE3BI4PT3

to almost two orders of magnitude at the lowest temperatures (Fig. 27 b). However,

similar to iso-field ρ(T ) curves (Fig. 26 b), the increase in n(T ) is observed only

for T < 20K. Its value at B = 60T is still significantly smaller than its room

temperature value (Fig. 26 b).

Finally, the collapse of the Kondo insulator gap at high fields is further evi-

denced by thermodynamic probes [92]. Temperature-dependent specific heat mea-

surements on Ce3Bi4Pt3 show that the electronic contribution γ to C/T is en-

hanced significantly between 30 and 40T (Fig. 28 a) [92]. This was interpreted as

an abrupt emergence of a Fermi pocket in the relevant field range. Recent specific

heat measurements in the Kondo insulator YbB12 at high magnetic fields show a

similar behaviour (Fig. 28 b) [101]. These observations indicate that this charac-

teristic might be generic for Kondo insulators. Finally, as I will show in Sect. 5.4.3,

a similar, sharp feature appears also in the magnetization of Ce3Bi4Pt3. It con-

firms that the collapse of the Kondo insulator gap is related to the liberation of

the magnetic degrees of freedom, which are frozen in the Kondo insulating state.
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5 RESULTS

YbB12

b.a.
Ce3B4Pt3

Figure 28: Specific heat of Kondo insulators at high magnetic fields.
a: Iso-field data for Ce3Bi4Pt3 are plotted as C/T vs. T 2. They show a linear
behaviour due to the phonon contribution and an abrupt change in the offset
between 30 and 40T. The inset shows the extracted Sommerfeld coefficient γ vs.
B that highlights the jump. b: Similar data as in panel a for the Kondo insulator
YbB12. Panels a and b are taken from [92] and [101], respectively.

5 Results

5.1 Tuning the spin-orbit coupling in Ce3Bi4Pt3

5.1.1 Introduction and principles

The proposal that Kondo insulators exhibit topologically nontrivial metallic sur-

face states [103] was taken up enthusiastically and triggered many experimental

studies, most notably on SmB6 [104]. A key ingredient for a topologically non-

trivial electronic structure in Kondo insulators is the strong spin-orbit coupling

(SOC) of the heavy lanthanide 4f elements [103], but the importance of SOC

of the conduction electrons that hybridize with the 4f electrons has also been

demonstrated [105]. In studies of the periodic Anderson model, the latter was

shown to tune between different phases, including topological and topologically
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5 RESULTS

trivial Kondo insulators [105], Dirac-Kondo semimetals [106], and most recently,

Weyl-Kondo semimetals [107]. To link such studies directly to an experiment, it

would be highly desirable to find an experimental “tuning knob” for SOC in Kondo

systems. In this thesis, I demonstrate for the first time the experimental tuning

of the SOC strength λSOC in a Kondo insulator. This is achieved while keep-

ing changes to other vital microscopic parameters such as the Kondo interaction

strength, and chemical potential minimal.

b.a.

Figure 29: Lack of inversion center in Ce3Bi4Pt3. a: Crystal structure of
Ce3Bi4Pt3 showing only (selected) Ce and Pt atoms. Both Ce and Pt atoms
are directly involved in the broken inversion symmetry. b: Local environment of
a Ce atom with the four nearest Pt (3.01 Å) and eight nextnearest Bi (3.41 Å)
neighbours.

Among the archetypal cubic Kondo insulators that have been studied for decades

[16], Ce3Bi4Pt3 appears as an ideal starting material for tuning the SOC. As a Ce-

based system, it represents the conceptually simple situation of a single 4f electron

as the localized species. Its Kondo insulating ground state is well established and

quite robust (Sect.4.2). Also, its noncentrosymmetric crystal structure (Fig. 29 a)

makes this compound an ideal system to realize a topologically nontrivial elec-

tronic structure by tuning the λSOC. Interestingly, both the Ce and the Pt atoms
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5 RESULTS

(which are most relevant for the Kondo interaction) are directly involved in defin-

ing the noncentrosymmetric structure (Fig. 29 a). Indeed, theoretical studies have

suggested that Ce3Bi4Pt3 hosts topologically nontrivial surface states [95,103], but

their experimental identification has remained elusive to date [108].

Generally, chemical substitution with atoms of sizeable mass difference seems

to be a promising route for SOC tuning because the atomic number Z (or the mass)

enters the SOC parameter as λSOC ∼ Z4 [109]. In Kondo insulators, however, a

clever choice of the type of substitution has to be made. A substitution of the 4f

element (Ce) breaks the translational symmetry of the local moment sublattice,

which leads to a loss of Kondo coherence. To keep the Kondo lattice intact,

substitutions should therefore be limited to the nonmagnetic elements (Bi and

Pt). Most relevant for the Kondo interaction are the transition metal d electrons.

Indeed, photoemission experiments evidence the presence of Pt 5d states near

the Fermi level [110], suggesting that a substitution of Pt by another transition

element would be most relevant. This is further underpinned by the fact that the

Ce atoms in Ce3Bi4Pt3 have only Pt as nearest neighbours (Fig. 29 b). The second

constraint is that Kondo insulators, just as heavy fermion metals, react sensitively

to even small changes of chemical pressure. Thus, to keep the Kondo coupling JK

tuning minimal, iso-size substitutions should be used. Finally, Kondo insulators

being insulators naturally makes them react strongly to changes in electron count,

and thus, in the chemical potential µ, which favours iso-electronic substitutions

(without carrier “doping”).

Up to date no experimental attempts have been made to separate different

tuning effects of JK, µ and λSOC in chemically substituted Kondo insulators. For

instance, in the Kondo semimetal CeNiSn, iso-electronic but non-isosize substi-

tutions of Ni by Pt or Pd close the Kondo (pseudo)gap as a consequence of the

increased unit cell volume, and hence the decreased JK [111, 112]. The (full) sub-
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5 RESULTS

stitution of Bi in Ce3Bi4Pt3 by the much lighter iso-electronic element Sb strongly

enhances the Kondo insulator gap to 1080K [113]. This must be due to the smaller

size of Sb, which leads to a lattice constant reduction by 2.3% [113] and, thus, a

stronger hybridization, similar to the gap opening under hydrostatic pressure [90].

In Ce3Sb4Pt3, the non-isosize and non-isoelectronic substitutions of Pt by Cu and

Au both suppress the Kondo insulating state, although Cu doping results in a

reduced [114] and Au doping in an increased unit cell volume [113]. Thus, here

the change in µ dominates.

Surprisingly, no substitution series of Ce3Bi4Pt3, other than Ce-La replace-

ments [96, 115] has yet been studied. In this chapter, I present the crystal

growth followed by transport and magnetization measurements on the series

Ce3Bi4(Pt1−xPdx)3, and show that it ideally qualifies to study pure λSOC tun-

ing in a Kondo insulator. The 4d transition metal Pd is much lighter than the 5d

transition metal Pt (with an atomic weight of 106.42 instead of 195.084) and, thus,

an increase of the Pd content x should sizably reduce the conduction electron λSOC.

In fact, preliminary calculations show that λPd
SOC/λ

Pt
SOC ≈ 0.38 [116]. By contrast,

as Pt and Pd are iso-electronic, there is also minimal µ tuning. Furthermore, as

will be shown in the next subsection below, there is minimal JK tuning.

5.1.2 Crystal growth of Ce3Bi4(Pt1−xPdx)3

In order to successively map out the effect of Pd substitution, Pd must be intro-

duced to the parent compound Ce3Bi4Pt3 lattice gradually. As a natural first step,

the crystal growth of Ce3Bi4Pt3 using the self flux growth method was adapted

from the literature [117], and was further optimized within four steps: Single crys-

tals of Ce3Bi4Pt3 were synthesized by putting the elements together in a large

(3 cm inner diameter) Al2O3 crucible, with a starting molar composition ratio of

1:1:12 (Ce:Pt:Bi). Here clearly the overstoichiometric Bi serves as the self-flux.

58

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5 RESULTS

For the elemental Ce, care was taken not to introduce any impurities by carefully

polishing the surface of the Ce chunk in an Ar glove box until it is shiny. The

crucible was then placed in a quartz tube, pumped for 24 h to reach low pressures

(≈ 7×10−5 mbar), then sealed with a torch under continuous pumping, and placed

in a box furnace for the growth.

b.
12 h

-1 °C / h

150 °C / h

T

1100 °C

600 °C

time
23 °C

a.

Figure 30: Single crystal growth of Ce3Bi4Pt3. a: Temperature profile used for
the growth of both Pt and later Pd compounds. b: Photograph of representative
single crystals of Ce3Bi4Pt3 obtained by the adapted self-flux technique, shown on
millimetre paper.

The optimal temperature program is shown in Fig. 30 a. The crucible was

heated up fast to 1100 ◦C and was kept there for 12 h. A very slow cooling rate

of 1 ◦C/h down to 600 ◦C was found to increase the crystal size. As a result

several grams of Ce3Bi4Pt3 single crystals were obtained with characteristic sizes

of ∼ 1.5× 1.5× 2mm3 as shown in Fig. 30 b.

While this protocol proved to be successful to grow Ce3Bi4Pt3 (as far as the

starting composition is concerned), it fails when it comes to the full Pd com-
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calculated

 

 
XR

D
 in

te
ns

ity

2q (°)
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a.
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R
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Spot number
D1
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Figure 31: Initial Bi self-flux attempts to grow Ce3Bi4Pd3. a: XRD pat-
terns collected from the bottom and top parts of the crucible (blue and red), and
compared with those expected from 3:3:4 and 1:1:2 stoichiometric phases (black
and magenta curves). Crystals are obtained from high Bi excess flux (see text).
b: Photograph of a typical, shiny, plate like crystal obtained from the growth. c:
SEM image of a selected sample with three spots indicated for the EDX measure-
ments. d: Relative atomic ratio of the elements obtained by EDX measurement.
The x-axis denotes the three spots where the measurements were carried out as
shown in c.

pound Ce3Bi4Pd3. This is because for high Bi content, the primary stable phase is

CePdBi2, as evidenced by powder X-ray diffraction (XRD) and Energy-dispersive

X-ray spectroscopy (EDX) measurements obtained from such a growth (Fig. 31).

The former shows weak intensity, non-crystalline features corresponding mainly to

the 1:1:2 phase next to the minority 3:3:4 one (Fig. 31 a), while the latter identifies

the corresponding shiny, plate-like crystals (Fig. 31 b) as the 1:1:2 stoichiometry

phase (Fig. 31 c-d).

To check whether Ce3Bi4Pd3 crystals grow at all using the Bi self flux method

even for different growth parameters, fast polycrystalline growth directly from

close-to-stoichiometric starting composition was attempted in an inductive RF-
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Ce3Bi4Pd3 calculated
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343
Bi
111

measurement 1

a.

Figure 32: RF-furnace melting of Ce3Bi4Pd3. a: XRD patterns obtained
from top and bottom parts of the polycrystalline melt (blue and red) compared to
expected patters of Ce3Bi4Pd3 and CePdBi (black and magenta curves). b: SEM
image of the polycrystalline product, identifying the majority Ce3Bi4Pd3 phase
(intermediate gray areas, yellow arrows), minority CePdBi (dark gray areas, blue
arrows) and Bi inclusions (light gray areas, green arrows).

furnace. The main advantage in this case is that the absence of the excess Bi flux

suppress the growth of the 1:1:2 phase. Thus, growth experiments were conducted

with only a small overstoichiometric Bi amount in the ratio of Ce:Pd:Bi= 1:1:1.5,

which is very close to the 1:1:1.33 nominal ratio. XRD measurement on such

powderised polycrystalline sample shows a clear signature of the formation of
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5 RESULTS

Ce3Bi4Pd3 next to a minority phase CePdBi (Fig. 32 a). By measuring differ-

ent parts of the melt (measurements 1 and 2 in Fig. 32 a), it is clearly seen that

the 3:3:4 phase is uniformly formed all over the melt, suggesting that it is indeed

the primary phase. On the other hand the minority 1:1:1 phase formation is in-

homogeneous (present only in measurement 2). This indicates, that CeBiPd is

the primary stable phase only in the under stoichiometric Bi regime (1:1:1.33-δ),

(actually even for δ=0). EDX measurements further confirm this, as they show

that the majority of the melt is composed of Ce3Bi4Pd3, with minor CePdBi and

Bi inclusions as seen in Fig. 32 b.

20 30 40 50

Ce3Bi4Pd3 
calculated

XR
D

 in
te

ns
ity

2q (°)

a.
measured

1 2 3 4
0

10

20

30

40
c.b.

At
om

ic
 ra

tio
 (%

)

Sample number

PdCe

Bi EDX

Figure 33: Growth of Ce3Bi4Pd3 using the self flux method. a: Measured
XRD pattern of the yielded crystals compared to that expected for Ce3Bi4Pd3. b:
Atomic ratio of Pd, Ce and Bi (black, red and blue bars, respectively) obtained
from EDX spectroscopy. The x-axis corresponds to the four crystals (panel c)
separated from the flux. c: SEM image of the four samples measured by EDX.
The scale bar is 1 mm.

The successful crystallization of polycrystalline Ce3Bi4Pd3 shows that, in prin-

ciple, single crystal growth from a melt with a reduced Bi excess is possible. How-

ever, the optimal growth condition is dictated by the interplay of two competing

mechanisms: 1) Whereas increasing the Bi excess reduces the melting temperature

of Ce3Bi4Pd3, it nevertheless favours the formation of the CePdBi2 as the primary

62

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5 RESULTS

phase and, thus, must be avoided. 2) on the other hand, decreasing the Bi content

too much though suppresses the formation of the 1:1:2 phase, but also increases

the melting temperature of the 3:3:4 phase, ultimately impeding its growth. As

a consequence, the optimal condition (initial Bi concentration) of the growth is

defined by the range of the primary crystallization of Ce3Bi4Pd3, while every other

secondary phase is absent (especially CePdBi2 and CePdBi).

Figure 34: Primary crystallizing phases of the Ce-Bi-Pd ternary system
vs. relative Bi concentration. The phase diagram is dominated by the 1-1-
1 phase at low Bi- and the 1-1-2 phase at high Bi concentration. The desired
Ce3Bi4Pd3 phase grows only in a narrow range of relative Bi concentration. This
phase diagram is experimentally observed for the temperature program shown in
Fig. 30 a.

By mapping out the phase diagram, now with self flux method, as function of

the relative Bi concentration, and identifying the present primary and secondary

phases with XRD and EDX measurements, the optimum condition for the forma-

tion of Ce3Bi4Pd3 is observed at relative Bi concentration of 1:1:1.55 (Fig. 33 and

34). Finally, I note, that with this protocol, only small single crystals with the
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5 RESULTS

size of ∼ 400 − 500µm in characteristic length, and irregular shape were possible

to grow (Figs.33 c).

Table 1: Main crystallographic and ground state properties of various Ce-Bi-Pd
ternary compounds obtained from Bi self-flux growth (Fig. 34). FM, AFM and SC
denote ferromagnetic, antiferromagnetic and superconducting states, respectively.

compound spacegroup centrosymmetric symmorphic ordering

CeBiPd cubic, F 4̄3m No Yes FM + SC [118]

Ce3Bi4Pd3 cubic, I 4̄3d No No No ordering

CeBiPd2 tetragonal P4/nmm Yes No AFM [119]

5.1.3 Structural and chemical characterization of Ce3Bi4(Pt1−xPdx)3

Although XRD and EDX measurements clearly show the successful formation

of both Ce3Bi4Pt3 and Ce3Bi4Pd3 phases, they don’t provide information about

whether the sample is a (preferred) mono domain or multi domain crystal. In

order to investigate the crystal quality of the two end compounds, Laue diffraction

measurements were performed on selected crystals of Ce3Bi4Pt3 and Ce3Bi4Pd3

(Fig. 35). Both show good-, mono domain single crystalline quality, evidenced by

the discrete, dot like Laue pattern.

By choosing two differing growth techniques, I showed that both Ce3Bi4Pt3 and

Ce3Bi4Pd3 can be grown. However, to obtain the solid solution Ce3Bi4(Pt1−xPdx)3,

crystals with nominal Pd content of 0 > x > 0.4 were grown using the Bi rich

flux adapted to initially grow Ce3Bi4Pt3. To investigate the chemical composition

of the substitution, comparative EDX spectroscopy was performed on a series of

Ce3Bi4(Pt1−xPdx)3 samples corresponding to different nominal x values (Fig. 36).

Here, nominal x value means the starting composition of the melt, and true x

value the final composition of the solid.

Figure 36 shows a clear inverse correlation between the Pd and Pt EDX lines
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b. Ce3Bi4Pd3Ce3Bi4Pt3a.

Figure 35: Laue diffraction patterns of Ce3Bi4Pt3 and Ce3Bi4Pd3. Images
on representative crystals obtained from optimized growth protocols of Ce3Bi4Pt3
(panel a) and Ce3Bi4Pd3 (panel b) evidence single crystalline quality by the clear,
point like pattern.
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Figure 36: EDX spectroscopy on Ce3Bi4(Pt1−xPdx)3. a: Normalized EDX
spectra of a series of Ce3Bi4(Pt1−xPdx)3 crystals with varying x values determined
by quantitative EDX analysis. The peak intensities are normalized with respect
to the Bi M-line. A clear inverse correlation is observed between the Pt M- and
Pd L-peaks. b: WDX spectrum for the x = 0.08 compound (orange) compared to
its EDX spectrum. The Pd lines are clearly resolved.
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relative to the Bi M-line. This strongly indicates that Pd indeed substitutes Pt in

the Ce3Bi4(Pt1−xPdx)3 compound. For low Pd content (x < 10%) Wavelength-

Dispersive X-ray spectroscopy (WDX) is also used (Fig. 36 b) to compensate for

the low sensitivity of the EDX method.
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Figure 37: Quantitative EDX analysis of Ce3Bi4(Pt1−xPdx)3. a: Evolution
of the Pd content x in crystals as determined by EDXmeasurements vs. its nominal
value in the starting material. Dashed black line indicates the nominal values. Also
the sum of the Pd and Pt atomic ratios (red symbols) and the nominal behaviour
(red dashed line) are plotted. b: The evolution of Ce and Bi atomic ratios vs.
nominal Pd content (symbols) compared to the nominal behaviour (dashed lines).
Within error bars, the measured and nominal compositions largely agree.

Strong evidence that Pd indeed substitutes Pt in the crystal structure, is pro-

vided by the quantitative analysis of the elemental ratios of Ce3Bi4(Pt1−xPdx)3

(Fig. 37) as obtained from EDX spectra. The detected Pd quantity expressed in

atomic ratio increases in a remarkable agreement with the expected behaviour,

while the total Pd+Pt content does not change (Fig. 37 a). For that reason,

throughout the remaining parts of this thesis, x indicates the Pd content as mea-

sured by EDX spectroscopy. Also evidenced by EDX spectroscopy is that neither

the Ce nor the Bi content changes with varying the nominal (and EDX derived)
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Pd ratio (Fig. 37 b). This is a clear evidence that Pd indeed substitutes Pt on the

Pt site, while leaving the Ce and Bi sites unaffected.
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Figure 38: X-ray diffraction patterns of Ce3Bi4(Pt1−xPdx)3. The patterns
for x = 0 - 1 agree well with the pattern calculated for Ce3Bi4Pt3 (blue, top). No
foreign phases are detected except for minor remnant Bi flux denoted by stars.

After discussing the chemical characterization, I address the crystal structure

of Ce3Bi4(Pt1−xPdx)3. The crystal structure and unit cell parameters for each x

composition were obtained from powder XRD diffraction measurements (Fig. 38).

The result clearly shows that Ce3Bi4(Pt1−xPdx)3 crystallizes in the I 4̄3d structure

of the Ce3Bi4Pt3 parent compound, thus realizing an iso-structural series.

To obtain quantitative information of the lattice constant, Rietfeld analysis on

each XRD pattern was performed. In Fig. 39 I show how the lattice constant a

changes with varying the Pd content in Ce3Bi4(Pt1−xPdx)3. Here, the change is

defined as ∆a/a = [V (x)/V (x = 0)](1/3) − 1, where V (x) is the unit cell volume
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5 RESULTS

 CeNi1-xPdxSn

Da
/a

 (%
)

x in Ce3Bi4(Pt1-xPdx)3

Figure 39: Lattice constant evolution of Ce3Bi4(Pt1−xPdx)3. The relative
change in the average lattice constant ∆a/a vs. Pd content x. Here a indicates
the lattice constant of Ce3Bi4Pt3. The scale is defined by non-isosize substitution
in related heavy fermion semimetals [111–114]. For Ce3Bi4Pd3, the total change
is as small as 0.069%.

at x Pd content. Surprisingly ∆a/a is negligible on a scale typical for non iso-

size substitutions in representative Kondo insulating/semimetallic systems. This

is most prominent for the Ce3Bi4Pd3 end compound, where the unit cell changes

only 0.069% compared to the Pt compound, thus realizing an iso-size substitution.

Here, I note that the obtained a = 10.058Å for Ce3Bi4Pd3 agrees well with a =

10.052Å obtained for crystals grown with different growth technique [120].

In conclusion, qualitative and quantitative EDX and XRD measurements

clearly show that Pd substitution in Ce3Bi4(Pt1−xPdx)3 represents an iso-

structural and iso-size substitution series ruling out the chemical pressure (and

hence a change in JK) as the primary tuning parameter, whereas the identical
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5 RESULTS

electron count of the Pd and Pt rules out charge doping. This allows to directly

observe the effects of the changing spin-orbit coupling λSOC in a Kondo insulator

for the first time.

5.1.4 Electrical transport in Ce3Bi4(Pt1−xPdx)3

In order to probe the evolution of the Kondo insulating gap with increasing Pd

substitution in Ce3Bi4Pt3, the temperature-dependent electrical resistivity at zero

magnetic field was measured in single crystals of Ce3Bi4(Pt1−xPdx)3 with different

x values (Fig. 40). Measurements in the temperature range of T = 2− 300K were

done on several commercial and home built setups in 4He cryostats. Standard

four point contact method was used to determine the resistivity, using silver paint

and spot welding techniques to secure point like contacts. All crystal surfaces were

polished before contacting to avoid spurious surface effects, particularly the surface

superconductivity of the x = 1 compound (see Sect.5.2). For typical contact

geometries see Fig. 40 b. Contact misalignment contributions to the electrical and

Hall resistivities are taken care of as discussed in Sect. 5.3.4.

The room temperature values of the resistivity for different x value vary be-

tween 180 to 350 µΩcm, in good agreement with the published value of 220 µΩcm

for Ce3Bi4Pt3 [81]; small differences are attributed to the poorly defined geo-

metrical factors of the small single crystals. Temperature-dependent resistance

curves down to T = 2K are plotted normalized to their room temperature values

R(T )/R(300K), and show a gradual suppression of the Kondo insulator gap with

increasing Pd substitution (Fig. 40 a). The absolute values of the transport gap

∆ = 2Ea can be quantified by fitting an exponentially activated resistance

R(T ) = R1 exp[Ea/(kBT )] . (38)

Here R1 is the asymptotic resistance at T = ∞, Ea is the activation energy
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H +, V +
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Ce3Bi4Pd3

La3Bi4Pd3

 

 
R

 / R
 3

00
 K

T (K)

 x = 0
 x = 0.08
 x = 0.18
 x = 0.37
 x = 1

Ce3Bi4(Pt1-xPdx)3 I +
a

Figure 40: Temperature-dependent normalized electrical resistance of
Ce3Bi4(Pt1−xPdx)3. a: The resistance normalized to the respective room tem-
perature value, of all Ce3Bi4(Pt1−xPdx)3 samples increases with decreasing temper-
ature, clearly distinct from the metallic behaviour of La3Bi4Pd3. b: Photograph of
Ce3Bi4Pd3 single crystal contacted by spotwelding in a 5-wire configuration. I, V
and H denotes (with polarity) the current, resistivity voltage and Hall resistivity
voltage leads, respectively. Yellow length bar is 0.5mm.

and kB is the Boltzmann constant. Such fits hold for the high-temperature (T =

300− 50K) region of the Arrhenius plots (Fig. 41 a), and clearly show a reduction

of Ea with increasing Pd content x (Fig. 41 b-f). For Ce3Bi4Pd3, the activation

energy of Ea/kB = 12.6K is smaller than the upper limit of the fit (T ∼ 50K)

and, thus, rather indicates the absence of a well-defined gap, as will be addressed

later in this chapter.

The collapse of the Kondo insulator gap and the emergence of a low carrier

density in Ce3Bi4Pd3 is also signalled in the temperature-dependent Hall coeffi-

cient RH as shown in Fig. 42. At high temperatures, the RH values of all stud-

ied Ce3Bi4(Pt1−xPdx)3 samples essentially coincide, and are RH ≈ 10−3 cm3/C
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Figure 41: Arrhenius plots for Ce3Bi4(Pt1−xPdx)3. a: Arrhenius plots for
all measured Ce3Bi4(Pt1−xPdx)3 single crystals in the temperature range of T =
300 - 10 K. Black arrow indicates the upper limit in 1/T below which, for x = 0,
a linear behaviour is observed. b - f: High-temperature region of the Arrhenius
plot for each measured compound of different x. Linear fits corresponding to
exponentially activated behaviour (Eqn. 38) are shown as red, solid lines. Fits
were made where a linear behaviour in the data is observed (see arrow in panel
a). Extracted activation energies Ea/kB are indicated in each panel.

(n = 6 · 1021 cm−3) at room temperature. For Ce3Bi4Pt3, RH increases substan-

tially with decreasing temperature due to the Kondo insulator gap opening, and

reaches RH ≈ 2 cm3/C (n = 3 · 1018 cm−3) at T =2K. On the contrary, for

Ce3Bi4Pd3 the Hall coefficient reaches only RH ≈ 10−1 cm3/C (n = 6 ·1019 cm−3)

at T =2K, a considerably smaller value than that of Ce3Bi4Pt3. This clearly
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5 RESULTS

points to the presence of an extra density of states. That such extra states are

Kondo-driven is further confirmed by a comparison with the nonmagnetic refer-

ence compound La3Bi4Pd3. There the carrier density reaches values as high as

n = 2.1 · 1022 cm−3 (RH = 2.93 · 10−4cm3/C), as seen in Fig. 42.

La3Bi4Pd3

Ce3Bi4(Pt1-xPdx)3

R
H
 (c

m
3  / 

C
)

T (K)

 x = 0
 x = 0.08
 x = 0.37
 x = 1

B = 9 T

Figure 42: Hall coefficient of Ce3Bi4(Pt1−xPdx)3. Temperature dependence of
the Hall coefficient at B = 9 T defined as RH = ρxy(9T)/9T. The temperature-
dependent Hall coefficient of La3Bi4Pd3 is also shown. There, data (magenta
symbols) are taken from the slope of linear fits to iso-T ρxy(B) curves. The magenta
line is a guide to the eyes.

In what follows, I show that the weak temperature dependence of the electrical

resistivity ρ(T ) and Hall coefficient RH(T ) of Ce3Bi4Pd3 at low temperatures are

incompatible with a gapped ground state. Instead, they provide support for a

semimetal ground state of Ce3Bi4Pd3. Figure 43 displays the data in Arrhenius

plots. Analogues to the temperature dependence of the resistance (Eqn. 38), the

Hall coefficient is considered to be described by
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RH(T ) = RH,1 exp[Ea/(kBT )] . (39)

Two essentially linear regimes, representing activated behaviour of the resistivity

and Hall coefficient in panels a and b, respectively, can be identified at high and

intermediate temperatures (red and blue solid lines), but at temperatures below

about 10K, the data tend to saturate and, thus, strongly deviate from these laws.

These linear ranges should not be taken as strong evidence for the presence of well-

defined energy gaps because they persist only in limited temperature ranges, and

the condition that the activation energy is much larger than the lower-temperature

bound of the fitting range is not fulfilled in all cases.

If one nevertheless assumes the fits to be meaningful, a possible interpreta-

tion goes as follows. The high-temperature behaviour could represent activation

across an energy gap (∆ = 2Ea) in the uncorrelated bandstructure, though DFT

calculations predict a gap of much larger size (150meV, see [121]). The activated

behaviour at intermediate temperatures might reflect the incipient formation of

a Kondo insulator gap of reduced size. The deviation of the data from this law

below about 10K then points to the formation of small Fermi pockets in a gapped

(Kondo insulating) background, which is further supported by the small observed

residual charge carrier concentration n0 (Fig. 43 b). Recent DFT+DMFT calcula-

tions indeed find Ce3Bi4Pd3 to be a topological semimetal [122]. Thus, in conclu-

sion, the limited ranges of activated behaviour seen in the transport experiments,

and the deviation from such a law at low temperatures reflect the evolution of a

correlation-driven semimetal ground state in Ce3Bi4Pd3. This is further supported

by the marked difference between the low carrier density, semimetallic character

of the resistivity and Hall coefficient of Ce3Bi4Pd3 when compared to the metal-

lic, high carrier density nonmagnetic reference compounds La3Bi4Pd3(Figs. 40,42),

clearly pointing to the Kondo effect as an important mechanism at play.
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Figure 43: Analysis of thermally activated transport behaviour. a: Ar-
rhenius plot of the zero-field resistivity of Ce3Bi4Pd3 (black symbols). Linear
behaviour (red and blue solid lines, corresponding to fits with Eqn. 38) is observed
in two different temperature ranges as indicated. b: Same plot and analysis as in
a for the Hall coefficient RH which is here defined as ρxy(B)/B at 8T. Because
ρxy(B) is essentially linear in B for fields up to 8T and temperatures down to 3K
(Fig. 78 a) this is very similar to the linear-response Hall coefficient. At lower tem-
peratures, an anomalous Hall contribution appears. We then understand the data
as the sum of a linear-in-B normal Hall effect, of the magnitude of that at 3K,
plus the anomalous contribution (Fig. 78 a). The fits use Eqn. 39, with the charge
carrier concentration n1 = 1/(RH,1e), which assumes a simple one-band model.
Below 9K, both datasets depart from the activation laws. At low temperatures,
the RH data saturate to a constant value (dashed orange line) which corresponds
to the charge carrier concentration n0 (again in a one-band model). The data are
for a sample of the same batch as the x = 1 crystal in Figs. 40,42.

5.1.5 Magnetic susceptibility in Ce3Bi4(Pt1−xPdx)3

In Kondo insulators, the temperature-dependent magnetic susceptibility shows

a Curie-Weiss type behaviour at high temperatures that, after a broad local

maximum, is strongly suppressed as the Kondo insulator gap fully develops (see

Sect. 4.2). Thus, to investigate the evolution of the Kondo insulator to semimetal
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crossover in the substitution series, temperature-dependent magnetic susceptibility

measurement were carried out for Ce3Bi4(Pt1−xPdx)3. Measurements were done

using commercial 4He DC SQUID and vibrating sample magnetometers (VSM).

Measurements below T =2K were performed with a 3He insert of the DC SQUID

magnetometer. A small field of B =100mT was applied to measure the magneti-

zation except for the x=0.37 crystal, where a field of 7T had to be applied due to

the small sample mass. For Ce3Bi4Pd3 13 pieces of crystals from the same batch

were measured due to the small crystal size.
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Figure 44: Curie-Weiss behaviour of Ce3Bi4(Pt1−xPdx)3 at high temper-
atures. a: Inverse magnetic susceptibility of Ce3Bi4(Pt1−xPdx)3 vs. T . Curie-
Weiss fits were done in the range T = 150 − 300K (red lines). The data are
shifted successively by an offset of 2.55 for clarity (size is indicated by the double
arrow). b: The obtained effective moment µeff vs. the Pd content x. The full
Ce3+ moment µeff = 2.54µB is indicated by a horizontal dashed line. c: The
obtained absolute value of the negative Curie-Weiss temperature ΘCW vs. the Pd
content x. Gray line is a guide to the eyes. The colour code in panels b and c
corresponds to that of panel a. Error bars in panels b and c reflects errors of the
fitting, measurement and sample mass.

The high-temperature (150 - 300K) magnetic susceptibility of crystals corre-

sponding to all substitution values x follows the Curie-Weiss behaviour
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χ(T ) =
µ2
Bµ

2
effNCe

3kB

1

T −ΘCW

, (40)

as seen in Fig.44 a. Here µB is the Bohr magneton, µeff is the effective magnetic

moment, kB is the Boltzmann constant, NA is the Avogadro number, NCe is the

number of Ce3+ ions in a mol formula unit, and ΘCW is the Curie-Weiss tempera-

ture. The obtained µeff values from high-temperature fits agree within error bars

with the value of 2.54 µB expected for a free Ce3+ ion (Fig. 44 b). ΘCW, which

is a measure of the strength of antiferromagnetic (AFM) correlations, decreases

continuously in absolute value (Fig. 44 c), but remains sizeable even for the x =

1 sample. This is in sharp contrast to the Au-Pt and Cu-Pt substitutions in

Ce3Sb4Pt3, which suppress ΘCW from 647K in Ce3Sb4Pt3 to less than 3 and 1K

in Ce3Sb4Au3 [113] and Ce3Sb4Cu3 [114], respectively.

As the Kondo insulator gap is successively suppressed with increasing Pd

content, the low-temperature magnetic susceptibility increases (Fig. 45). This is

accompanied by a shift of the position of the local maximum T χ
max in χ(T ) to-

wards lower temperatures, from T χ
max = 75K in Ce3Bi4Pt3 until T χ

max ∼ 10K in

Ce3Bi4Pd3. Here I note that no T χ
max can be discerned for the x = 0.37 compound.

Because of the tiny crystal size of this substitution value, a large magnetic field of

B = 7T was applied (opposed to B = 0.1T in case of other x values) to obtain

a good quality χ(T ) signal which, in turn, likely suppresses the local maximum

feature.

Generally, the occurrence of a maximum at T χ
max and the deviation of χ(T ) from

a Curie-Weiss law indicates the onset of the heavy fermion state, and specifically in

Ce3Bi4Pt3 the opening of the Kondo insulator gap (Sect.4.2). Then, the collapse of

the gapped state upon going from x = 0 to x = 1 in Ce3Bi4(Pt1−xPdx)3 identifies

the appearance of a finite density of states at the Fermi energy, in agreement with

the results of the resistivity and Hall effect measurements (Figs. 40,42). Further
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Figure 45: Temperature-dependent magnetic susceptibility of
Ce3Bi4(Pt1−xPdx)3. The data were taken at B = 100mT, except for
x = 0.37, where B = 7 T was applied to obtain a good signal from the tiny
single crystals. The blue curve shows the Curie-Weiss behaviour for x = 0,
obtained from Fig. 44 a. The position of the local maximum T χ

max is indicated for
the x = 0 curve.

more, the observed T χ
max ∼ 10K in Ce3Bi4Pd3 (Fig. 45) is reflected in the ρ(T )

curve as broad Kondo peak at T ∼ 8K (Fig. 40), which directly evidences the

coupling of magnetic moments to the conduction electrons.

Finally, to address the weak upturn of the magnetic susceptibility below

T = 4K of Ce3Bi4Pd3 (Fig. 45), measurements of χ(T ) and M(B) curves were

extended down to T = 0.4K (Fig. 46 a). They evidence that χ(T ) at 100mT in-

creases logarithmically with decreasing temperature below T =2K (Fig. 46 a), and

is suppressed at B = 7T to an enhanced, temperature independent Pauli suscep-

tibility expected in heavy fermion metals. In the iso-T M(B) curves, the upturn

in χ(T ) manifests as a weak, broad feature at small field (Fig. 46 b), that recovers
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Figure 46: Magnetic properties of Ce3Bi4Pd3 at low temperatures. a:
Magnetic susceptibility obtained at B = 0.1 and 7 T down to T = 0.4K. b:
Magnetization vs. magnetic field field for different temperatures in the range
T =0.7 - 2K. The difference in χ(T ) at low temperatures manifests as a small and
broad bump in M(B) for B < 2T.

a linear M(B) behaviour above B = 2T (Fig 46 b).

In metallic heavy fermion systems, logarithmic divergences are a hallmark of

non-Fermi liquid behaviour [123, 124], which is often associated with quantum

criticality. Assuming this is also the case for Ce3Bi4Pd3, the RKKY interaction

in this heavy fermion system can compete against the Kondo coupling and give

rise to a nearby magnetic quantum critical point. It is worth noting that similar

logarithmic behaviour at low temperatures has recently been observed in another

heavy fermion semimetal, namely CeNi2−δAs2 under pressure [125]. The very

low-temperature features described above are of great interest on their own and

certainly motivate further studies. They show that the presence of strong spin-

orbit coupling enriches the global phase diagram of heavy fermion materials [65,

124]. The great tunability of these systems, including the controlled variation

of SOC newly demonstrated here, raises the prospect of realizing new phases of
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matter.

5.1.6 Conclusions

Substituting Pd in Ce3Bi4(Pt1−xPdx)3 represents an iso-structural (Fig. 38), iso-

size (Fig. 39), and iso-electronic tuning (high-temperature part in Fig. 42). Thus,

changes to the Kondo coupling JK (via chemical pressure), and chemical potential

µ (via doping) can be safely neglected. This, singles out the SOC of conduction

electrons λSOC as the dominating tuning parameter, although the change in the

electron wavefunction (5d to 4d) is also expected to influence the bandstructure of

this material [126].

Remarkably, the energy scales of Ce3Bi4(Pt1−xPdx)3 and the nature of its

ground state changes profoundly with changing λSOC (Fig. 47): The well-defined

Kondo insulator gap observed in Ce3Bi4Pt3, gradually closes with increasing x,

until it cannot be defined any more. In parallel, both the local maximum in the

magnetic susceptibility and the Curie-Weiss temperature stay sizeable, indicating

a strong coupling of the conduction electrons to the magnetic moments. Finally,

the weak temperature dependence of ρ(T ) in Ce3Bi4Pd3, and the two orders of

magnitude decrease in the low-temperature Hall coefficient between Ce3Bi4Pt3

and Ce3Bi4Pd3 (Fig. 42) show that with increasing x Ce3Bi4(Pt1−xPdx)3 is driven

in to a Kondo interaction induced semimetallic state. In the following chapter, I

show that it is in fact a novel topologically non-trivial state dubbed Weyl-Kondo

semimetal.
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 T c
max

Insulator
lSOC Semimetal

Figure 47: Characteristic temperature scales for Ce3Bi4(Pt1−xPdx)3 as a
function of x. T χ

max and ΘCW are taken from Fig. 45 and the Curie-Weiss fits in
Fig. 44, respectively. ∆/kB = 2Ea/kB is taken from the Arrhenius fits in Fig. 41.
The full lines are guides to the eyes. The shaded pink area represents the fact
that, for x = 1, the Arrhenius fit loses significance and R(T ) becomes compatible
with a gapless state. The dashed green line indicates that the maximum in χ(T ) is
suppressed to below 2K for x = 0.37. The arrow on the top axis indicates that an
increase of the conduction-electron λSOC (corresponding to a decrease of x) drives
the system from a semimetallic to an insulating state.
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5.2 Surface superconductivity in Ce3Bi4Pd3

An important questions when determining a material’s properties, is whether an

observed phenomenon is truly intrinsic or whether it is due to extrinsic effects

(such as impurities, chemical decomposition, surface oxidation and many more).

A significant parameter in this sense is the long-term chemical stability of solids

under ambient conditions. This aspect is of great importance for novel materials,

whose genuine intrinsic properties are (at first) unknown.
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Figure 48: Superconductivity in Ce3Bi4Pd3. a: Temperature-dependent resis-
tivity measurements on three representative single crystals of Ce3Bi4Pd3 show the
onset of superconductivity, evidenced by the zero resistivity drop at Tc = 3.5K
(indicated by arrow). b: Zero-field temperature-dependent specific heat (left axis)
and magnetization (right axis) in the vicinity of the Tc observed in ρ(T ). No bulk
signature of superconductivity is observed. Magnetization data were taken with
zero-field cooling at field of 5Oe (open symbols, scaled) and 50Oe (full symbols)

In Ce3Bi4Pd3 initial temperature-dependent resistivity measurements showed

superconductivity below Tc = 3.5K , in various single crystals (Fig. 48 a). How-

ever, neither a lambda type specific heat anomaly nor a Meissner signal in the
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magnetic susceptibility were observed in any of the measured crystals (Fig. 48 b).

This firmly rules out the bulk nature of the observed superconductivity in ρ(T ).

Thus, the question arises whether this is intrinsic but unconventional, or extrinsic

superconductivity due to impurities or foreign phases. This is of extreme impor-

tance to determine the low-temperature properties of Ce3Bi4Pd3.

b.
Ce3Bi4Pd3
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 0.1T
 0.2T
 0.3T
 0.4T
 0.5T
 0.75T
 1T
 1.25T
 1.5T

a.  PdBi (Mondal et al.)
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Figure 49: Superconducting phase diagram of Ce3Bi4Pd3. a: iso-field
temperature-dependent resistivity of Ce3Bi4Pd3 (sample 3 in Fig. 48). Supercon-
ductivity persists up to B = 0.75 T. The critical temperature Tc is estimated at
the temperature where the resistivity reaches half the drop (indicated by horizon-
tal dashed line and arrows). For the curves at B = 0.4T and 0.5 T, Tc is estimated
from the crossing of a linear extrapolation to the lowest two points (dark yellow
and green dashed lines) with the 50% criteria. b: Obtained B–T phase diagram
for Ce3Bi4Pd3 (black curve) from panel a. The last two points at lowest tempera-
tures are estimation (see caption a), and are indicated by open symbols. The red
curve is the B–T phase diagram of PdBi determined from magnetic susceptibility
measurement [127]

To identify putative foreign phases, iso-field temperature-dependent resistivity

measurements were carried out on sample 3 (Fig. 49), which showed the sharpest

superconducting transition (Fig. 48 a). All possible single elements constituting
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Ce3Bi4Pd3, binary and ternary superconducting compounds of these elements with

similar Tc and Bc2(T ) phase diagram were searched for in the literature. The

close similarity of the phase diagram with that of PdBi [127] suggests that this

material might be present in the Ce3Bi4Pd3 crystals in form of filaments, domain

boundaries or a surface layer. Because SEM images and EDX measurements on

Ce3Bi4Pd3 single crystal did not detect any foreign phase (Fig. 33) neither in the

bulk nor on the surface, all these possibilities had to be ruled out. Of course

foreign phases can only be ruled out up to the detection level of SEM/EDX;

any amount of foreign phases below this limit would, however, be so small that

percolative superconductivity is highly unlikely. An important difference between

the single crystals measured by SEM/EDX and by ρ(T ) is that in the latter,

electrical contacts were initially made by applying high-temperature silver paint

that needs a short annealing (2 mins at 100 ◦C at p = 10−5mbar pressure).

Indeed, a ρ(T ) measurement made on a pristine (unannealed) single crystal

contacted with silver paint at room temperature (without annealing) does not

show superconductivity (Fig. 50 black curve). However, when the same crystal is

annealed in a second step (in the way described earlier), full superconductivity

emerges at Tc = 3.5K (Fig. 50 red curve). Most surprisingly, after polishing the

crystal (all surfaces), the onset of superconductivity disappears again, and the

resistivity shows semimetallic behaviour down to the lowest temperatures (Fig. 50

blue curve). The polishing was done successively with a 1000 - 2000 - 4000 µm

average roughness SiC polishing paper, until the surface was shiny (on average

10-50 um thick layer was polished away from all surfaces). This is clear evidence

that superconductivity appears only at the surface of the crystal, explaining the

lack of bulk signals in the specific heat and magnetic susceptibility (Fig. 48). Also,

it shows that the effect of annealing in general does not propagate into the bulk,

i.e., the bulk properties are retained and can be revealed by polishing the crystal’s
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Figure 50: Zero-field temperature-dependent electrical resistivity of
Ce3Bi4Pd3. Pristine, unannealed crystals do not show the superconducting drop
(black). After annealing (100 ◦C, 2 min, 10−5mbar), the superconductivity fully
develops at Tc = 3.5K (red). After repolishing the surface of the crystal, the
superconductivity is absent again (blue).

surface.

In order to identify the cause of the surface superconductivity, and to better

understand the chemical change at the surface of the material, time dependent

XRD and EDX measurements were carried out. For the former, several mg of

Ce3Bi4Pd3 single crystals were powderised, and the XRD diffraction was recorded

repeatedly for 5.5 hours in several measurements (Fig. 51 a). This is a highly sensi-

tive way to observe the surface degradation, as by powderising the surface-to-bulk

ratio is maximized. The measurements show that the main peak of Ce3Bi4Pd3

located at 2θ = 33.3◦ is reduced in amplitude with time, evidencing chemical de-

composition. Interestingly, however, this process slows down with time, and shows

a tendency to saturation (Fig. 51 b). The time dependence of the amplitude of the
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Figure 51: Time dependent powder XRD measurement of Ce3Bi4Pd3. a:
The amplitude of the most intense XRD peak of Ce3Bi4Pd3 located at 2θ = 33.3◦

for several waiting times up to 5 h 20mins. b: The time dependence of the peak
amplitude in panel a (left axis) fitted with a saturating exponential relaxation
model A(t) = A0 + A exp(−t/τ) (red, τ is indicated). Right axis shows the full
width at half maximum of the peaks in panel a. It stays constant with time,
slightly fluctuating around its mean value (blue line). The data in panel a were
provided by Xinlin Yan from TU-Vienna.

measured XRD peak can be described qualitatively with a saturating exponen-

tial decay (Fig. 51 b), with a time constant of approximately 1.5 h. The quality

of the remnant amount of Ce3Bi4Pd3 can then be obtained by analysing the time

dependence of the full width at half maximum (FWHM) of the measured XRD

peak. The FWHM describes accurately the crystalline quality as its reduction re-

sults in peak broadening. Remarkably, the FWHM of the measured XRD peak is

constant with time even after 5 hours (Fig. 51 b), despite the peak intensity being

considerably reduced. This is a clear indication that although the initial amount

of Ce3Bi4Pd3 decreases, the remaining material has pristine quality, and the degra-

dation process stops at the surface. This explains why the intrinsic resistivity can
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5 RESULTS

be easily regained by polishing the surface of the heat-treated crystals (Fig. 50).

Finally, to determine the chemical composition of the surface after the heat

treatment, SEM and EDX measurements were performed on heat-treated crystals.

Two sets of measurements were made. In a first step, all measured crystals were

heat treated for 12 hours at 180 ◦C and at 10−5mbar pressure (continuous pump-

ing). In the second step, the crystals were separated into two batches. For the

first batch, crystals were polished and measured with SEM/EDX. For the second

batch, the same measurements were repeated, but now without polishing. While

the crystals polished after heat annealing showed the nominal 3:3:4 stoichiometry,

and a homogeneous SEM picture (Fig. 52 a), those not polished clearly showed an

inhomogeneous surface with the presence of secondary phases (Fig. 52 b). To de-

termine the depth and composition of the surface off-stoichiometry, EDX measure-

ments were performed with two different incident electron energies (15 and 30 keV).

The low-energy 15 keV electrons are stopped already below ∼ 1µm, whereas the

high-energy 30 keV electrons penetrate deeper into the bulk, to ∼ 3 µm. The low-

energy EDX measurement reveals a large off-stoichiometry (Fig. 52 c). Both Pd

and Bi are severely suppressed while the Ce content is strongly increased, reaching

around 60% atomic ratio. This off-stoichiometry is reduced (but still present) for

the high energy measurement (Fig. 52 d), that probes a larger volume. The con-

siderable reduction of the off-stoichiometry on a scale of several µm suggests that

the nominal 3:4:3 stoichiometry is recovered on the scale of ∼ 10µm in depth with

respect to the surface. Whereas it is currently unknown why the surface is rich

in Ce, the following scenario can be suggested: of the three elements – Ce, Pd,

Bi – only Ce has a very high chemical affinity to oxygen. It is Ce that oxidises

by air even at very low pressure of 10−5 mbar as evidenced by the appearance of

the EDX oxygen peak at ∼ 0.5 keV (Fig. 52 e). Ce oxide phases have consider-

ably higher molar volume than Ce itself, so that these phases are extruded to the
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5 RESULTS

surface due to the enhanced internal pressure. The natural consequence is that,

below the surface, there must be a layer rich in Bi and Pd. Thus, the similarity

in the superconducting phase diagram of the annealed Ce3Bi4Pd3 crystals and of

PdBi (Fig. 49) is most probably due to the formation of a PdBi crystalline layer

below a Ce-rich surface layer due to annealing.

Establishing the extrinsic nature of the superconductivity in Ce3Bi4Pd3 and

understanding the chemical mechanism allows to develop a sample preparation

protocol to avoid this extrinsic effect, and truly determine the bulk transport

properties of Ce3Bi4Pd3. All transport measurements on Ce3Bi4Pd3 presented in

the thesis where done as follows:

❼ Samples are stored in Ar glovebox.

❼ Samples are polished on all sides before putting electrical contacts.

❼ All sample preparations (electrical contacts for transport, mounting for ex-

periments) are made within 30 mins.

❼ Electrical contacts in either 5 or 6 wire configuration (depending on the

crystal size) are made by spot welding 12 or 20 µm gold wires using the

spot welding technique (30 kW, 30 ms) and a very sharp tungsten tip. For

some crystals (e.g., high-field measurements) contacts were made by applying

silver paint that dries at room temperature.
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Figure 52: EDX measurements on annealed Ce3Bi4Pd3 single crystals. a:
SEM picture of an annealed, then polished Ce3Bi4Pd3 crystal. Indicated is the
elemental composition ratio as measured by EDX. b: The same as in panel a for
an annealed and unpolished sample. c: EDX compositional results for annealed
sample using low-energy (15 keV) incident electrons (shallow penetration). Mea-
sured area is approximately 20 × 20µm2. d: Compositional results for annealed,
unpolished samples using high-energy (30 keV) incident electrons (deep penetra-
tion). The amount of off-stoichiometry in panels c and d are indicated by arrows
with respect to their nominal values (horizontal dashed lines). e: EDX spectra
of pristine and heat-treated Ce3Bi4Pd3 crystals. The latter shows a large oxygen
peak at 0.5 keV.

88

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5 RESULTS

5.3 Probing the Weyl-Kondo semimetal state in Ce3Bi4Pd3

As I have shown in the previous section, tuning the SOC in the Kondo insulator

Ce3Bi4Pt3 by Pd substitution results in the suppression of the Kondo insulating

ground state. In particular, the Pd end compound Ce3Bi4Pd3 shows a low carrier

density, semimetallic behaviour at low temperatures. Thus, the question arises:

What stabilizes this semimetallic ground state in Ce3Bi4Pd3 and is it topologically

nontrivial? To address these questions, I present specific heat and Hall effect

measurements in this section. I show that Ce3Bi4Pd3 is indeed a novel, strongly

correlated Kondo semimetal with linearly dispersing electronic bands, and that it

is topologically nontrivial. This novel state of matter is a correlation-driven Weyl

system, dubbed Weyl-Kondo semimetal. Thus, before discussing these results, I

briefly present the theoretical basics of this new state of matter.

5.3.1 The Weyl-Kondo semimetal

Electronic systems with linear band touching in the bulk are known to exist in lat-

tices with broken inversion symmetry and strong spin-orbit coupling (see Sect. 2.4).

Since such states are gapless, they posses arbitrarily small energy excitations in the

vicinity of the node and, thus, are particularly susceptible to strong electron cor-

relation effects. In what follows, I present a brief summary based on [107], where

such a model was theoretically studied, and Kondo effect-driven Weyl nodes were

predicted. It is captured by a periodic Anderson Hamiltonian H = Hd+Hcd+Hc.

Here, Hd and Hcd describe the Hamiltonians of the localized electrons and their

interaction with conduction electrons, as discussed in Sect2.1. The notations c and

d correspond to conduction and localized electrons, respectively, where the latter

represent the f -electrons of the rare earth atom in a Kondo system. The broken

inversion symmetry, that is the key feature here, is captured in the conduction
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b.a.

Figure 53: Structure of the zincblende lattice. a: Inequivalent sublattices la-
belled A and B (black and green, respectively) of the zincblende lattice. t indicates
the nearest neighbour hopping term. b: The interlocking tetrahedral structure of
sublattices A and B showing how the inversion symmetry is broken with respect
to the inversion center of the monoatomic case (black cross). The figure is taken
from [107].

electron Hamiltonian Hc

Hc =
∑

k

Ψ†
khkΨk ,

ΨT
k = (ck↑A, ck↑B, ck↓A, ck↓B) ,

hk = σ0(u1(k)τx + u2(k)τy +mτz) + λ(D(k)σ) ,

(41)

that is implemented on a noncentrosymmetric zincblende lattice (Fig. 53 a, b), and

includes the spin-orbit interaction explicitly via a modified Fu-Kane-Mele model

[27]. Here ck↑A denotes the annihilation operator of the conduction electrons with

wavevector k, spins ↓, ↑ and sublattice indices A, B of the zincblende structure

(Fig. 53 a). σ and τ are Pauli matrices acting on the spin and sublattice space,

respectively, where σ0 is the identity matrix. The broken inversion symmetry is
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captured in Hc by the extra potential m, that staggers between the sublattices A

and B, whereas the spin-orbit interaction is specified by a Dresselhaus type term

with strength λ. The functions u1(k), u2(k) and D(k) are simple trigonometric

functions determined by the primitive lattice vectors and the nearest neighbour

hopping term t. For more details see [107].

b.a.

Figure 54: Energy dispersion of Weyl-Kondo bands. a: Energy disper-
sion of the Weyl-Kondo model implemented on a zincblende structure (Fig. 53 a)
and shown along high symmetry cuts of the Brillouin zone (panel b). It dis-
plays strongly renormalized band crossing pinned to the Fermi energy. Energy
is measured in units of t of the bare conduction electrons, whereas blue dashed
lines indicate the absence of Weyl nodes for m=0 (preserved inversion symmetry).
Panels a and b are taken from [107].

The main conclusion of this model is that when the corresponding Schrödinger

equation is solved in the strongly interacting limit (U/t → ∞), and in case of quar-

ter filling (one electron per site), pairs of Weyl nodes with strongly renormalized

band width emerge that are pinned to the Fermi energy (Fig. 54 a, Fig. 55 a). It

was shown that the band renormalization is governed by the Kondo temperature,

and that with suppressing the c-d hybridization the Weyl nodes shift away from

the Fermi energy, deep into the valance band. Finally, to asses the band topology

of the renormalized band crossings, the associated Berry curvature was calculated:
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It shows sources and sinks at the band touching points (Fig. 55 b), thus confirming

their Weyl nature.

b.a.

Figure 55: Dispersion and Berry curvature in Weyl-Kondo semimetal. a:
Low-energy band structure corresponding to the dispersion in Fig. 54 a showing
linear dispersion in the vicinity of the Fermi energy EF. b: The distribution of the
Berry curvature field in the plane shown in Fig. 54 b showing sources and sinks of
the Berry curvature at the linear band touching points (blue and red points). The
figure is taken from [107].

A key property of a Weyl-Kondo semimetal is the strong band renormalization

that is quantified by the renormalized quasiparticle velocity v⋆ (slope of the linear

dispersion). The latter is determined by the Kondo temperature TK ∼ 10K, as

opposed to the Fermi temperature of a weakly correlated metal TF ∼ 104K. Thus,

v⋆ is suppressed by a factor of 103 with respect to the Fermi velocity vF of a

noninteracting Weyl-semimetal. Then, the associated enhanced density of states

dictates a giant entropy release at low temperatures, that can be probed by specific

heat experiments. In this case the electronic specific heat Cel can be calculated

from its definition

Cel =

(
∂u

∂T

)

V

=
∂

∂T

∫

BZ

dk3

(2π)3
ǫ(k)f(ǫ(k)) , (42)
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which, with the linear dispersion ǫ(k) = h̄v⋆k, is

Cel =
7π2

30
kB

(
kBT

h̄v⋆

)3

. (43)

Thus the electronic specific heat of a Weyl-Kondo semimetal is linear in ∼ T 3 as

opposed to Cel ∼ T in a conventional metal (with quadratic dispersion). Most

importantly, the three orders of magnitude renormalization of v⋆ boosts Cel by

9 orders of magnitude in comparison to a noninteracting Weyl semimetal. This

makes the specific heat signature readily detectable.

5.3.2 Specific heat

Specific heat measurements on Ce3Bi4Pd3 were done in a 4He Quantum De-

sign PPMS equipped with 3He insert. Measurements were done in an adiabatic

calorimeter calibrated for 0T and 7T magnetic fields. Due to the small single

crystal mass, the heat capacity of 13 representative crystals (the same ones used

for the measurement of the magnetization in Sect.5.1.5) were measured using the

relaxation time technique.

In Fig. 56 I show the specific heat data up to 100K. In order to determine the

phonon contribution, a simple Debye model

Cp = 9RnD kB

(
T

ΘD

)3 ∫ ΘD/T

0

x4ex

(ex − 1)2
dx (44)

was fitted to the data in the range T = 20 − 100K. Here R is the universal gas

constant, nD is the number of oscillators per formula unit (Cp is here given by

formula units) and ΘD is the Debye temperature. It yields nD = 9.86± 0.05 and

ΘD = (159± 3)K, that are in good agreement with the fact that the formula unit

has 10 atoms, and that the Debye temperature of La3Bi4Pt3 is ΘD = 157K [81].

Next, in search for the specific heat signature of a Weyl-Kondo semimetal, I
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Figure 56: High-temperature specific heat of Ce3Bi4Pd3. Specific heat mea-
sured between 2 and 100K (red symbols). Blue line shows the best fit of a simple
Debye model (Eqn. 44). The curve was fitted to the data between 20 and 100K.
Below 20K, the lattice model fails to describe the data due to the large electronic
specific heat. Also at high temperature the agreement is only fair (due to the
simplicity of the model), but sufficient for the purpose here.

turn to the low-temperature data (Fig. 57). It can be described by C/T = Cel/T +

Cph/T , i.e., by an electronic and a phononic contribution, respectively. At low

temperatures, the phonon contribution is determined by the Debye approximation

and reads Cph/T = βT 2, where the slope is β = 5mJ/mol-f.u.K4 (Fig. 57), and

corresponds to a Debye temperature of ΘD = 157K. This is within excellent

agreement with the ΘD = 159K obtained from the high-temperature Debye fit

(Fig. 56) and with that Debye temperature of La3Bi4Pt3 [81]. Interestingly, on

top of the phonon background, the electronic contribution Cel/T vs. T 2 shows

a pronounced anomaly, that is only slightly shifted to lower temperatures in a

magnetic field of 7T (Fig. 57). On the low-temperature side of the anomaly, C/T
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Figure 57: Low-temperature specific heat of Ce3Bi4Pd3. C/T vs. T 2 plotted
for magnetic field of 0T and 7T in the range of T = 2 − 14K. The phonon
background is denoted by the black line (offsetted with γ = 223mJ/mol-CeK2 for
clarity). At the lowest temperatures the electronic specific heat is proportional to
T 3 as indicated by the linear fits (red and blue lines).

is linear in T 2, with a slope Γ that is sizably larger than that of the phonon

contribution (Fig. 57). Below 2K, the electronic specific heat shows a non-Fermi

liquid (NFL) ln(1/T ) upturn and a small Schottky-type anomaly that together

constitutes an electronic background for the C/T ∼ T 2 behaviour (Fig. 58 a).

The ln(1/T ) upturn is also seen in the magnetic susceptibility (Figs. 58 a and 46).

It therefore likely reflects the physics in the spin sector, and might indicate the

proximity to a quantum critical point. This is supported by the fact that at

B = 7T the ln(1/T ) contribution to the magnetic susceptibility (Fig. 46 a) and

specific heat (data not shown) is suppressed, whereas the C/T ∼ T 2 behaviour at

higher temperatures remains robust (Fig. 57). Because the Schottky-type anomaly

is observed in the specific heat but not in the magnetic susceptibility, electronic as
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opposed to magnetic degrees of freedom appear to be involved. Thus, this anomaly

might be a precursor to the formation of a charge density wave (CDW). Indeed,

among the various competing orders that may develop out of a Weyl semimetal,

long-range repulsive Coulomb interactions enhance the tendency towards a CDW

formation at the wavevector that connects theWeyl nodes [128]. The origin of these

low-temperature features (both the ln(1/T ) upturn and the Schottky anomaly) are

still under investigation. When these low-temperature contributions are modelled

(the orange line in Fig. 58 a) and subtracted from the Cel/T data, the ΓT 2 term is

seen down to the lowest temperatures, for over more than a decade in temperature

(Fig. 58).

The observed C ∼ T 3 term in the specific heat of Ce3Bi4Pd3 is in sharp contrast

to the usual Cel ∼ T electronic specific heat of a metal. In principle, 3D antiferro-

magnetic (AFM) magnons could give a C ∼ T 3 contribution, as seen in the cubic

heavy fermion antiferromagnet CeIn3 below its Néel temperature [129,130]. How-

ever, in Ce3Bi4Pd3, there is no sign of a magnetic phase transition in the magnetic

susceptibility (Fig. 46), and the observed anomalies (Fig. 57) appear too broad in

C/T to represent such transitions. In addition, in view of the linear coupling of

a magnetic field to a symmetry breaking order parameter, a stronger suppression

would be expected if the anomaly represented AFM ordering. In addition, the

magnetic field enhances Γ (Fig. 57) but would be expected to reduce it in a 3D

AFM magnon scenario [131, 132]. On the other hand, the Cel ∼ T 3 behaviour

agrees well with an electronic specific heat originating from strongly renormalized

electronic bands with the linear dispersion ǫ(k) = h̄v⋆k expected in a Weyl-Kondo

semimetal (Eqn. 43). The quasiparticle velocities, determined by Eqn. 43, corre-

sponding to the slope of the linear fits in Figs. 57 and 58 yield v⋆ = (885± 5)m/s

and v⋆ = (870 ± 5)m/s, respectively. These are indeed significantly smaller than

the sound velocity vph = 4963m/s (corresponding to ΘD = 157K), and represent
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Figure 58: Specific heat of Ce3Bi4Pd3 below 2K. a: Electronic specific heat
coefficient Cel/T (left axis) and magnetic susceptibility (right axis) of Ce3Bi4Pd3

plotted vs. log T between 0.4 and 10K. The orange line describes a Schottky-like
anomaly below 2K, residing on top of an ln(1/T ) upturn. As such they represent
an electronic “background” (bkg) to the linear-in-T 2 contribution of the observed
Cel/T = ΓT 2 term (Fig. 57). Subtracting the background, ∆C/T = Cel/T − bkg
(empty red symbols), evidences a T 2 law (fit represented by the black line) that
extends from 5.5K to the lowest temperatures. The magnetic susceptibility shows
the ln(1/T ) behaviour, but lacks the Schottky-like anomaly, suggesting that the
anomaly involves charge as opposed to spin excitations. b: The ∆C/T vs. T 2 data
(empty red symbols) and the corresponding linear fit (black line), both obtained
from panel a, on a lin-lin scale.

a three order of magnitude renormalization compared to a typical Fermi veloc-

ity vF = 106 m/s of a noninteracting metal. This suggests that the ultra-slow

quasiparticle velocities are dictated by the Kondo energy, in agreement with the

Weyl-Kondo semimetal scenario.

That the low-temperature specific heat feature is due to a Weyl-Kondo

semimetal bandstructure is further confirmed by the low-temperature release of

the electronic entropy at zero magnetic field (Fig. 59). In case of a cubic point

group at the Ce site, the crystal electric field splits the six-fold degeneracy of the
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Figure 59: Low-temperature entropy of Ce3Bi4Pd3. Entropy vs. temperature
corresponding to the zero-field curve shown in Fig. 57. Denoted are the 0.65R ln 2
criterion and the corresponding Kondo temperature, as described in [133].

z component of the Ce3+ ion total angular moment (J = 5/2) into a doublet and

a quartet manifold. The ground state degeneracy, and the associated R ln 2 en-

tropy (in case of a doublet ground state) can’t be maintained in the T = 0 limit,

and is quenched by the Kondo interaction. Thus, as both the low-temperature

entropy quench and the ∼ T 3 behaviour in Cel are dictated by the Kondo effect,

the energy scales obtained from both phenomena must be consistent. In case of

a doubly degenerate ground state of a single-ion Kondo regime, the Kondo tem-

perature TK is determined as the temperature, where the entropy release reaches

0.65R ln 2 [133]. In the case of Ce3Bi4Pd3, this criterion yields a Kondo tempera-

ture of TK = 13K as shown in Fig. 59. It represents a three order of magnitude

renormalization, when compared to the Fermi temperature of a noninteracting

metal of TF = 104 K, which agrees well with the three order of magnitude renor-
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malization of v⋆ as determined from Γ. This is an independent confirmation that

the ∼ T 3 behaviour of Cel is indeed the signature of linear bands driven by the

Kondo effect.

In conclusion, I showed that the electronic specific heat displays a pronounced

∼ T 3 behaviour below TK, that corresponds to an ultra-slow quasiparticle velocity

of v⋆ = 885m/s. The renormalization with respect to a typical Fermi velocity

agrees fully with that expected from TK when compared to TF, and evidences

Kondo-driven nodal excitations, in full agreement with the behaviour expected

from a Weyl-Kondo semimetal. Importantly, this specific heat signature sets in

at T ≈ 6K (36K2 in Fig. 58 b) confirming that the Weyl points are pinned to

the Fermi energy within at least 0.5meV in energy. Nevertheless, whereas specific

heat experiments are a powerful tool to ascertain the band dispersion, they contain

no information about the Berry curvature distribution, that is the hallmark of

nontrivial topology and Weyl semimetals. In the following section, I address this

question.

5.3.3 Magnetic field-dependent resistivity

A direct way to probe the nontrivial topology and the associated Berry curvature

distribution of a material is electrical transport. As I discussed in Sect.2.4, Weyl

nodes give rise to the chiral anomaly in the magnetoresistivity, whereas the asso-

ciated Berry curvature divergences are expected to drive a spontaneous, nonlinear

Hall effect (Sect.3.5).

First, the temperature and magnetic field regime must be delineated where

signatures of nontrivial topology are to be expected. The onset of Kondo coher-

ence (the temperature below which the heavy quasiparticles are formed and move

coherently through the lattice) is best determined by magnetic field-dependent

electrical resistivity measurements. Figure 60 shows the temperature-dependent
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Figure 60: Iso-B resistivity curves of Ce3Bi4Pd3. Temperature-dependent
electrical resistivity under various magnetic fields up to B = 9T in the range of
T = 300 − 0.5K. The La reference compound curve is shown in red.

electrical resistivity ρ(T ) for Ce3Bi4Pd3 for magnetic fields up to 9T. A substan-

tial deviation of the finite-field ρxx(T ) curves from the one in zero field is observed

below about 20K. The resistivity reduction by the applied field is attributed to the

field-suppression of incoherent Kondo scattering, which will be further discussed

in what follows (Fig. 62).

In Fig. 61, I show the iso-T MR curves for three distinct temperature regimes.

At high temperatures down to T = 7K, they show a simple monotonic decrease

with increasing field, that is enhanced at lower temperatures (Fig. 61 a). At inter-

mediate temperatures, for T = 7 − 2.5K, the MR is positive for small fields but

changes to a negative MR with a maximum at B ≈ 3T (Fig. 61 b). For the lowest

temperatures T < 2K, the MR is more complex. A very narrow feature appears

around B = 0T at T = 2K that broadens to a double peak structure at lower

100

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5 RESULTS

0 3 6 9

0.8

0.9

1.0

r x
x (

B)
 / 
r x

x 
(0

 T
)

B (T)

 30 K
 20 K
 15 K
 10 K
 7 K

a.

0 3 6 9

0.8

0.9

1.0

1.1

b.

r x
x 
(B

) /
 r

xx
 (0

 T
)

B (T)

 5 K
 4 K
 3 K
 2.5 K

-9 -6 -3 0 3 6 9
8

12

16

20

24

c.
 0.75 K
 0.5 K

r x
x (

B)
 

B (T)

2 K
1.5 K
1 K

Figure 61: Iso-T magnetic field-dependent electrical resistivity of
Ce3Bi4Pd3. Transverse magnetic field-dependent resistivity normalized to its
zero-field value is displayed for the high (panel a), intermediate (panel b) and
low-temperature (panel c) regimes.

temperatures (Fig. 61 c). In what follows, I will address all three regimes.

The high-temperature region (Fig. 61 a), featuring the monotonous negative

MR, is the hallmark of incoherent Kondo scattering that governs Kondo systems

in their single ion regime [132,134]. The ρ(B)/ρ(0T) vs. B/B⋆ curves all collapse

onto the theoretically predicted curve (Fig. 62 a) for an S=1/2 Kondo impurity

system [135], provided a suitable scaling field B⋆ is chosen. The resulting B⋆

is linear in temperature (Fig. 62 b). Fitting B⋆ = B⋆
0(1 + T/T ⋆) to the data

(Fig. 62 b) yields B⋆
0 = 10T and T ⋆ = 2.5K, which may be used as estimates of

the field and temperature below which the system is fully Kondo coherent. In the

intermediate regime below T = 7K, the scaling fails (Fig. 62 a), as expected when

crossing over from the Kondo incoherent to the Kondo coherent regime [134].

The departure from the single ion regime at T = 7K is also signalled by the

onset of the Cel ∼ T 3 dependence (Fig. 57) and a broad local maximum in ρ(T )

(Fig. 60), both at similar temperatures. Indeed, such a broad peak in ρ(T ) is a

characteristic of the onset of Kondo coherence in heavy fermion metals [134,136].

Thus, the behaviour of both ρ(T ) and ρ(B) signals the development of Kondo-
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Figure 62: Schlottman scaling in Ce3Bi4Pd3. a: Transverse magnetic field-
dependent resistivity scaled to its zero-field value vs. scaled magnetic field B/B⋆.
The data above 7K collapse onto the universal curve expected for an S = 1/2
Kondo impurity system in the incoherent regime [135] (violet line). At lower
temperatures the scaling fails, which is shown here by using B⋆ from the linear
fit in panel b (also other choices of B⋆ cannot achieve scaling). b: Values of the
scaling magnetic field B⋆ vs. T (symbols) follow a linear behaviour (red line, linear
fit). Inset shows the onset of the Kondo coherent state (KC) out of the single ion
regime (SI), via a crossover regime in the B–T phase diagram.

driven, coherent, strongly renormalized bands (inset of Fig. 62 b). In the third

regime (T < 3K), well within the Kondo coherent regime, an additional feature

appears at small fields in the MR curves (Fig. 61 c). It coincides with the drop of

ρ(T ) at the same temperature at zero field (Fig. 60) and, thus, these are likely to

have a common origin. As I show in the next section, this is closely related to the

onset of the spontaneous Hall effect with a large Hall angle.

Finally, I turn to the signatures of nontrivial topology. As I discussed in

Sect.2.4, a key feature of noninteracting Weyl semimetals is the chiral anomaly

– charge pumping between a pair of Weyl nodes – which manifests in a large neg-
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Figure 63: Probing the chiral anomaly in Ce3Bi4Pd3. Transverse (black) and
longitudinal (red) magnetic field-dependent resistivity for temperatures well above
(panel a) and well below TK (panel b). The data were symmetrized to remove any
spurious Hall resistivity contribution, and mirrored on the vertical axis for clarity.

ative magnetoresistance for the longitudinal-field configuration (B ‖ E), but is

absent in the transverse field configuration (B ⊥ E). Because the amplitude ca

of the chiral anomaly is inversely proportional to the density of states [43] and,

thus, scales with the third power of the quasiparticle velocity, ca ≈ (v⋆)3, it is

severely suppressed in interacting Weyl semimetals with low quasiparticle velocity

v⋆. This is consistent with the experiments: The magnetic-field dependent resistiv-

ity shows no discernible extra negative contribution in the longitudinal compared

to the transverse field configuration, neither below nor above TK (Fig. 63). The

latter indicates that no Weyl nodes are present at the Fermi energy outside of the

Kondo coherent regime.

Because the chiral anomaly is suppressed in the Weyl-Kondo semimetal state,

a more suitable transport probe is needed that is independent of v⋆ and directly

reveals the nontrivial topology in heavy fermion compounds. In the following
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section I present the striking Hall response observed in the Kondo coherent regime

of Ce3Bi4Pd3, and show that it proves the nontrivial topological nature of this

strongly interacting material.

5.3.4 Spontaneous Hall effect

As I have shown in Sect.3.4 and Sect.3.5, in systems with non-trivial topology

the finite Berry curvature Ω(k) gives rise to an anomalous velocity va(k), that

produces a spontaneous Hall effect (SHE) in zero magnetic field. Weyl nodes in-

duce an Ω(k) that is independent of the Kondo renormalization and, thus, is not

suppressed like the chiral anomaly. This makes the Hall effect an ideal transport

tool to probe the nontrivial topology in a Weyl-Kondo semimetal.

To study the spontaneous Hall effect in Ce3Bi4Pd3, three samples (labelled S1,

S2 and S3) corresponding to three different batches and grown with two different

techniques were measured (Fig.64). This is to check for reproducibility, and to

rule out systematic extrinsic effects, e.g., due to the growth technique.

I || [103] I || [111]
I || [100]

S1 S2 S3

Figure 64: Photographs of Ce3Bi4Pd3 samples used for spontaneous Hall
effect measurements. Contacts were made by the spotwelding technique. Ar-
rows indicate the current direction. Also the crystallographic direction along which
the current was applied are indicated.

Sample S1 was grown by the Bi flux technique, and measured in a Quantum De-

104

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5 RESULTS

sign PPMS equipped with a 3He insert. Measurements were preformed with a

standard DC resistance bride using a pseudo AC method, with the current applied

in the [103] crystallographic direction. Samples S2 and S3 were grown by the Pb

flux method, but correspond to two separate batches with slightly different growth

temperature programs. Both were measured in an Oxford 4He cryostat equipped

with a 14 T magnet, and with a home built electrical transport sample probe. Re-

sistivity and Hall measurements were performed using a Stanford Research SR810

lockin amplifier, where both the first (1ω) and second (2ω) harmonic responses

were detected. Current was supplied with a voltage controlled Stanford Research

current supply in the [111] and [100] crystallographic directions for samples S2 and

S3, respectively.

In practice, by contacting the (small) samples with the spot welding technique

(Fig.64), a perfect Hall geometry cannot be achieved, leading to misalignment

contributions for both the resistance and the Hall effect measurements (Fig. 65 b).

Thus, in order to obtain the genuine Hall response of the sample, this misalignment

contribution must be first determined. In what follows I will demonstrate how this

is done in the case of sample S1.

The resistance measured across imperfectly aligned Hall contacts is denoted as

Rmeas
xy , the genuine Hall resistance as Rxy. The established technique to cancel

out misalignment contributions in the normal Hall effect is to measure Rmeas
xy for

positive and negative magnetic fields and antisymmetrize the signal as

Rxy =
Rmeas

xy (+Bz)−Rmeas
xy (−Bz)

2
. (45)

For the spontaneous and even-in-field Hall response, however, a different approach

is needed. At room temperature and in zero applied magnetic field, where no

Hall response exists, the ratio of resistances measured across the (longitudinal)

resistivity and Hall contacts (Fig. 65 a) is determined as
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Figure 65: Misalignment contribution in dc Hall effect measurements of
Ce3Bi4Pd3. a: Temperature-dependent electrical resistance measured across the
Hall contacts Rmeas

xy (black), longitudinal resistance Rxx scaled to Rmeas
xy at room

temperature (red), and the difference of the two, Rxy(T ) = Rmeas
xy (T ) − CRxx(T )

with C = 0.553 (blue), all in zero applied magnetic field and for sample S1. A
deviation appears only below T = 3K, where the intrinsic spontaneous Hall
response sets in. b: Because of unavoidable contact misalignment, the measured
voltages across the (longitudinal) resistivity and Hall contacts (V meas

xx and V meas
xy )

contain, in addition to the intrinsic contributions Vxx and Vxy, the misalignment
contributions C ′Vxy and CVxx, respectively.

C =
Rmeas

xy

Rmeas
xx

=
CRxx

Rxx

= 0.553 . (46)

As the misalignment factor C is a purely geometrical quantity, and is thus tem-

perature and field independent, the genuine Hall response at arbitrary fields and

temperatures is

Rxy(T, B) = Rmeas
xy (T, B)− CRxx(T, B) . (47)

Rxy(T, B = 0) is zero from room temperature down to 3K (Fig. 65 a). I note that
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5 RESULTS

this contact misalignment correction procedure was adapted both for the DC and

the 1ω AC measurements presented in this thesis.

4 6 8 10 12
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0.3

0.6

0.9

1.2b.

 data
 lin. fit

s x
y (

10
-2

 m
W

m
-1

)

sxx (10-2 mWm-1)

a.

0 1 2 3 4
0

1

2

3

 

 

r x
y (

mW
m

)

T (K)

B = 0 T

Ce3Bi4Pd3

sample S1

Figure 66: Spontaneous Hall response in Ce3Bi4Pd3. a: Spontaneous Hall
resistivity vs. temperature at zero magnetic field. b: Spontaneous Hall conduc-
tivity σxy vs. electrical conductivity σxx with T as an implicit parameter. The red
line represents a linear fit, with a slope corresponding to tanΘH = 0.2.

For sample S1 a large spontaneous Hall effect appears below T = 3K (Fig. 66 a

and the blue curve in Fig. 65 a). This signal is then clearly not due to a mis-

alignment of the Hall contacts, as was explained before. Instead, that it appears

upon entering the Kondo coherent regime (Fig. 62 b inset), and agrees well with

the onset of the ∼ T 3 term in the electronic specific heat (Fig. 58 b), supports the

intrinsic origin of this effect. Further more, the experiment was not only carried

out in zero external magnetic field, but also without any sample premagnetization

process. In fact, the material is entirely nonmagnetic, as evidenced by the absence

of magnetic phase transition signatures in the magnetic susceptibility (Fig. 46),

specific heat (Fig. 57) and related experiments (Sect. 5.3.5), as well as a careful

muon spin rotation investigation (see Sect. 5.3.6). Thus, the observed spontaneous
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5 RESULTS

ρxy(T ) can be assigned to the Berry curvature distribution of this material.

An interesting feature in the spontaneous Hall response of Ce3Bi4Pd3 is the lin-

ear dependence between the Hall conductivity σxy and electrical conductivity σxx

(Fig. 66 b). It is a direct evidence that the spontaneous Hall conductivity is pro-

portional to the momentum scattering time τ . Only if σxy ∼ τ is σxy/σxx con-

stant [68]. In fact, such a behaviour is one of the hallmarks of a Berry curvature-

driven spontaneous Hall effect in a noncentrosymmetric system (Sect.3.5), as

therein the Hall current is carried by the out of equilibrium electron distribution

(and hence is proportional to τ). This is further supported by the large magni-

tude of the effect: tanΘH, taken as the slope ∂σxy/∂σxx, assumes the value 0.2

(Fig. 66 b), which is significantly larger than typical values reached in TRS break-

ing systems with trivial band topology (Fig.19 b). It is unambiguous evidence of

a large Berry curvature distribution at the Fermi energy.
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Figure 67: Reproducibility of the spontaneous Hall effect in Ce3Bi4Pd3.
Linear-in-current spontaneous Hall signal for crystals S1, S2, and S3, shown as
σxy vs. σxx, where temperature is an implicit parameter, for samples from three
different growth batches and orientations.

In order to check for the reproducibility of this effect, Hall measurements in zero

magnetic field were done on two other samples (Fig. 67). Samples S2 and S3 were

measured using AC current excitation, where the 1ω response was detected. They
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5 RESULTS

show the same key features (Fig. 67): A clear enhancement of the spontaneous Hall

effect below the coherence temperature (at 4.3K and 2.5K for samples S2 and S3,

respectively), a clear linear dependence of σxy vs. σxx in the Kondo coherent

regime, and large Hall angles of tanΘH = 0.17 and 0.52 for samples S2 and S3,

respectively. That the Hall angle is different for the different samples is, most

likely, due to the different current directions with respect to the crystal axes.

Finally, I turn to the imprint of the large Hall angle on the zero-field electrical

resistivity. As discussed in Sect.3.1, a large Hall angle signals a strong reconstruc-

tion of the current path in the sample, that changes the bulk resistivity according

to Eqn.20, which I rewrite here for convenience as

ρxx =
1

σxx

1

1 + tan2ΘH

. (48)

Thus, as tanΘH increases upon the onset of the spontaneous Hall effect, ρxx should

drop.

Before the drop in the resistivity is determined, trivial contributions due to the

contact misalignment must be corrected for. The transverse direction misalign-

ment of the contacts (Fig. 65 b) leads to the appearance of an additional resistance

C ′Rxy, that adds to the intrinsic longitudinal resistance Rxx, so that the total

measured resistance is Rmeas
xx = Rxx +C ′Rxy (with Rxy obtained via Eqn. 47). The

misalignment factor C ′ is determined as follows: At a temperature above the onset

of the spontaneous Hall effect I measure, on the resistivity contacts, the normal

Hall resistance [Rmeas
xx (+B)−Rmeas

xx (−B)]/2 as function of magnetic field (Fig. 68 a,

black data points). At the same temperature, the Hall resistance on the Hall con-

tacts is also measured, and scaled (by the factor C ′) such that it collapses onto

the former curve (Fig. 68 a, red data points). With C ′ determined in this way, the

temperature dependences of C ′Rxy and, thus, of Rxx can be determined in zero
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Figure 68: Misalignment correction of the electrical resistance. a: Mea-
sured odd-in-B resistance Rodd

ab = [Rmeas
ab (+B) − Rmeas

ab (−B)]/2 on the electrical
resistance contacts (ab = xx, black), together with that measured across the Hall
contacts and scaled by C ′ (ab = xy, red). The data are plotted for sample S1, and
obtained at T = 5K, above the onset of the spontaneous Hall effect. C ′ is chosen
to achieve best overlap of the curves. b: With C ′ obtained from (a), the measured
temperature-dependent resistance Rmeas

xx (black) is corrected for the misalignment
contribution C ′Rxy (blue dashed line), to obtain the intrinsic curve (red).

magnetic field. Indeed a drop across the onset of spontaneous Hall effect for sam-

ple S1 is discerned (Fig. 68 b), which is also seen in the uncorrected data. Here I

note that the correction term used in Eqn. 47 is Rmeas
xx (T, B) instead of Rxx(T, B),

thus correcting the effect only to first order. As higher order terms involving the

product CC ′ are very small (for C ′ see Fig. 68), this is deemed sufficiently accurate.

A clear change of the resistance was observed for all samples (Fig.69 a-c). To

test the scenario proposed by Eqn. 48 quantitatively, I plot the relative change of

resistance across the onset of the spontaneous Hall effect as a function of tanΘH

(Fig.69 d). Indeed, the size of the relative drop increases with tanΘH, and the

magnitude and functional form of the dependence (Eqn.48) are in overall agree-

ment with the data (Fig.69 d). This provides strong evidence that the drop in Rxx

is indeed due to this intrinsic effect.
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Figure 69: Resistance change due to large Hall angle. a-c: Longitudinal
electrical resistance Rxx, corrected for contact misalignment (see text), for samples
S1, S2 and S3. With decreasing temperature, a drop of Rxx is observed at the onset
of the spontaneous Hall effect. For a rough estimate of its magnitude, Rxx(T )
above the onset temperature is extrapolated to lower T and the difference ∆Rxx

is read off the data as indicated (red double arrow). d: Relative resistance change
∆Rxx/R

0
xx of the three sample (symbols) vs. the tangent of the Hall angle. Clearly,

∆Rxx/R
0
xx increases with ΘH. The red line shows the expectation from Eqn.48,

∆ρxx/ρ
0
xx = (ρ0xx − ρxx)/ρ

0
xx = 1− 1/(1 + tan2ΘH), with no adjustable parameter.

The overall agreement, both in terms of magnitude and shape, further underpins
that the observed signatures in Rxx are intrinsic and due to the giant magnitude
of the Hall angle.

111

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5 RESULTS

5.3.5 In search for magnetic phase transition in Ce3Bi4Pd3

The appearance of a spontaneous Hall effect in Ce3Bi4Pd3 in its Kondo coherent

regime is a unique signature of the finite Berry curvature distribution in this sys-

tem. However, the question remains whether the underlying Berry curvature is

associated with a time-reversal breaking mechanism or with an inversion symme-

try breaking one that supports the Weyl-Kondo semimetal state. Indeed, I showed

that in Ce3Bi4Pd3 there is no evidence for a magnetic phase transition at the on-

set temperature of the spontaneous Hell effect (nor at any other temperature),

supported by the lack of related phase transition signatures in the temperature-

dependent magnetic susceptibility χ(T ) (Fig. 46 a), magnetization (Fig. 46 b), and

specific heat (Fig. 57). This is particularly appealing in light of the huge size of

tanΘH that reaches 0.2 (Fig. 66 b), which is unique even among fully spin polarized

ferromagnets (Fig. 19 b) [57].

To corroborate on the lack of time-reversal symmetry breaking transitions with

more precise measurements, high data-density and closed-loop field-sweep mea-

surements of the magnetization were carried out at temperatures below the on-

set of the spontaneous Hall effect (Fig. 70 a, b). Any even spurious ferromagnetic

transition would lead to hysteretic behaviour. Clearly, no hysteresis is observed,

neither in sweeps up to high fields (up to 2.5T, panel a), nor in precise very low-

field sweeps (up to 0.15T, panel b). In fact, the M(H) curves in both field ranges

show smooth, linear behaviour, as expected for a paramagnetic phase.

In addition, to look for phase transitions, be it with or without TRS breaking,

high data-density specific heat measurements at zero field were carried out. The

data for the batch of sample S1 (Fig. 70 c) are plotted as C/T vs. T 2. As seen

in Sect.5.3.2, an enhanced C/T = ΓT 2 term with Γ = 0.008 J/(mol-CeK4), corre-

sponding to a low quasiparticle velocity of about 1000m/s is observed. No phase

transition anomaly is seen in the data. Most notably, at the onset temperature of
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Figure 70: In search of magnetic phase transition in Ce3Bi4Pd3 at low
temperatures. a-b: Magnetization loops of Ce3Bi4Pd3 in fields up to 2.5T (a)
and higher accuracy measurement in fields up to 150mT (b), both revealing the
absence of any hysteretic behaviour. The symbol sizes for up (red) and down
(blue) sweeps are different for better visibility. The initial magnetization curve is
contained in the up sweep. c: As measured specific heat data in zero magnetic
field, plotted as C/T vs. T 2 (black), for the batch of sample S1. The data follow a
linear behaviour (blue line) with a slope that overshoots the Debye phonon term
(red line, offset for clarity). No phase transition is discerned, neither at the onset
of the spontaneous Hall effect (TH), nor elsewhere. The data were taken and
provided by Gaku Eguchi from TU-Vienna [137].

the spontaneous Hall effect (TH), the data vary smoothly, following the C/T vs.

T 2 law (Sect. 5.3.2) without any detectable deviation. In summary, magnetization,

and specific heat data rule out that the observed spontaneous Hall effect seen in

Ce3Bi4Pd3 samples is of magnetic origin.

5.3.6 Muon spin rotation experiments

As I discussed in Sect. 5.3.5, bulk magnetization and specific heat measurements

rule out magnetic phase transitions in Ce3Bi4Pd3. Nevertheless, such thermody-

namic probes are typically sensitive to long range order, whereas a nontrivial Hall

effect can also occur in systems that breaks TRS in the absence of long range

magnetic order such as in the case of Pr2Ir2O7 [79]. Thus, to check whether TRS
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is truly preserved in Ce3Bi4Pd3, zero-field muon spin rotation (ZF-µSR) is the tool

of choice: due to its high sensitivity to tiny magnetic fields (down to 10µT) it can

detect even spurious spontaneous TRS breaking, as described in detail in Sect. 2.5.

b.a.

[111]

Figure 71: µSR setup for Ce3Bi4Pd3. a: Photograph of the samples for µSR
experiment. A mosaic of long single crystals (growth direction in [111] crystal-
lographic direction). The inplane orientation is random. b: DFT calculation of
regions with minimum Coulomb potential (yellow areas) that are likely stopping
sites for µ+. Red atoms denote Bi, blue Ce and grey denotes Pd. The setup in
panel a was made by Xinlin Yan and Andrey Prokofiev from TU-Vienna. Peter
Blaha provided the figure in panel b [137].

µSR measurements on Ce3Bi4Pd3 were performed at the Dolly spectrometer

of the Swiss Muon Source at the Paul Scherrer Institute. The data were taken in

collaboration with Toni Shiroka (ETH Zurich) and with the technical support of

Jean-Christoph Orain (Paul Scherrer Institute). Single crystals were arranged to

form a mosaic with about 1 cm diameter and a thickness of about 0.5mm, glued

on top of a thin copper foil solidly clamped to a copper sample holder (Fig. 71 a),

thus optimally using the muon beam cross section, minimizing the background
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from the sample holder, and guaranteeing good thermal contact. Crystals for

this measurement were synthesized using the Pb flux technique by Xinlin Yan

(TU-Vienna), and grow naturally along the [111] crystallographic directions. All

single crystals were glued such that the [111] directions were parallel to each other.

This setup resulted in very low spurious background signals. A cold-finger Oxford

Heliox 3He system combined with a 4He Oxford Variox cryostat was used to reach

temperatures down to 250mK. By employing active compensation coils, true zero-

field (ZF) conditions could be achieved during the ZF-µSR experiments. DFT

calculations to determine the Coulomb potential minima (energy iso-surfaces) were

carried out (Fig. 71 b). Such interstitial positions are likely stopping sites for the

µ+ particles.

Figure 72 shows a typical muon spin relaxation curve for Ce3Bi4Pd3 measured

at the base temperature of T = 260mK, well below the onset of the spontaneous

Hall effect. The absence of any oscillating contribution reveals that there is no

long range magnetic order present. Instead, the muon spins decohere with time.

The ZF data in Fig. 72 are very well described by Eqn. 16, with a nuclear term

with the relaxation rate σ = 12 · 10−2/µs that dominates the relaxation, and an

electronic contribution with a much smaller rate of Λ = 3.9·10−2/µs. The absence

of a magnetic ordering is further confirmed by the prompt recovery of the signal

in a very small longitudinal magnetic field of BLF = 5mT (Fig. 72).

Also the temperature dependence of the muon relaxation curves does not show

any sign of a magnetic phase transition in Ce3Bi4Pd3. As an example, for tem-

peratures above the onset of the spontaneous Hall effect, at T = 10K, the muon

relaxation curve coincides with that at T = 260mK (Fig. 73 a). In fact, both

the nuclear and the electronic relaxation rates, determined as described above,

are temperature independent for the two decades in temperature covered by the

measurement (Fig. 73 b). This is strong evidence that TRS is indeed preserved
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Figure 72: µSR relaxation in Ce3Bi4Pd3. High-statistics time dependent relax-
ation curve was taken at T = 260mK at zero magnetic field indicated by ZF (dark
blue symbols), and at 5mT longitudinal magnetic field indicated denoted by BLF

(light violet symbols). Dark blue line denotes best fit according to Eqn. 16. The
data and the analysis in the figure were provided by Toni Shiroka (ETH Zurich)
see [137].

in Ce3Bi4Pd3, excluding a conventional, magnetization induced mechanism as the

origin of the observed spontaneous Hell effect.

5.3.7 Magnetic field dependence of the Hall effect

In order to learn more about the mechanism giving rise to the spontaneous Hall

effect in Ce3Bi4Pd3, Hall resistivity measurements were done as function of an

applied magnetic field.

Hall resistivity isotherms ρxy(B) are fundamentally different for temperatures

well above and well below the coherence temperature T ⋆ (Fig. 74). Whereas ρxy(B)

shows a simple linear in magnetic field behaviour for T ≫ T ⋆ consistent with a
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Figure 73: Temperature-dependent µSR relaxation in Ce3Bi4Pd3. a: Rep-
resentative time dependent relaxation curves taken at T = 260mK and T = 10K
at zero magnetic field indicated by ZF (dark and light violet symbols, respectively).
Dark violet line denotes best fit to the 260mK data according to Eqn. 16. b: Tem-
perature dependence of the nuclear and electronic contributions to the relaxation
rate. The values are obtained from fitting Eqn. 16 to time dependent relaxation
curves such as that presented in panel a. To confirm whether the error bars in-
deed reflect the scattering of the extracted relaxation times, relaxation data as in
panel a were collected twice at 0.26K, 10K and about 30K. The relaxation rates
extracted from fits to these two data sets are both plotted in panel b (see two data
points for these temperatures). Indeed, these data points do agree within the error
bars. The data and analysis in this figure were provided by Toni Shiroka (ETH
Zurich) see [137].

single hole like band (Fig. 74 a), it shows strong nonlinearities in field for T ≪ T ⋆

(Fig. 74 b). Most strikingly, a large even-in-field component ρevenxy = [ρxy(B) +

ρxy(−B)]/2 is observed that even overwhelms the usual odd-in-field component

ρoddxy = [ρxy(B)−ρxy(−B)]/2. As the spontaneous Hall effect in zero field continues

as ρevenxy (B) in finite fields, I first discuss this term. Such even-in-B components

are incompatible with the standard (magnetic field or magnetization induced) Hall

conductivity mechanism where the elements σxy of the fully antisymmetric Hall

conductivity tensor may couple only to a physical quantity G that breaks time-
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Figure 74: Magnetic field-dependent Hall effect in Ce3Bi4Pd3. a: Hall
resistance vs. magnetic field in Ce3Bi4Pd3 at T =20K above the coherence tem-
perature. The measured data are indicated by symbols, whereas the orange line
indicates a linear fit to the data. b: The same measurement at T =400mK. The
data (black symbols) can be decomposed into an even-in-B ρevenxy and an odd-in-B
ρoddxy components shown as red and blue lines, respectively. These contributions
are given by symmetrizing and antisymmetrizing the measured data, respectively.
The lines are mirrored to extend to the negative B axis for better clarity.

reversal symmetry and, thus, have to be an odd function of this quantity, e.g.,

σxy(B) = −σxy(−B) where G = B (Sect. 3.1) [73].

This doesn’t mean that the Casimir-Onsager relations are violated, but rather

that whatever parameter G describing the Hall effect is, it does not couple to the

magnetic field and, thus, it is clearly not of magnetic origin. This rules out trivial

mechanisms such as skew scattering or side jump effects that are proportional to

the magnetization [68]. Nevertheless, the magnetic field plays an important role,

as the amplitude of ρevenxy (B) is clearly field dependent (Fig. 75). This is to be

expected in a Kondo system, where increasing the magnetic field is analogous to

increasing the temperature above T ⋆.
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Figure 75: Even-in-magnetic field Hall resistivity component of
Ce3Bi4Pd3. The iso-T ρevenxy (B) curves were determined by symmetrizing the
measured ρxy(B) curves (see text).
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Figure 76: Qualitative reproducibility of the Hall effect features. The
nonlinear-in-B Hall resistivity in three different samples. Samples S1 and S2 are
the same as in Fig.67. Samples P1 is from the same batch as S1. All samples show
a pronounced even-in-B component.
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To check for the reproducibility of this effect, three separate samples were

measured (Fig. 76). Clearly, strong nonlinearities of the Hall effect are observed

in all crystals, especially the even-in-field, and the nonlinear odd-in-B terms, as

seen in Fig. 76. Whereas the qualitative behaviour is reproducible from sample to

sample, quantitative differences are most probably due to the effect being sensitive

to the crystallographic direction and being directly dependent on the scattering

time τ , that is usually different for different samples.

Beside the even-in-B component, the Hall resistivity below T ⋆ also shows an

odd-in-B component (the blue curve in Fig. 74 b). In what follows I show that

this contribution cannot be produced by two-band effects, and is instead Berry

curvature-driven. To demonstrate this, a two-band analysis, corresponding to

Eqns.24, 25, was performed using a recently established robust analysis scheme

[74].

The analysis was done on the ρoddxy (B) data taken at the lowest temperature of

0.4K (Fig. 78 a), where the nonlinearity is largest. Though the obtained best

fit cannot fully account for the field dependence, it reproduces the overall shape

of ρoddxy (B) (Fig. 77 a). The obtained charge carrier concentrations and mobilities

are n1 = 3.39 × 1019 cm−3 and µ1 = 105 cm2/Vs for the (hole) majority carriers

and n2 = 1.24 × 1017 cm−3 and µ2 = −3820 cm2/Vs for the (electron) minority

carriers. In a second step, the transverse magnetic field-dependent resistivity for

these parameters is calculated (Eqn.25, red curve in Fig. 77 b). It completely fails

to describe the corresponding data. In fact, no negative magnetic field-dependent

resistivity can arise in this setting. Thus, two-band effects are not the cause of the

observed nonlinearities in the low-temperature magnetotransport data. Instead,

the temperature evolution of ρoddxy (B) (Fig. 78) suggests that it consists of two

terms: a Lorentz force-driven linear-in-magnetic field term, that is also observed at

higher temperature (Fig. 74 a), and an intrinsic anomalous Hall effect. The latter
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Figure 77: Two-band analysis of magnetotransport data of Ce3Bi4Pd3. a:
Odd-in-field Hall resistivity at 0.4K (from Fig. 78 a) with best fit of a two-band
model (red line, see text). b: Transverse magnetic field-dependent resistivity at
0.4K with corresponding curve calculated from the parameters obtained in (a),
showing that a two-band model cannot account for the experimental curves. The
analysis in this figure was done by Gaku Eguchi from TU-Vienna.

term is consistent with a Berry curvature-driven AHE due to broken TRS [68],

which is in this case due to the applied magnetic field.

In such a scenario, the AHE is carried by the equilibrium Fermi-Dirac distribu-

tion (Sect.3.4) and, thus, is independent of the scattering time τ (Sect. 3.4). As

a consequence, the corresponding Hall resistivity must scale quadratically with

the electrical resistivity, i.e., ρoddxy ∼ ρ2xx (Sect.3.4), which is indeed the case for

Ce3Bi4Pd3 (Fig. 78 b). The AHE contribution to ρoddxy extracted with respect to the

normal (linear) Hall background at T =4K as ρoddxy − ρoddxy (4K), scales quadrati-

cally with the corresponding contribution of the electrical resistivity ρxx−ρxx(4K)

(Fig. 78 b).

Finally, I discuss the linear-in-B, ordinary Hall effect. As seen in Fig. 74 a, it is
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Figure 78: Odd-in-magnetic field Hall resistivity component of
Ce3Bi4Pd3. a: The iso-T ρoddxy (B) curves were determined by antisymmetrizing
the measured ρxy(B) curves (see text). Below T ⋆ it displays an intrinsic anomalous
Hall effect, in addition to a linear background. b: The amplitude of the anomalous
Hall effect with respect to the linear background at 4K, ρoddxy − ρoddxy (4K), is linear
in the square of the corresponding electrical resistivity ρxx − ρxx(4K).

characterized by a positive Hall coefficient RH, indicating hole type conduction. At

low temperatures, a slight nonlinearity appears above B = 8T (Fig. 78 b) that, as

will be discussed in Sect. 5.4, is due to the proximity to a field induced topological

phase transition. Thus, I will define RH as ρoddxy (B)/B at B = 8T.

The temperature dependence of RH, similar to ρxy(B), is markedly different

below and above the onset of Kondo coherence (Fig. 79 a). At high temperatures,

a monotonic increase of RH is seen, where below T =7K RH saturates, indicating

the presence of a finite Fermi surface.

To check whether RH(T ) in Ce3Bi4Pd3 is governed by a temperature-dependent

charge carrier concentration or by skew scattering (Sect. 3.3), I plot RH vs. ρmagχ
∗

(Fig. 79 b), with temperature as an implicit parameter. In the fully incoherent
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Figure 79: Temperature-dependent normal Hall coefficient of Ce3Bi4Pd3.
a: RH defined as ρoddxy /B at B=8T vs. T on a log-log scale. b: The same
quantity now expressed vs. the product of the magnetic contribution to the zero-
field resistivity (see text) and reduced magnetic susceptibility (χ⋆, see Sect. 3.3) to
check for possible skew scattering effects (Sect. 3.3). The red line denotes a linear
fit to the data at high temperatures with slope γ1. Indicated with a red dashed
line is its extension to low temperatures. The blue line indicates the theoretical
maximum possible contribution due to skew scattering (see text).

regime above T =10K, a linear relationship with the slope γ1 = 0.38K/T is ob-

served (Fig. 79 b). At first, this seems to suggest that the Hall response of this

material is dominated by skew scattering. However, such a large γ1 value is not

only incompatible with the Ce3+ case of γ1 < 0.1 (see Fig. 79 b and Sect. 3.3), but

is also inconsistent with skew scattering in heavy fermion compounds for any phase

shift δ, as |γ1| ≤ 0.21 (Sect. 3.3). Therefore, skew scattering plays at best a minor

role in RH(T ) in the incoherent regime. In the Kondo coherent regime skew scat-

tering is known to freeze out with decreasing temperature. In Ce3Bi4Pd3, however,

the magnitude of RH continues to increase below T ⋆. Thus, skew scattering does

not play an important role in RH(T ), neither above nor below T ⋆.
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Thus, RH(T ) should be interpreted in terms of a change in the charge carrier

concentration: At high temperatures, it decreases with decreasing temperature,

consistent with the opening of a pseudo-gapped electronic density of states. At the

lowest temperatures, it saturates to a constant value, indicating that the system

assumes a semimetallic ground state, with a very small but finite Fermi surface.

Indeed, the corresponding hole concentration reaches 8×1019 cm−3, or 0.002 charge

carriers per atom.

5.3.8 Nonlinearity in the Hall effect

As discussed in the previous sections (Sect.5.3.4 and Sect.5.3.7) both the spon-

taneous Hall effect in Ce3Bi4Pd3 and the corresponding even-in-magnetic field

Hall resistivity cannot be explained by the conventional time-reversal symmetry

breaking Hall effect. In fact, that they are determined by the scattering rate in a

nonmagnetic ground state evidences their nonequilibrium nature. Indeed, it was

shown that the Berry curvature in TRS preserving noncentrosymmetric systems

induces a Hall effect that is carried by the nonequilibrium electron distribution

function (Sect. 3.5). Therein, the salient feature was shown to be its nonlinear-

ity in the driving electric field or electrical current (Eqn. 31, Sect. 3.5). Thus,

to conclude whether such a mechanism is at the heart of the observed effects in

Ce3Bi4Pd3, and whether it is directly determined by the Berry curvature distri-

bution, the dependence of the spontaneous Hall signal on the driving current was

systematically investigated.

Measurements were performed in an Oxford 4He cryostat equipped with a 14T

magnet, and a home made electrical transport probe. I − V curves on samples

S2, S3 (Fig. 64 b, c) and S4 (from the same batch as S3) were obtained in two

subsequent set of experiments. In the first set of experiments, the DC Hall voltage

response to a DC current drive was measured with a Keithley nanovoltmeter. In
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5 RESULTS

the second set of experiments, the AC voltage response to an AC current excitation

(with angular frequency of 1ω) was measured using the standard lock-in technique.

Voltage components were detected in the 0ω, 1ω and 2ω channels. To increase

the precision of the measurements, a Stanford Research voltage controlled current

supply was used. In both sets of experiments, at first data were collected at base

temperature (T ≈ 2K) and at zero magnetic field. Then, data acquisition was

extended to higher temperatures and at finite magnetic fields. Here I note that in

case of the AC measurements presented below, no contact misalignment correction

was adapted for the 0ω and 2ω measurements, as the electrical resistivity at these

components is zero.

First I present results on current-voltage measurement using DC current ex-

citations. Whereas IDC − V DC
ij curves obtained at the lowest temperature and

zero magnetic field are linear for the electrical resistance (ij = xx, Fig. 80 a), as

expected from an Ohmic sample, the Hall voltage V DC
xy is clearly nonlinear-in-IDC

(Fig. 80 b). The nonlinearity of the V DC
xy can be uniquely decomposed, as evi-

denced by fitting (Fig. 80 b), into a linear-in-IDC contribution with a slope of Rxy,

and a quadratic-in-IDC contribution with amplitude αDC. The presence of the

V DC
xy = αDCI2DC term is in good agreement with the theoretically predicted non-

linear Hall effect (Eqn. 31, Sect. 3.5), whereas the origin of the novel, linear-in-IDC

term will be addressed later in the next section.

To gain further insight on the details of the nonlinearity of the I − V curve,

I now turn to the AC experiment. Here, the Hall voltage naturally decomposes

into a purely quadratic-in-I component with an angular frequency of 2ω (Fig. 81 a)

and a linear-in-I component with an angular frequency of 1ω (Fig. 81 b) measured

in the respective frequency channels. Importantly, the second-harmonic nature of

the former term was theoretically predicted as the hallmark of the nonlinear Hall

effect in noncentrosymmetric systems (Sect. 3.5) [53] and, thus, is strong evidence
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Figure 80: DC longitudinal and transverse current-voltage curves of
Ce3Bi4Pd3. a: Measured I − V curve corresponding to the electrical resistance
(black symbols) shows linear dependence expected for an Ohmic sample. Linear
fit with slope Rxx is shown as red line. b: Measured I − V curve corresponding
to the Hall voltage (black symbols) shows strong nonlinearity. It corresponds to
a superposition of a linear- and a quadratic-in-current component as indicated by
the fit with the parameters Rxy and αDC, respectively (blue line). The data were
measured at T =1.75K, in zero magnetic field and on sample S2.

that the spontaneous Hall effect in Ce3Bi4Pd3 is Berry curvature-driven.

A further fingerprint of the nonlinear Hall effect beside the 2ω response is

the presence of a rectified 0ω component with respect to an AC drive (Eqn. 34,

Sect. 3.5). In search for this component in Ce3Bi4Pd3, the 0ω Hall voltage re-

sponse was measured at the same temperature as the 2ω response. Indeed, a

clear, quadratic-in-current Hall response was detected (Fig. 82), which confirms

the theoretical prediction, further demonstrating the intrinsic nature of this effect.

To further confirm the intrinsic nature of the second-harmonic Hall effect, the

2ω I−V curve corresponding to Vxx was measured in parallel to that corresponding

to Vxy (Fig. 83 a). I note that the Vxx curve was obtained by correcting for the

126

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5 RESULTS

0 2 4 6 8 100.0

0.2

0.4

0.6

0.8

T = 1.75 K
B =  0 T

 

 
 measured
 fit a2w I 2

V
 2
w

xy
 (m

V)

 I1w (mA)
0 2 4 6 8 100

1

2

3

b.

T = 1.75 K
B =  0 T

 measured
 fit Rxy I

 

V
 1
w

xy
 (m

V)
 I1w (mA)

a.

Figure 81: AC current-voltage curves of Ce3Bi4Pd3. a: Second-harmonic
Hall voltage (black symbols) shows a clear quadratic-in-current behaviour (fit,
blue line) with amplitude α2ω. b: First-harmonic Hall voltage (black symbols)
shows a clear linear-in-current behaviour (fit, blue line) with amplitude Rxy.

trivial contribution due to the misalignment of the longitudinal voltage contacts

(see Fig. 68 and the corresponding part in Sect. 5.3.4). The measured Vxx curve

is spurious, confirming that the nonlinearity appears only in the Hall voltage. In

addition, this measurements proves that the system remains in the Ohmic regime

in agreement with the linear Vxx − I curve seen in DC transport (Fig. 80 a).

Furthermore, frequency dependent measurements of the 2ω signal in Vxy show

that it is frequency independent (Fig. 83 b), which rules out bad contact quality

(inductive and capacitive elements in an AC experiment) as the sources of the

observed effect. Finally, to rule out current inhomogeneities, the 2ω Hall voltage

was checked on two different contact configurations on the same sample (Fig. 83 c).

This reveals, that the detected signal is independent of the contact position (see

Fig. 83 c, a lower contact quality merely increases the noise of the signal). Finally,

another principal aspect concerning the intrinsic nature of the observed Hall effect
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Figure 82: 0ω current-voltage curves of Ce3Bi4Pd3. The Hall response to
an AC excitation shows a clear quadratic-in-current component in the 0ω channel
(black symbols). A quadratic fit with amplitude α0ω is shown by the blue line.

in Ce3Bi4Pd3 is its reproducibility. Not only the 1ω Hall voltage is reproducible

as I have previously shown (Fig. 67), but also all investigated samples show a

quadratic-in-current 2ω Hall voltage (Fig. 84).

The quadratic-in-current 2ω and 0ω Hall voltages discussed so far are indeed the

predicted salient features of the nonlinear Hall effect (Sect. 3.5) [53]. The linear

1ω contribution (Fig. 81 b), by contrast, points out the necessity to go beyond

this treatment. In fact, this component even dominates the Hall response, e.g.,

V 1ω
xy = 1.5µV compared to V 2ω

xy = 0.15µV at I = 5mA (Fig. 81). Thus, the first

obvious question is how are the two contributions related to one another and to

the Kondo energyscale? To answers this question, isothermal I − V curves were

measured in zero magnetic field.

DC I −V curves (corresponding to Fig. 80) obtained in the temperature range

T = 1.75 − 20K clearly show that both the linear- and the quadratic-in-current

contributions disappear together with increasing temperature (Fig. 85 a) as the sys-
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Figure 83: Intrinsic nature of the 2ω Hall signal in Ce3Bi4Pd3. a: Measured
2ω longitudinal voltage, plotted together with the 2ω Hall voltage. The longitudi-
nal voltage (electrical resistivity) is spurious and without any recognizable trend.
b: Frequency dependence of the 2ω Hall voltage obtained at T = 1.75K, I = 4mA
and in zero magnetic field. The measured voltage is independent of the excitation
frequency over two orders of magnitude. Measurements around 50Hz and 100Hz
are not possible due to the built-in line filters for noise reduction (gray bars). c:
Measured 2ω Hall voltage on two different sets of contacts. A small difference in
the amplitude corresponds to the small difference in the distance between the con-
tacts. The larger noise in contact ♯ 2 is due to lower contact quality. Measurements
were done on different samples indicated, as in the legends.
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Figure 84: Reproducibility of the 2ω Hall signal in Ce3Bi4Pd3. Second-
harmonic 2ω Hall voltage measured for 3 representative sample, from two different
growth batches (S2, S3 and S4). Measurements were done at the lowest tempera-
ture and in zero magnetic field.
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Figure 85: Isothermal DC current-voltage curves for the spontaneous
Hall response in Ce3Bi4Pd3. a: The DC Hall voltage as function of current
for sample S2 at various temperatures between 1.75 and 20K and for B = 0T.
Each curve can be decomposed to a linear- and quadratic-in-current component
as shown in Fig. 80 b. b-c: The linear-in-current ρxy and quadratic in current
αDC amplitudes vs. temperature. The data are extracted from fits similar to that
shown in Fig. 80 b.

tems is pushed out of its Kondo coherent regime (Fig. 62 b-inset). This, together

with the qualitative similarity of their temperature dependence (Fig. 85 b,c), indi-

cates that both components are Kondo-driven and have a common origin.

Finally, these observations in the DC limit are confirmed by AC current drive
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5 RESULTS

experiments at various temperatures and magnetic fields: As temperature is in-

creased above T = 4K, both the 2ω and the related 0ω contribution are suppressed

rapidly as Kondo coherence is lost (Fig. 86 a,b and Fig. 87 a,b, respectively), in close

similarity with the behaviour observed in the DC limit (Fig. 85 c). Also, applying

a magnetic field has a similar effect as increasing temperature: Following an initial

increase of the nonlinear 2ω and 0ω coefficients α2ω and α0ω, respectively, both

are completely suppressed at B = 9T (Fig. 86 c,d and Fig. 87 c,d, respectively).

Again, this agrees well with the behaviour observed in the DC limit (Fig. 75).
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Figure 86: Temperature and magnetic field dependence of the 2ω Hall
response in Ce3Bi4Pd3. a: Second-harmonic I − V curves at various tempera-
tures show a suppression of the 2ω Hall voltage with increasing temperature. The
measured data are shown as full symbols, quadratic fits are denoted by solid lines.
b: The amplitude of the quadratic fit α2ω (panel a) shows a marked enhancement
below T = 4K. c: Second-harmonic I − V curves at various magnetic fields show
a suppression of the 2ω Hall voltage with increasing field. The measured data are
shown as full symbols, quadratic fits are denoted by solid lines. At higher currents,
a slight deviation from an ∼ I2 law is observed. d: The amplitude of the quadratic
fit α2ω (panel c) is completely suppressed at 9T. The measurements were done on
sample S2.
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Figure 87: Temperature and magnetic field dependence of the 0ω Hall
response in Ce3Bi4Pd3. a: Zeroth harmonic I − V curves at various temper-
atures show a suppression of the Hall effect with increasing temperature. The
measured data are shown as full symbols, quadratic fits are denoted by solid lines.
b: The amplitude of the quadratic fit α0ω (panel a) shows a marked enhancement
below 5K. c: Zeroth harmonic I − V curves at various magnetic fields show a
suppression of the Hall effect with increasing field. The measured data are shown
as full symbols, quadratic fits are denoted by solid lines. d: The amplitude of
the quadratic fit α0ω (panel c) is completely suppressed at 9T. The measurements
were done on sample S2.
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5 RESULTS

5.3.9 Density functional theory for Ce3Bi4Pd3

The nonlinear spontaneous Hall effect in Ce3Bi4Pd3 directly evidences the nonzero

Berry curvature at the Fermi energy. In light of the specific heat signature of the

Weyl-Kondo semimetal state in this material (Sec. 5.3.2), these Hall effect results

suggest that the Berry curvature in Ce3Bi4Pd3 is associated with Weyl nodes close

to the Fermi energy. In what follows, I discuss DFT bandstructure calculation

results for Ce3Bi4Pd3 that show that tilted Weyl cones are present already in

the noninteracting bandstructure of this material. Weyl-Kondo semimetal model

calculations then show that such Weyl nodes are pushed to the Fermi energy by

the Kondo interaction.

The DFT band structure calculations of Ce3Bi4Pd3 were performed by Pe-

ter Blaha from TU-Vienna. The Weyl-Kondo semimetal model calculations were

performed by Sarah E. Grefe, Hsin-Hua Lai and Qimiao Si from Rice Univer-

sity (Houston /USA). For the DFT calculations all-electron augmented-plane-wave

code WIEN2k was used [138] with the Perdew, Burke, Ernzerhof (PBE) func-

tional [139]. The experimentally determined structure (powder XRD, Fig. 38 and

Fig. 39) was used with space group I 4̄3d, a = 10.052 Å, and Ce, Pd, and Bi at the

12a, 12b, and 16c (with x = 0.0839) positions, respectively. As DFT cannot treat

many body effects such as the Kondo interaction of the Ce 4f electrons with the

conduction electrons derived from s, p, and d orbitals, it is used here to describe

the conduction electron part only. For this purpose, the open-core approxima-

tion is used, where one Ce 4f electron is included as noninteracting core state,

but the 4f basis functions are removed from the band structure calculations and,

thus, cannot hybridize with other orbitals. As such, this approach is the ab initio

counterpart of Hc in the periodic Anderson Hamiltonian of the Weyl-Kondo model

(Eqn. 41).

The calculation was done with atomic sphere radii of 3.0, 2.5, and 2.5 Bohr for
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5 RESULTS

Ce, Pd and Bi, respectively, and a plane wave cutoff parameter of RKmax = 8.5,

where R = 2.5 and Kmax restricts the plane wave expansion. Inside the atomic

spheres an angular momentum expansion up to lmax = 10 is used, while for the

nonspherical matrix elements lmax is restricted to 6. The k-space integration was

done with an 18 × 18 × 18 k mesh. Spin-orbit coupling was included in a second

variational procedure [138].

a. b.

Figure 88: Theoretical description of Weyl-Kondo physics in Ce3Bi4Pd3.
a: Ab initio band structure of Ce3Bi4Pd3, with 4f electrons in the core. In the kx-
kz plane, four different Weyl nodes (1-4) are identified. 1 and 4 are most strongly
tilted. This band structure describes the noninteracting part of the Weyl-Kondo
semimetal Hamiltonian. This figure (and the corresponding calculations, see [137])
was provided by Peter Blaha (TU-Vienna) b: Dispersion across a pair of Weyl
(blue) and anti-Weyl (red) nodes for a Weyl-Kondo model with tilted Weyl cones
(figure taken from [94]). Energy is expressed in units of the conduction electron
bandwidth t. The Kondo interaction pushes Weyl nodes of the noninteracting
conduction bands that are far away from the Fermi energy (such as in panel a) to
the Fermi energy.

To identify the Weyl nodes, a modified version of BerryPI [140] was used that

calculates the Berry curvature of Wilson loops around candidate Weyl nodes [36].

Within the kx-kz plane of the Brillouin zone, four Weyl nodes were identified

(Fig. 88 a) with the coordinates and energies given in Table 2.

All identified Weyl nodes are situated at least 100meV away from the Fermi
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5 RESULTS

Table 2: Coordinates of Weyl nodes in the kx-kz plane of the Brillouin zone of
Ce3Bi4Pd3, in units of 2π/a, where a = 10.052 Å, and their energies with respect to
the Fermi energy in eV. Due to the cubic symmetry of the system, all coordinates
occur in both signs and all x, y, z permutations, leading to a multiplicity of 24.
This table (and the corresponding calculations, see [137]) was provided by Peter
Blaha (TU-Vienna).

Weyl node kx ky kz E

1 0.517 0 0.174 -0.127

2 0.447 0 0.164 -0.174

3 0.372 0 0.112 -0.196

4 0.172 0 0.087 -0.282

level. Then, the Kondo interaction is expected to pin (part of) these Weyl nodes

to the Fermi level, just as it does in the Weyl-Kondo model (Sect. 5.3.1). As the

nonlinear anomalous Hall effect occurs in tilted Weyl semimetals (Sect. 3.5), the

Weyl node 1 (Fig. 88) with sizeable tilt might be a good candidate for this process.

Whereas in previous DFT + dynamical mean field theory (DMFT) calculations for

Ce3Bi4Pd3 [126] topologically nontrivial band crossings were not considered, a very

recent study [122] suggests that nodal lines are also present in the uncorrelated

(DFT) bandstructure, far above the Fermi level. The low-temperature specific

heat of Ce3Bi4Pd3 (Sect. 5.3.2), however, is consistent with a scenario where Weyl

point (as opposed to line) nodes are driven by the Kondo effect to the immediate

vicinity of the Fermi energy (as described by the Weyl-Kondo model, Sect. 5.3.1).

5.3.10 Discussion

The nonlinear spontaneous Hall voltage terms (V 2ω
xy , V

0ω
xy , V

DC
xy ∼ I2) observed

in Ce3Bi4Pd3 are expected within a perturbative treatment of the nonlinear Hall

effect (Eqn. 34, Sect. 3.5) [53]. Indeed, ab initio calculations for several weakly

interacting Weyl semimentals have reproduced this effect [54], which can be used
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as a direct comparison with the observed Hall effect in Ce3Bi4Pd3. For the non-

interacting systems within the perturbative approach [53, 54], the Berry curva-

ture dipole Dxz (Eqn. 33, Sect. 3.5) as well as the nonlinear Hall conductivity

σxy = e3τDxz/(2h̄
2) · Ex can be computed from the electronic band structure

as function of the chemical potential. The tangent of the Hall angle tanΘH in

terms of the normal (1ω) longitudinal conductivity σxx was found to be at max-

imum of the order 10−4 for a scattering time τ = 10ps and an electric field of

Ex = 102V/m, corresponding to tanΘH/Ex ≤ 10−6m/V [54]. For Ce3Bi4Pd3,

values as large as 3 × 10−3m/V for this ratio in the second-harmonic channel

were measured (Fig. 81 a). An effect that is at least three orders of magnitude

smaller would be difficult to resolve experimentally, explaining why for weakly

interacting nonmagnetic Weyl semimetals it has not been reported so far. The

giant value observed for Ce3Bi4Pd3 is even more surprising as it is obtained in

a bulk semimetal, without any chemical potential tuning. Experimentally, such

tuning is limited to the case of low-carrier density (quasi) 2D materials such as

bilayer [141] and few-layer [142] WTe2, where 2ω Hall voltages were reported at

the same time of our posting of this result on arXiv, and attributed to a large (but

not divergent) Berry curvature. The maximum values reached there are estimated

to be tanΘH ≈ 5×10−3 and 10−4, and tanΘH/Ex ≈ 3×10−6 m/V and 10−8m/V,

respectively, thus again at least three orders of magnitude smaller than what is

observed for Ce3Bi4Pd3.

The linear-in-current DC as well as the (first-harmonic) 1ω AC contribution to

Vxy, by contrast, have not been considered in the perturbative approach of [53].

Before addressing this term, I demonstrate (within the perturbative regime) that

odd-in-current terms can appear in general.

As discussed in Sect. 3.5, the Berry curvature-driven Hall current density in an

inversion symmetry breaking but time-reversal symmetry preserving material is
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given by Eqn.31, which is rewritten below for convenience as

jy =
e2

h̄

∫
d3k

(2π)3
g(k) Ωodd

z (k)Ex
︸ ︷︷ ︸

vy

. (49)

Here g(k) is the out-of-equilibrium contribution to the distribution function associ-

ated with an applied electric field Ex and vy is the anomalous velocity. Then, the

specific dependence of the Hall voltage on the current, Vxy(Ix), associated with

Eqn. 49, depends on the form of g(k). As discussed in Sect. 3.5, in a linearised

Boltzmann approximation used in [53, 54], g(k) corresponds to the equilibrium

(Fermi-Dirac) distribution function f0(k) rigidly shifted in the direction of Ex,

that is f(k) = f0(k) + ∂f0/∂kx · δkx, with δkx = (eτ/h̄) · Ex. Here f(k) is the

total distribution function, and g(k) is the second term of the sum. In this case,

Eqn. 49 simplifies to Eqn. 33, rewritten here for convenience as

j(2)y =
e3τE2

x

h̄2

∫
d3k

(2π)3
∂f0(k)

∂kx
Ωodd

z (k)

︸ ︷︷ ︸

Dzx

. (50)

Dzx is the Berry curvature dipole and the superscript (2) makes it explicit that

this is a 2nd order effect in Ex, i.e., jy is quadratic and, thus, even in Ex. However,

this picture fails to consider the boundary condition of a Hall effect experiment,

namely that no net current can flow in the y-direction (see Sect. 3.1, Eqn. 18).

To fulfil this condition, the above current j
(2)
y must be compensated by an equal

current of opposite sign, that can only be generated by a shift of the Fermi surface

in the ky direction by δky = (eτ/h̄) · E
(2)
y , with E

(2)
y = −ρxxj

(2)
y . In a second step,

this shift then leads to an additional Berry curvature-driven Hall current density

j
(3)
y , by populating states with finite anomalous velocity vy(k). To be explicit, the
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extra shift of the total distribution function f(k) by δky,

f(k + δky) = f 0(k) + δkx
∂f 0(k)

∂kx
+ δky

∂f 0(k)

∂ky
, (51)

results in an extra contribution (3rd term) which, through Eqn. 49 and with δky =

−(e4τ 2ρxx/h̄
3) ·DzxE

2
x, drives the (3rd order) Hall current density

j(3)y = −(
e3τ

h̄2 )2ρxxDzxDzyE
3
x , (52)

where Dzy =
∫
d3k/(2π)3(∂f0(k)/∂ky)Ω

odd
z (k) is the corresponding Berry curva-

ture dipole. Combining Eqns. 50 and 52, the Hall voltage Vxy will be the sum of

both even-in-Ix and odd-in-Ix contributions.

In what follows, I address the linear-in-I contributions in Ce3Bi4Pd3. Intrigu-

ingly, such contributions, with tanΘH up to 0.5 taken as the local slope ∂σxy/∂σxx

(Fig. 67), are even much larger than the 2ω effect quantified above. In what fol-

lows I show that the striking deviations from simple expectations [53, 54], most

notably the giant enhancement of the spontaneous nonlinear Hall effect, and the

appearance of a linear-in-field (first-harmonic) contribution arise naturally in a

Weyl-Kondo semimetal picture.

The giant magnitude of the spontaneous Hall effect in Ce3Bi4Pd3, and the

presence of a linear-in-current 1ω term, point to the necessity to go beyond the

simple perturbative treatment of the effect in [53]. Therein, the nonequilibrium

electron distribution was obtained using a simple linearised Boltzmann equation

with relaxation time approximation. As discussed in Sect. 3.5, the validity of such

an approximation relies on two crucial assumptions

❼ The expansion parameter δk = Exeτ/h̄ is negligible on the scale of the Fermi

wavevector kF, that is δk << kF.

❼ The anomalous velocity va(k) does not vary considerably on the scale of δk.
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Noninteracting Weyl semimetals generally fulfil these requirements (Sect. 3.5), as

therein the Fermi energy is typically no in the immediate vicinity of the Weyl

points (Fig. 89 a,b); in this case a perturbative treatment is expected to capture

the nonlinear Hall effect correctly. By contrast, for a Weyl-Kondo semimetal, the

Kondo resonance strongly renormalizes the Weyl dispersion and pins the Weyl

nodes to the Fermi energy [107], which was also demonstrated to be the case for

tilted Weyl cones [94]. As a consequence, firstly, the Fermi surfaces around the

Weyl nodes are small, and a situation where kF ∼ δk can arise. Indeed, the

presence of small pockets in Ce3Bi4Pd3 is supported by the small carrier concen-

tration (8 × 1019 cm−3, or 0.002 charge per atom) obtained from the normal Hall

coefficient (see Fig. 79 a and the corresponding part in Sect. 5.3.7). Secondly, as a

finite nonlinear spontaneous Hall effect in Weyl semimetals occurs only if the Weyl

cones are tilted (see Fig. 20 and the corresponding part in Sect. 3.5), kF will have

a minimum around the Weyl node denoted by kW . Close to that point the Berry

curvature is diverging, and the associated anomalous velocity va(kW ) cannot be

considered constant on the scale of δk (Fig. 89 c, d). Thus, a linearised Boltzmann

approximation will fail, and a nonperturbative approach to determine the electron

distribution function f(k) (that is at the heart of this effect, see Eqn. 31 and the

corresponding part in Sect. 3.5) is needed. Indeed, this is most likely the case

in Ce3Bi4Pd3. While indeed tilted Weyl cones are present already in the nonin-

teracting bandstructure of Ce3Bi4Pd3 (Fig. 88 a), it is the Kondo interaction that

pushes them to the immediate vicinity of the Fermi level (Fig. 88 b, Sect. 5.3.9), as

demonstrated by Weyl-Kondo semimetal model calculations with tilted Weyl cones

in the bare conduction electron band [94]. Indeed, for the specific bandstructure

of Ce3Bi4Pd3, such a picture was confirmed by ab-initio based DFT+DMFT cal-

culations [122], capable of capturing (in part) the Kondo interaction. They show

that high-energy linear band crossings in the DFT bandstructure are renormalized
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k-k

WKSM
d.

e F
e (k)

W (k)

c.

DW 

WSM

DW 

b.

e F

e (k)

W (k)

a.

-k k

Figure 89: Schematic Berry curvature and Fermi surface in a tilted Weyl
semimetal. a: Schematic energy dispersion (ǫ(k), black line), and Berry curvature
(Ω(k), red line) for a noninteracting Weyl semimetal (WSM) or for a Weyl-Kondo
semimetal (WKSM) in the weak-field regime that could, however, not be reached
in our experiments. In such a case, the Fermi energy (ǫF, orange line) is away
from the band crossing. As a result, the Fermi surface avoids the diverging part
of Ω(k) (blue dots, blue dashed lines). The difference ∆Ω of Ω(k) at the two
opposite extremes of the Fermi surface, that determines the nonlinear Hall effect
in a WSM, is also small. b: The corresponding (rigid) shift ∆k of the Fermi
surface due to an applied electric field is much smaller than the minimum kW of
the Fermi wavevector kF measured with respect to the Weyl point (black dot).
This constitutes the weak field limit. c: The same as (a) but now for a WKSM.
There, ǫF is pinned to the Weyl point (practically very close to it, with a minimal
offset). As a consequence, the Fermi surface samples the diverging part of Ω(k) at
the position of kW . ∆Ω is significantly enhanced compared to a generic WSM
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(panel a) resulting in an enhanced nonlinear Hall effect (the difference between a
WSM and a WKSM is much larger – orders of magnitude as discussed in the text –
than what can be sketched). d: Same as b but now for a Weyl-Kondo semimetal.
There ∆k cannot be considered to be small compared to kW . This constitutes the
fully nonequilibrium case. Panels b and d were provided by Sarah E. Grefe from
Rice University [137].

and pinned to the Fermi energy only below the Kondo coherence temperature of

few K [122].

Whereas a fully developed approach in the strong interaction limit is yet to

be developed, two immediate consequences of the failure of a perturbative ap-

proach can be seen. Firstly, in the perturbative approach (weak electric field),

the Hall resistance itself is linear-in-I giving rise to a quadratic, 2ω Hall voltage.

When the system is driven to the nonperturbative regime, Rxy will deviate from

its initial linear-in-I dependence, naturally giving rise to a constant term in Rxy

and, thus, a linear, 1ω Hall voltage (Fig. 91) as observed for Ce3Bi4Pd3. Secondly,

the symmetry considerations of the Hall conductivity in the nonperturbative ap-

proach [53], that otherwise dictate a vanishing effect in Ce3Bi4Pd3, will not hold.

Such symmetry constraints originate from the assumption that the σxy can be

directly connected to the equilibrium Fermi distribution f0(k). As this distribu-

tion inherits the symmetries of the lattice, they will be forwarded to σxy. Clearly,

in the fully nonequilibrium case, where f(k) is not directly determined by f0(k),

such symmetry considerations are not valid. This corresponds to the fact that

the applied electric field cannot be considered as a probing one only, and instead

introduces an additional directionality to the system and to σxy, thus breaking the

lattice symmetry.
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0 2 4 6 8 10

Figure 91: Schematic Berry of the nonlinear quantum Hall resistance in
a fully nonequilibrium state. In the weak field limit, the Hall resistance is
linear in current (grey line), giving rise to only a quadratic, second-harmonic Hall
voltage (2ω). In the fully nonequilibrium state the system can be expanded around
a finite current (Ifinite). Whereas the linear contribution to Rxy still produces a
2ω signal (transparent, purple thick line), its abscissa gives rise to a constant Rxy

(green transparent dot) and, thus, a linear 1ω voltage. Inset shows that both
contributions are evidenced in the zero-field Hall response of Ce3Bi4Pd3.
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5.4 Collapse of the Weyl-Kondo semimetal state in

Ce3Bi4Pd3 in high magnetic fields

Key to understand the richness of phenomena displayed by strongly correlated

electron systems has been a systematic exploration of their low-temperature phase

diagrams [123,143–145]. It has also lead to the discovery of emergent phases stabi-

lized by quantum critical fluctuations, most notably unconventional superconduc-

tivity [146–149]. In the previous sections, I showed that in Ce3Bi4Pd3 the Kondo

interaction gives rise to a semimetallic state, that displays thermodynamic and

transport fingerprints of the recently proposed Weyl-Kondo semimetal. Thus, the

question arises: What is the mechanism stabilizing this novel ground state? Due

to the low-energy scales in heavy fermion systems, varying a non-thermal control

parameter such as applied magnetic field, pressure, or chemical composition has

been instrumental in delineating phases defined by a Landau order parameter [14].

In the following section, I show that this approach is versatile also for strongly cor-

related topological phases, and in particular for Ce3Bi4Pd3. I present Hall effect,

magnetic field-dependent resistivity and torque magnetometry measurements to

probe how the ground state of Ce3Bi4Pd3 transforms under magnetic field tuning.

An intriguing two-stage transition is detected, which is associated with the anni-

hilation of the Weyl nodes, making the system more insulating, and a consecutive

transition to a heavy fermion metal phase.

5.4.1 Magnetic field-dependent electrical resistivity

Magnetotransport measurements in DC fields up to 37T were performed at the

HFML-EMFL high magnetic field facility at Nijmegen. The measurement and data

acquisition was set up in collaboration with Alix McCollam, Lucas M. K. Tang and

Bryan Vlaar from the HFML-EMFL and Diego A. Zocco from TU-Vienna. Data
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were taken using Stanford Research SR830 lockin amplifiers, with the measured

voltage signal pre-amplified 100 times using Princeton Applied Research low-noise

transformers. Electrical contacts were made by either spot welding or gluing with

silver paint 12 µm diameter gold wires to the samples in a 5-wire configuration.

Resistivity curves were obtained by symmetrizing the measured ρxx(B) curves.

Additional low-temperature electrical resistivity measurements down to 70mK and

in magnetic fields up to 15T were performed in an Oxford dilution refrigerator at

TU-Wien.

Iso-magnetic field temperature-dependent resistance curves show that applying

large magnetic fields suppresses the semimetallic state, and drives it into a metal-

lic one above B ≈ 14T (Fig. 92 a). Interestingly, the ultimate metallic curve at

B=37T shows a higher resistivity than in the nonmagnetic reference compound

La3Bi4Pd3, that has a distinctly different temperature dependence (Fig. 92 a), sug-

gesting that the Kondo interaction is still at play.

Further insight to the evolution of the metallic state is offered by iso-T magnetic

field-dependent resistivity measurements (Fig. 92 b). They show that the transition

to the final metallic state happens in two stages. At the first field denoted Bc1 ∼

9T, the magnetic field-dependent resistivity develops a “shoulder” where the curve

changes slope (Fig. 92 b). Then, in a second step at Bc2 ∼ 14T, a crossover to an

almost field-independent behaviour is observed, that is typical for a metal [150],

in agreement with the metallic behaviour observed in the temperature dependence

(Fig. 92 a).

To corroborate the presence of two transitions in the high-field magnetore-

sistivity curves, ρxx(B) and ρxx(T ) measurements were extended, across the rel-

evant field range, down to 120mK (Fig. 93 a, Fig. 94). The ρxx(B) data reveal

that the shoulder detected at Bc1 (Fig. 92 b) is clearly enhanced. Therein, a

Schlottmann type behaviour is seen both in the low-field range below Bc1 and
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Figure 92: Electrical resistivity of Ce3Bi4Pd3 in high magnetic fields. a:
Temperature-dependent electrical resistivity at various fixed magnetic fields. For
B > 9T, iso-B cuts (dots) were taken from panel b. The zero-field resistivity
of the nonmagnetic reference compound La3Bi4Pd3 is shown for comparison (blue
line denoted La343). The low-field data are taken from Fig. 60. High-field mea-
surements were obtained on the same sample. b: Resistivity isotherms in fields
up to B = 37T for various temperatures between 0.5 and 20K. At the lowest tem-
peratures, a shoulder is identified at about 9T (at Bc1) and a crossover to a very
weak field dependence at about 14T (at Bc2). Arrows indicate the position of the
critical fields. Here, they point to the crossover fields of the 0.5K Hall resistivity
isotherm (Fig. 99 a), that are defined via the fit with Eqn.53. The curves in panel
b, as well as data points in panel a above 9T, were obtained at the HFML-EMFL
in Nijmegen in collaboration with Alix McCollam, Diego A. Zocco, Lucas M. K.
Tang and Bryan Vlaar.

in the intermediate-field range between Bc1 and Bc2 (see shaded lines in Fig. 93 a).

The “double decay” shape, separated by Bc1, naturally suggests that the magnetic

field-dependent resistivity of Ce3Bi4Pd3 is governed by two different scales, one of

the Weyl-Kondo semimetal below Bc1 and one of the intermediate phase between

Bc1 and Bc2.

To identify the transition at Bc1 in the temperature-dependent iso-field curves,
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Figure 93: Field-dependent electrical resistivity at low temperatures. a:
Electrical resistivity vs. magnetic field at 120mK (full black line), together with
Schlottmann-type curves (orange and green lines, see also Fig. 62 a). Their purpose
is merely to indicate what type of magnetic field-dependent resistivity might be
expected in a Kondo system. Below Bc1, and between Bc1 and Bc2, the measured
curve indeed resembles the overall behaviour. However, it is clear that the entire
curve cannot be attributed to a Kondo system with a single energy scale. Instead,
the observed double-decay structure suggests that Bc1 separates two regimes with
different ground states. b: Temperature derivatives (full symbols) of ρxx(T ) iso-
field curves at 200mK, defined as the slopes of the linear fits in Fig. 94. The error
bars represent the standard error of the slope of these fits. The lines are guides
to the eyes (they also have Schlottmann shape). Vertical dashed lines indicate the
position of Bc1 and Bc2, where a change of behaviour is observed.

I plot, in Fig. 93 b, their temperature derivative taken at 200mK, vs. magnetic

field (see Fig. 94 for how the derivative is determined). In this plot, the transition

between the two regimes is even more pronounced than for the fields-dependent

resistivity isotherms. This confirms the non-monotonous change of the ground

state across Bc1, and the metallization of the system Bc2, indicated by a vanishing

slope at fields beyond Bc2 (Fig. 93 b).

In search for a characteristic temperature scale of the metallic high-field phase,

the temperature-dependent electrical resistivity of Ce3Bi4Pd3 was examined at the
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Figure 94: Temperature-dependent iso-field electrical resistivity curves
at low temperatures. The red lines are linear fits to the data (full symbols) in
the range (200 ± 50)mK. Their slopes correspond to the local derivative of ρ(T )
at 200mK and are plotted vs. field in Fig. 93 b.

lowest temperatures. Interestingly, a ρ(T ) = ρ0 + AT 2 behaviour is observed at

the largest fields (Fig. 95), which is a characteristic of Fermi liquid behaviour [151]

(Sect. 2.2). To check whether the obtained A coefficient at B=15T of A=8.75

µΩcm/K2 (Fig. 95) is consistent with a heavy fermion Fermi liquid state, I compare

it to that expected from the compounds Fermi temperature using the Kadowaki-

Woods ratio A/γ2 = 10µΩcmmol2K2J−2 [151]. Because γ is not well-defined

in a Weyl-Kondo semimetal (and because no specific heat data are yet available

in such high fields), an effective value is estimated by substituting the Kondo

temperature (TK = 13K, see Sect. 5.3.2) for the Fermi temperature TF in the

(molar) specific heat relation CV = (π2/2)RkB(T/TF) = (π2/2)RkB(T/TK) [80],

where R is the universal gas constant and kB is the Boltzmann constant. This

yields an effective γ2 = 1.7 J2/(mol2K4) and an estimated A=17µΩcm/K2, which
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Figure 95: Low-temperature electrical resistivity of Ce3Bi4Pd3 at 15T.
a: Electrical resistivity vs. temperature squared in the metallic phase at B=15T
(black symbols). The data display a linear in T 2 behaviour at the lowest temper-
atures as indicated by the ∼ T 2 fit (red line) up to TFL = 0.79K (arrow). TFL

is determined as the temperature above which the data deviate by more than 5%
from the ∼ T 2 law. b: Temperature-dependent part of ρ(T ) vs. T up to 6K, in
a magnetic field of 15 T. Above TFL and up to TNFL, the non-Fermi liquid form
ρ ∼ T is observed (orange line). This indicates that a quantum critical point is
nearby. The residual resistivity ρ0 is about 4Ωµm, which is slightly different from
that in panel a due to a different set of contacts used for remeasuring the curve.

is within a factor of 2 of the observed A coefficient. This indicates that magnetic

field somewhat suppresses the correlation strength, but has by far not suppressed

the Kondo interaction even at 15T. Confirming the heavy fermion metal ground

state of Ce3Bi4Pd3 at high fields allows to estimate a characteristic temperature

TFL = 0.79K (at B = 15T), which is the upper bound where an ∼ AT 2 behaviour

is observed in ρ(T ) (Fig. 95 a). Interestingly, above TFL, ρ(T ) displays linear-in-T

behaviour (Fig. 95 b) characteristic of non-Fermi liquid behaviour in the vicinity

of a quantum critical point [15, 152, 153], and providing evidence for such a point

at Bc2. In fact, starting deep in the metallic phase (Fig. 96), A of Ce3Bi4Pd3 is
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5 RESULTS

strongly enhanced with decreasing field, suggesting a divergence near Bc2 that

follows an A(B) = C / (B − Bc2)
p law (Fig. 97) with Bc2 = 13.82 ± 0.02T and

p = 0.98±0.03. Indeed, this form of a diverging A coefficient has been associated

with quantum criticality [154]. However, below B=15T, a rapid suppression of A

is seen, leading to a crossover to T 2 behaviour with a negative slope (Figs. 96 and

97); it is associated with the non-metallic phase below Bc2 and, thus, it should not

be interpreted in a Fermi liquid picture.

Finally, whereas the low-field state is identified as a Weyl-Kondo semimetal and

the high-field state (above Bc2) as a heavy fermion metal, little is known about

the intermediate state between Bc1 and Bc2. In the following sections , I show

that Hall effect and torque magnetometry measurements clarify the nature of this

phase.
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Figure 96: Fermi liquid behaviour of Ce3Bi4Pd3. Iso-B temperature-
dependent electrical resistivity vs. T 2 in high magnetic fields. The data in panels
a-c (open symbols) were taken from constant B cuts in Fig. 92 b. The data in
panels d-f (full symbols) were obtained in a dilution refrigerator. Red line (panels
a-d) denotes linear fit with positive slope reflecting Fermi liquid behaviour. Blue
lines in panels e, f denotes linear fits with negative slopes.
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Figure 97: Field-dependent A coefficient in Ce3Bi4Pd3. A coefficient ob-
tained from Fig. 96. Full data points are taken deep in the metallic regime, and
are consistent with a diverging behaviour at Bc2 (red curve see text). Open sym-
bols indicate data where the proximity of the non-metallic phase influences the
resistivity curve and that were, thus, not taken in account in the fitting. The data
points above 15T are obtained from magnetic field-dependent resistivity isotherms
(Fig. 92 b) obtained at the HFML-EMFL in Nijmegen in collaboration with Alix
McCollam, Diego A. Zocco, Lucas M. K. Tang and Bryan Vlaar.

5.4.2 Hall effect and quantum criticality

The Hall resistivity of Ce3Bi4Pd3 up to B = 37T was measured simultane-

ously with the magnetoresistivity, thus, using the same setup, equipment and

technique explained in Sect. 5.4.1. The presented ρxy(B) curves are obtained by

the standard antisymmetrizing procedure of the measured resistivity ρmeas
xy , i.e.,

ρxy(B) = [ρmeas
xy (+B)− ρmeas

xy (−B)]/2. This cancels out both the spontaneous Hall

effect (zero-field signal) and any even-in-field component. These Hall effect data

(Fig. 98) reveal the two-stage transition observed in magnetoresistivity (Fig. 92 b)
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most clearly. At the highest temperature (T =20K), the iso-T ρxy(B) curve is

linear in B at low fields, as expected for a normal Hall effect, and shows only

a weak deviation from linearity at the highest fields; the latter corresponds to a

change of slope (kink). With decreasing temperature, two well visible kinks de-

velop at Bc1 and Bc2 (Fig. 98). In addition, the previously discussed anomalous

Hall contribution (Fig. 78) develops in small fields at lowest temperatures.

0 5 10 15 20 25 30 35
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

Bc2

Bc1  20 K
 15 K
 10 K
 5 K

 1.9 K
 1.36 K
 0.73 K
 0.5 K

r x
y (
mW

m
)

B (T)

Figure 98: Hall resistivity isotherms of Ce3Bi4Pd3 in high magnetic fields.
Isothermal Hall resistivity curves up to B = 37T at different temperatures display
a marked change of slopes at Bc1 and Bc2 (arrows). Here, they point to the
crossover fields of the 0.5K Hall resistivity isotherm (Fig. 99 a), that are defined
via the fit with Eqn.53. At these fields, signatures are also seen in the magnetic
field-dependent resistivity (Fig. 92 b). The curves were obtained at the HFML-
EMFL in Nijmegen in collaboration with Alix McCollam, Diego A. Zocco, Lucas
M. K. Tang and Bryan Vlaar.

In what follows, I present a quantitative analysis of the Hall resistivity

isotherms. As explained in Sect. 3.6, when magnetic field drives transitions be-

tween ground states with different Fermi volume, the resulting (finite tempera-
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ture) crossovers manifest as (broadened) kinks in ρxy(B), and (broadened) steps

in the differential Hall coefficient R̃H(B), which is the local slope of ρxy(B). Such

behaviour was observed in a number of heavy fermion metals [13,64–66] driven by

magnetic field across quantum critical points. As other origins of the nonlinarities

in ρxy(B) of Ce3Bi4Pd3, notably skew scattering and two band effects, can be ruled

out (see end of this section), the two kinks seen at Bc1 and Bc2 in the ρxy(B) data

of Ce3Bi4Pd3 (Fig. 98) do indeed seem to evidence two consecutive Fermi volume

changing quantum phase transitions.
 

r x
y (
mW

m
)

B (T)

b.

B*2

 0.5 K
 Fit

 1.9 K
 Fit

a.

r x
y (
mW

m
)

B (T)

B*1

FWHM2

d2rxy / dB 
2

FWHM1

Figure 99: Successive Fermi surface reconstruction in Ce3Bi4Pd3 at high
magnetic fields. a: Hall resistivity isotherm at T =2K (black) fitted with a
phenomenological two crossover model (red line, Eqn. 53). The blue curve denotes
the second derivative of the fitted ρxy(B) curve. It captures the transition widths
characterized by their FWHM (blue horizontal dashed line and arrows). b: Same
as panel a at T =0.5K. The low-field anomalous Hall contribution is denoted by
grey shaded area.

To quantify these two transitions, the phenomenological model describing a

single transition (Eqn. 35, Eqn. 36) is extended to a two-stage crossover scenario

defined as
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R̃H = R2 − (R2 −RH,1)

[

1 +

(
B

B⋆
2

)p2]−1

,

where RH,1 = R1 − (R1 −R0)

[

1 +

(
B

B⋆
1

)p1]−1

,

and ρxy(B0) =

∫ B0

0

R̃H(B)dB .

(53)

Here R0, R1 and R2 are the differential Hall coefficients related to the low-field,

intermediate and high-field phases, respectively, whereas B⋆
1 and B⋆

2 denote the

(finite-temperature) transition positions. The parameters p1 and p2 are related to

transition widths that are quantified by the full width at half maximum (FWHM)

of their second derivative (see blue curve in Fig. 99 a). Fitting Eqn. 53 for a repre-

sentative isotherm at T = 2K reproduces the measured data perfectly (Fig. 99 a).

For lower temperatures, where the anomalous Hall effect sets in, care must be

taken at low fields; Eqn. 53 is fitted only above B =8.4T, where this contribution

is negligible (Fig. 99 b). Fits of similar quality are obtained at all temperatures

up to T =10K (Fig. 100). At higher temperatures, no sign of the upper transi-

tion can be discerned within the accessed field range and, thus, the obtained fit

parameters are no longer meaningful.

The temperature evolution of all fitted parameters is plotted in Fig. 101. The

two crossover fields B⋆
1 and B⋆

2 (Fig. 99 a), determined for all available isotherms,

are plotted as characteristic temperatures T ⋆
1 (B) and T ⋆

2 (B) in Fig. 101 a. In

the zero-temperature limit, they extrapolate to Bc1 and Bc2, respectively, in

good agreement with the two characteristic fields observed in the magnetic field-

dependent resistivity (Fig. 92). Both crossovers sharpen considerably with de-

creasing temperature (Fig. 101 c, d), indicating that the phase diagram of mag-

netic field-tuned Ce3Bi4Pd3 comprises three phases with distinct Fermi volume: a

phase below Bc1 with a small hole-like Fermi volume, an intermediate-field phase

between Bc1 and Bc2 with an even smaller electron-like Fermi surface, and a high-
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Figure 100: Two-stage crossover fits to the Hall resistivity of Ce3Bi4Pd3

at high magnetic fields. Hall resistivity data for various temperatures between
0.5 and 20K (black symbols), and the corresponding two-stage transition fits (red
lines). Below 1.9K, the fit range is between 8.4 and 27T, to avoid influence of the
anomalous Hall effect. Arrows indicate the field Bodd

H above which the deviation
from the initial linear behaviour, as imposed by the fit, drops below 15%.

field phase beyond Bc2 with a much larger Fermi volume (Fig. 101 b). Note that,

in the simplest case, the Fermi volume is inversely proportional to R̃H.

Finally, I corroborate the assignment of the high-field nonlinearities observed in

the ρxy(B) curves of Ce3Bi4Pd3 by demonstrating that other sources of such non-

linearities, most notably skew scattering and two-band effects, can be safely ruled

out or neglected. As discussed in Sect. 3.3, a skew scattering-driven anomalous

Hall effect is expected to appear in heavy fermion systems. Such a contribution

is frequently estimated by ρA(B) ∼ ρ(B)M(B) [76]. This is, however, only valid

if the field dependence of ρ is dominated by that of the scattering time [68]. If

the Fermi surface undergoes an abrupt change, as is the case in the Kondo de-

struction scenario of heavy fermion metals [13], and as observed for Ce3Bi4Pd3 at
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Figure 101: Analysis of Hall resistivity isotherms of Ce3Bi4Pd3 at high
magnetic fields.. a: The crossover fields B⋆

1(T ) and B⋆
2(T ) determined from

the ρxy(B) fits (Fig. 99) are plotted as T ⋆
1 (B) and T ⋆

2 (B), respectively, in a
temperature–magnetic field phase diagram. Both extrapolate to critical fields
Bc1 and Bc2 in the zero temperature limit. b: The three differential Hall co-
efficients separated by Bc1 and Bc2 vs. temperature. c, d: Double-logarithmic
plot of the full widths at half maximum of the two transitions (black symbols)
determined from the 2nd derivative (Fig. 99 a) of the fits in Fig. 100. Red lines
represent linear fits (FWHMi ∼ Tmi) with power exponents of m1 = 0.81 ± 0.05
and m2 = 0.71±0.06 for FWHM1 and FWHM2, respectively. The temperature de-
pendence of FWHM2 shows the tendency to a weaker slope denoted by the dashed
red line at the lowest temperatures.

Bc1 and Bc2, the field dependence of ρ may be dominated by that of the charge

carrier concentration. In this situation, the expression ρA(B) ∼ M(B) [155, 156]

is more appropriate. Thus, in Fig. 102, ρxy(B) is plotted together with the mag-

157

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.
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netization M(B) [157], scaled by γ2 to fit ρxy(B) at low (B < Bc1), intermediate

(Bc1 < B < Bc2), and high (B > Bc2) fields. It is clear that none of the character-

istic features of ρxy(B) is seen in M(B). Thus, skew scattering is not at the origin

of the observed high magnetic field dependence of ρxy in Ce3Bi4Pd3.

0 5 10 15 20 25 30 35
0.0

0.2

0.4

0.6

0.8

1.0

 measured rxy

 g2 M

r x
y (
mW

m
)

B (T)

T = 2 K

Figure 102: Estimation of skew scattering contribution to Hall effect
from magnetization. Field-dependent Hall resistivity at 1.9K, together with
magnetization data at 1.5K taken from [157] and scaled by γ2 to match ρxy at
low, intermediate, and high fields. The fact that γ2M(B) does not reproduce the
shape of ρxy(B) reveals that the anomalous Hall effect due to skew scattering is
unimportant in Ce3Bi4Pd3 at 2K.

In the next step, despite the above argument, the form ρA(B) = γ ρ(B)M(B) [76]

is used as an estimate of the absolute maximum skew scattering contribution.

Here γ = 0.08K/T is used (γ = 0.05 Ce/µB when M is in units of µB/Ce),

which is the upper limit seen for Ce-based heavy fermion materials [76]. Then

ρA(B) is subtracted from the ρxy(B) data, and the two-crossover fit is redone at

several representative temperatures (Fig. 103). The results show that the skew

scattering contribution to the initial Hall coefficient is at most ∼ 20% (Fig. 103 d).

Importantly, neither the crossover positions nor their width change considerably
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(Fig. 103 c, e-f). Thus, in conclusion, skew scattering does not contribute appre-

ciably to the crossover behaviour observed in Ce3Bi4Pd3.

Finally, to investigate whether the feature observed in the high-field Hall re-

sistivity ρxy(B) at Bc1 (Fig. 98) might, alternatively, be a multiple band effect, an

effective two-band analysis has been performed on a representative ρxy(B) curve
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Figure 103: Estimation of skew scattering contribution to Hall effect
from magnetization and electrical resistivity. Analysis of the two-crossover
behaviour, redone under the (unrealistic, see text) assumptions that, firstly, the
field dependence of the electrical resistivity is due to skew scattering only, and that
thus the anomalous Hall effect is given by ρA(B) = γ2ρ(B)M(B) and that, sec-
ondly, the prefactor γ2 assumes the maximum possible value. a, b: As-measured
Hall resistivity isotherms (full black points) and data with the (hypothetical) skew
scattering contribution ρA subtracted, leaving only the normal contribution ρN
(open symbols). Red line denote the respective two-transition fits (Eqn. 53). c-f:
Fit parameters obtained for the as-measured (full circles) and (hypothetical) skew
scattering corrected data (crosses). The fact that the key fit parameters quantify-
ing the crossovers (T ∗ and FWHM) are essentially unchanged shows that even the
maximum estimated anomalous Hall contribution does not have any appreciable
effect on the Hall crossovers.
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at T =1.9K. The analysis was done in three different fit ranges (Fig. 104), to test

up to which field a two-band model can capture the observed behaviour.

0 10 20 30
0.0

0.2

0.4

r x
y (
mW

m
)

B (T)

 data, T = 1.9 K
 11 T fit
 19 T fit
 37 T fit

Figure 104: Estimation of contribution to Hall effect from multiband
effects. Two-band analysis of the Hall resistivity vs. field isotherm of Ce3Bi4Pd3

at 1.9K, using the robust analysis scheme of [74]. The three curves represent
fits from zero field up to 11, 19, and 37T, respectively, to test whether in any of
these field ranges the experimental ρxy(B) curve can be reproduced. The failure
shows that the pronounced nonlinearity of ρxy(B) cannot be due to two-band (or
multiband) effects. The analysis in this figure was done by Gaku Eguchi from
TU-Vienna.

Even the fit up to 11T has very poor quality, showing that a two-band model

cannot reproduce the sharp bending at Bc1. Also the parameters obtained for this

fit (one electron and one hole band with |n1| ≈ |n2| ≈ 1×1018 cm−3, |µ1| ≈ |µ2| ≈

2000 cm2/Vs) appear rather unrealistic. Extending the field range does not bring

any improvement. Thus, it is highly unlikely that the observed nonlinearity is due

to two- or multiband effects (even in the generic multiband situation, typically two

bands are found to dominate). The fact that the feature in ρxy(B) at Bc1 coincides

with the anomalies in ρxx(B) and dρxx/dT (Fig. 93) as well as all other temperature

scales reported in Fig. 110 supports, instead, that it is due to a crossover between
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5 RESULTS

phases with different Fermi volume.

Table 3: Fitting parameters for two-band analysis done in Fig. 104. All values are
rounded up to the first digit and, thus, must be regarded as approximate values.
A positive (negative) sign of the mobility denotes a hole-like (electron-like) band.

parameters 11T 19T 37T units

n1 9 · 1023 7 · 1025 1 · 1027 1/m3

n2 9 · 1023 1 · 1024 1 · 1023 1/m3

µ1 -2000 -40 -3 cm2/Vs

µ2 2000 500 1000 cm2/Vs

5.4.3 Torque magnetometry

The two step transition observed in Ce3Bi4Pd3 was further studied by torque

magnetometry experiments in high magnetic fields. Angular-dependent magnetic

torque measurements for Ce3Bi4Pd3 single crystals in pulsed fields up to 65T were

obtained at the NHMFL-LANL Los Alamos in collaboration with the Franziska

Weickert, Ross McDonald, Laurel E. Winter and Marcello Jaime from NHMFL-

LANL Los Alamos and Diego A. Zocco from TU-Vienna. Magnetic torque data up

to 37T were obtained at the HFML-EMFL Nijmegen high magnetic field facilities

in collaboration with Alix McCollam, Diego A. Zocco, Lucas M. K. Tang and Bryan

Vlaar. Piezoresistive levers of dimensions 120µm× 50µm× 4µm and unloaded

resonant frequencies of 250 to 300 kHz were used. Due to inherent limitations of

the piezzo technique small samples were cut from previously characterized single

crystals, resulting in the loss of the crystallographic alignment.

In addition, field-dependent torque magnetometry and magnetization measure-

ments were also performed on the Kondo insulator Ce3Bi4Pt3. The magnetization

data were obtained using an extraction magnetometer and the “sample-in/sample-

out” technique to separate the sample signal from the background. Such measure-
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5 RESULTS

ments were performed for comparative reasons as, firstly, Ce3Bi4Pd3 is related

to the extensively studied compound Ce3Bi4Pt3 (Sect. 5.1), secondly, both com-

pounds feature a field induced metallization at high magnetic fields (Sects. 4.3,

5.4.1 and 5.4.2).

0 10 20 30 40 50 60
0.0

0.5

1.0

0 10 20 30 40 50 60
0.0

0.5

1.0

Ce3Bi4Pd3

 0.43 K
 4 K

t 
(a

rb
. u

.)

B (T)

 0. 35 K
 1.2 K
 1.36 K
 2 K
 5 K
 10 K
 15 K
 20 K

a. b.

 0.56 K
 2 K
 2.6 K
 4 K
 7 K
 10 K

Ce3Bi4Pt3

 

t 
(a

rb
. u

.)

B (T)

Figure 105: High-field torque magnetometry of Ce3Bi4Pd3 and Ce3Bi4Pt3.
a: Magnetic torque isotherms of Ce3Bi4Pd3 at various temperatures as function
of applied magnetic field up to 37T and, for low temperatures, up to 65T. b:
Same as in panel a for the Kondo insulator Ce3Bi4Pt3. The data up to 37T were
obtained at the HFML-EMFL in Nijmegen in collaboration with Alix McCollam,
Diego A. Zocco, Lucas M. K. Tang and Brian Vlaar. The data up to 60T were
obtained at the NHMFL-LANL Los Alamos in collaboration with the Franziska
Weickert, Diego A. Zocco, Ross McDonald, Laurel E. Winter and Marcello Jaime.

For Ce3Bi4Pd3 at low magnetic fields, essentially no torque signal is detected

(Fig. 105 a). This is what is expected for a cubic, magnetically isotropic system,

with a linear-in-field magnetization [158]. A sizeable torque signal appears only

above about 14T in the close vicinity of Bc2 and, thus, coincides with the metalliza-

tion of the system. Indeed similar behaviour, albeit with a much larger magnetic

field scale, is also seen in the canonical Kondo insulator Ce3Bi4Pt3 (Fig. 105 b).
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There, the onset of sizeable torque produces characteristic signatures in both

the first and second derivative of the torque with respect to magnetic field. In

the first derivative, this is a step-like increase which, at the lowest temperatures,

reaches half height at 13.5 and 38.9T for Ce3Bi4Pd3 and Ce3Bi4Pt3, respectively

(Fig. 106 a).

0 10 20 30 40

0.0

0.5

1.0

5 10 15 20 25 30 35

0.0

0.5

1.0
T = 0.43 K

b.

Ce3Bi4Pt3

Ce3Bi4Pd3

d t
 / d

 B
 (a

rb
. u

.)

B (T)

a.

T = 0.56 K

 0. 35 K
 1.2 K
 1.36 K
 2 K
 5 K
 10 K
 15 K
 20 K

Bt

Ce3Bi4Pd3

d2  t /
 d 
B

2  (a
rb

. u
.)

B (T)

Figure 106: Magnetic transition in Ce3Bi4Pd3 and Ce3Bi4Pt3. a: Field
derivative of the magnetic torque isotherms of Ce3Bi4Pd3 and Ce3Bi4Pt3 at the
lowest temperatures of 0.43K and 0.56K, respectively, revealing similar character-
istics, albeit at different fields (the fields where the step-like increases reach half
height are indicated by arrows). b: Second field derivative of the torque signal of
Ce3Bi4Pd3. The characteristic field of the torque signal Bτ is defined as the center
of the full width at half maximum, as indicated by the dashed vertical line and
the horizontal arrows for the 0.35K isotherm.

For Ce3Bi4Pt3, the abrupt appearance of the torque signal at high fields, with

the step half height at B=38.9T, appears to be related to the Kondo insulator to

metal transition observed previously between B=30 - 40T in transport [91] and

specific heat experiments [92]. By analogy, it seems reasonable to associate the

corresponding signature in Ce3Bi4Pd3, with the half-height field of 13.5T, with the
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5 RESULTS

metallization transition seen in the magnetic field-dependent resistivity (Fig. 92 b)

and Hall resistivity data (Fig. 98) at Bc2 = 13.8T. In the second derivative of

τ(B) (Fig. 106 b), the signature is a maximum, and the middle field at half height

is used as its characteristic field scale Bτ . This analysis shows that the torque

signal of Ce3Bi4Pd3 only picks up the high-field metallization transition at Bc2,

but is insensitive to the low-field transition at Bc1.

In order to confirm that the torque signal is indeed due to the onset of nonlin-

earities in M(B), angle dependent torque measurements were carried out. Here

the angle θ is between the applied magnetic field and the normal vector of the

cantilever (Fig. 107 a inset). For cubic, magnetically isotropic systems M is always

parallel to B and, thus, τ(B) is forced to vanish. However, the first nonvanishing

higher order term in the magnetization, that is M ∼ B3, will lead to a τ ∼ B4

dependence, which means that the angle dependence follows a τ(θ) ∼ sin(4θ)

rule [158]. This is the case for Ce3Bi4Pt3 at B =55T and T = 0.5K (Fig. 107 a).

Indeed, the onset of the torque signal coincides with the departure of the M(B)

curve from its initial linear behaviour (Fig. 107 b). Beside the dominant 4θ com-

ponent, a smaller 2θ term is necessary to describe the full angle dependence of τ

(Fig. 107a). It arises unavoidably due to the field gradient on the sample that re-

sults in a linear-in-B force term (hence τ ∼ B2). Similar to the case of Ce3Bi4Pt3,

the τ(θ) data for Ce3Bi4Pd3 at B = 15T show a pronounced 4θ component,

evidencing the onset of nonlinearities in M(B) at Bc2.
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Figure 107: Nonlinear magnetization of Ce3Bi4Pt3. a: Angular dependence
of the torque signal of Ce3Bi4Pt3 at 0.5K, obtained at B = 55T (black dots).
The red solid line is the best fit to the data, and it corresponds to the super-
position of a dominant 4θ component (blue dashed line) and a much smaller 2θ
contribution (green dashed line). The definition of the angle θ is sketched in the
inset. b: High-field magnetization (black curve, left axis) at 0.64K and magnetic
torque divided by applied magnetic field (blue curve, right axis) at 0.56K, both
for Ce3Bi4Pt3. Above B =30T, the magnetization departs from linear-in-B be-
haviour (red dashed line, linear fit to the data below 30T). The difference is plotted
as black dotted curve on the right axis. The data in both panels were obtained
at the NHMFL-LANL Los Alamos in collaboration with the Franziska Weickert,
Diego A. Zocco, Ross McDonald, Laurel E. Winter and Marcello Jaime.
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Figure 108: Nonlinear magnetization in Ce3Bi4Pd3. Angular dependence of
the torque signal of Ce3Bi4Pd3 at 0.5K, obtained for magnetic field-sweeps up to
15T (black dots) and 65T (white dots). The red solid line is the best fit to the 15T
data, and it corresponds to the superposition of a dominant 4θ component (blue
dashed line) and a smaller 2θ contribution (green dashed line). The data were
obtained at the NHMFL-LANL Los Alamos in collaboration with the Franziska
Weickert, Diego A. Zocco, Ross McDonald, Laurel E. Winter and Marcello Jaime.

5.4.4 Discussion

Having established the structure of the magnetic field-tuned phase diagram of

Ce3Bi4Pd3 allows to address the pertinent questions: What is the nature of the

different delineated phases and what are the mechanisms stabilizing them? Which

design strategies for strongly correlated topological phases can be derived from the

new understanding? The semimetallic phase at low fields has been identified, via

thermodynamic and transport signatures (Sect. 5.3), as a Weyl-Kondo semimetal.

The magnetic field dependence of both the onset temperature TC/T of the ∼ T 3
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specific heat signature (Fig. 109 a), and that (T even
H ) of the Berry curvature-driven

even-in-field Hall signal (Fig. 109 b) suggest that the Weyl-Kondo semimetal is

suppressed at B ∼ 9T (Fig. 110 a). This is further reinforced by the Fermi surface

reconstruction observed in the field-dependent Hall effect at Bc1 (Fig. 101a).
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Figure 109: Weyl-Kondo semimetal state in Ce3Bi4Pd3 vs. magnetic field.
a: The Weyl-Kondo semimetal ∼ T 3 contribution to the specific heat defined sim-
ilar to that in Fig. 58 b at different magnetic fields. TC/T denotes the temperature
where the ∆Cel/T data differ from the ∼ T 2 law by more than 5%. Red line de-
notes linear fit for the B = 0T data. a: The temperature Berry curvature-driven
even-in-field Hall conductivity at different magnetic fields. Its onset temperature
defines T even

H .

The metallic high-field phase evidences signatures of a partially field-polarized

moderately heavy Fermi liquid, whose characteristic quantities (A coefficient, TFL)

show that it collapses at a quantum critical point at Bc2 (Fig. 110 a). Indeed, this

is further underpinned by the Fermi surface reconstruction observed in the Hall

resistivity at the same field (Figs. 101 a). What remains to be clarified is the

nature of the intermediate phase. Magnetic field in Kondo systems is expected

to predominantly provide Zeeman coupling, and according to calculations in a
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5 RESULTS

magnetic field-tuned Weyl-Kondo semimetal model, a critical field exists where

the Weyl nodes annihilate and are thus gapped out [107], thereby giving rise to

a topological phase transition [30]. The electronic structure of the intermediate

phase, while topologically clearly distinct, therefore differs from the Weyl-Kondo

semimetal only by the opening of gaps at the Weyl nodes.

The proximity of Ce3Bi4Pd3 to a Kondo insulator, realized in

Ce3Bi4(Pt1−xPdx)3 up to at least x ≤ 0.4 (Sect. 5.1), as well as its torque

feature at Bc2 (Fig. 106 a) closely resembling that observed at the Kondo in-

sulator to metal transition [91, 92] in Ce3Bi4Pt3 (Fig. 106 b), suggest that the

“background” to the low and intermediate-field phases is a Kondo insulator. The

high-magnetic field study then suggests that the Weyl nodes, which are created in

zero field by the inversion symmetry breaking of the noncentrosymmetric crystal

structure of Ce3Bi4Pd3 and are gapped-out at the critical magnetic field Bc1, are

positioned within the gap of a Kondo insulator. This Kondo insulator then, with

further increasing field, collapses to a heavy fermion metal at Bc2.

The analysis of the Hall resistivity underpins this interpretation. The charge

carrier concentration per Ce, determined at 0.5K from a simple single-band model,

changes from about 0.01 holes in the Weyl-Kondo semimetal, via 0.007 electrons in

the more insulating phase, to 0.2 electrons in the heavy fermion metal (Fig. 110 b).

The application of magnetic field gives rise to a two-stage quantum phase tran-

sitions (Fig. 110 c). The first transition, that is associated with the annihilation

of the Weyl nodes, and that hence is topological in nature, leads to a jump in

the extrapolated zero-temperature Hall coefficient. Whereas such a feature is ex-

pected for Kondo destruction quantum criticality, this is unlikely the cause here:

in Ce3Bi4Pd3 the Kondo interaction is gradually suppressed only for fields much

higher than Bc2 (Fig. 97), and no magnetic order is observed in the entire field

range. Thus, the zero-temperature jump in the Hall coefficient suggests that the
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5 RESULTS

~

c.

b.  

R
H
 (1

0-2
 c

m
3 /C

)

WKSM

Figure 110: Magnetic field-tuned phase diagram of Ce3Bi4Pd3. a:
Temperature–magnetic field phase diagram with the crossover temperatures T ⋆

1

and T ⋆
2 from Fig. 101 a, the temperature TC/T below which the electronic specific

heat coefficient C/T displays the T 2 law representing the linear Weyl dispersion
(Fig. 109 a), the onset temperature T even

H of the Berry curvature-related contribu-
tion to the even-in-field Hall resistivity taken from Fig. 109 b, the temperature T odd

H

below which the Berry curvature-related contribution to the odd-in-field Hall resis-
tivity sets in (Fig. 100), the characteristic scale Tτ for the change in character of the
torque signal (Fig. 106 b), and the temperature TFL below which the ρ ∼ T 2 Fermi
liquid law sets in (all left axis). The A coefficient of this law is plotted on the right
axis. Above 16T, it is well described by A/(B−Bc2)

−p, with Bc2 = 13.82±0.02T
and p = 0.98 ± 0.03, suggesting that the effective mass diverges at a quantum
critical point situated at Bc2. b: Differential Hall coefficient vs. B in the zero tem-
perature limit obtained from Fig. 101.

¯
c: Schematic ground state of Ce3Bi4Pd3 vs.

magnetic field with the three experimentally resolved phases shown. WKSM de-
notes the Weyl-Kondo semimetal state, ∆ denotes gapped Weyl nodes and HF
metal denotes the heavy fermion metal state.
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6 SUMMARY AND OUTLOOK

first quantum phase transition is not continuous. The second transition, by con-

trast, displays signatures of quantum criticality and, thus, must be (at least nearly)

continuous. Indeed, evidence for quantum criticality at a Kondo insulator to metal

transition has previously been seen in pressure-tuned SmB6 [159,160].

In conclusion, high magnetic field studies show that a Weyl-Kondo semimetal

is quenched in two stages of quantum phase transition, annihilating and gapping-

out the Weyl nodes in a Kondo insulator background in a topological first step,

and collapsing the underlying Kondo insulator gap to form a (heavy fermion)

metal in a second step. This sequence is both a confirmation of the Weyl-Kondo

semimetal assignment for Ce3Bi4Pd3 and a recipe to find other correlation-driven

Weyl semimetals in strongly correlated materials and theoretical models in general.

6 Summary and outlook

In this thesis, I discussed the crystal growth, physical properties and high-magnetic

field study of the novel compound Ce3Bi4Pd3. In the first part of the results

(Sect. 5), I demonstrate that Pd-Pt substitution is an ideal tool to tune the spin-

orbit coupling in the Kondo insulator Ce3Bi4Pt3. Powder XRD measurements

confirm that varying the concentration x in Ce3Bi4(Pt1−xPdx)3 realizes an iso-

structural and iso-size substitution series. In addition, because Pd and Pt have

the same number of valence electrons, such a series is also iso-electronic. Indeed,

Hall effect measurements at rooms temperature – where electron correlation effects

are negligible – confirm this scenario. Temperature-dependent measurements, on

the other hand, reveal surprising behaviour. Electrical resistivity, Hall resistivity

and magnetic susceptibility data evidence a reduction of the Kondo gap and a

transformation of the ground state to a Kondo interaction-driven semimetal.

In the second part of Sect. 5, I present thermodynamic and Hall effect results.
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6 SUMMARY AND OUTLOOK

Contrary to the C ∼ T law expected for the electronic specific heat of metals,

Ce3Bi4Pd3 evidences a C = ΓT 3 behaviour that is the hallmark of 3D electron

systems with linear dispersion. Most interestingly, the coefficient Γ is orders of

magnitude enhanced over values expected for weakly correlated semimetals, and

in fact, is determined by the Kondo energy scale of this material. This discovery

establishes a new class of heavy fermion compounds named Weyl-Kondo semimet-

als. Such systems host Weyl nodes pinned to the Fermi energy by the Kondo

interaction and exhibit linearly-dispersing bands which are severely renormalized.

Whereas specific heat experiments provide valuable information about the band

dispersion, they tell little about the electronic topology of the system. In search for

a unique fingerprint of the newly proposed Weyl-Kondo semimetal state, attention

was given to the Hall effect. The divergent Berry curvature at the Weyl nodes is

expected to drive a novel type of Hall effect that occurs in the absence of a magnetic

field but is nonlinear in the driving electric field. Indeed, temperature-dependent

Hall resistivity measurements in Ce3Bi4Pd3 show a clear spontaneous Hall effect

in the Kondo coherent regime. Remarkably, it occurs not only in the absence of

an external magnetic field, but also in a nonmagnetic groundstate as evidenced

by state-of-the-art µSR experiments. Instead, the effect is clearly driven by the

nonequilibrium electron distribution function, is an even function of an external

magnetic field, and is nonlinear in the driving current, all in agreement with the-

oretical expectations. However, the spontaneous Hall effect in Ce3Bi4Pd3 points

beyond the case of noninteracting Weyl semimetals. The detected second-harmonic

contribution surpasses that predicted for noninteracting Weyl semimetals by or-

ders of magnitude. In addition, a linear-in-electric field, first-harmonic component

appears that has so far not been considered theoretically. I demonstrate that all

these aspects arise naturally when Weyl nodes are in the extreme vicinity of the

Fermi energy, where perturbation type calculations are expected to break down.
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6 SUMMARY AND OUTLOOK

This constitutes a strong evidence for the proposed Weyl-Kondo semimetal state.

In the third part of Sect. 5 I present a magnetotransport and torque mag-

netometry study on Ce3Bi4Pd3 in high magnetic fields. Isothermal magnetic

field-dependent electrical resistivity curves at the lowest temperatures evidences

a two-stage transition, with critical fields of Bc1 ∼ 9T and Bc2 ∼ 13.8T from

an initial semimetallic to a high-field metallic state. This is corroborated by iso-

field temperature-dependent resistivity measurements. The first transition displays

marked changes of ρ(B) and the low-temperature derivative of ρ(T ), albeit non

of the behaviours are metallic. Measurements across Bc2, on the other hand, re-

veal the transition to a heavy Fermi-liquid state across a quantum critical point.

Indeed the extracted A-coefficient is consistent with a divergence at Bc2. It is ac-

companied by a vanishing Fermi-liquid temperature TFL, above which ρ(T ) shows

non-Fermi liquid behaviour. Hall resistivity isotherms confirm this scenario. They

display two successive kinks at the same magnetic field values where the resistivity

showed the two-staged transition. The differential Hall coefficients associated with

the three regimes (below Bc1, between Bc1 and Bc2, and above Bc2) show a tran-

sition from an initial state with low, via an intermediate one with even lower to a

final metallic state with much higher carrier density. Whereas the corresponding

values of the initial and final state support an initial semimetallic and a final metal-

lic ground state, respectively, the reduced value for the intermediate phase points

to an annihilation and gapping of the Weyl nodes. Indeed, both the C = ΓT 3 be-

haviour and the finite spontaneous Hall resistivity disappear at Bc1. Remarkably,

torque magnetometry displays a clear onset of magnetisation at Bc2, similar to

previously seen Kondo insulator-to-metal transition in Ce3Bi4Pt3. These results

suggest that the Weyl nodes in Ce3Bi4Pd3 emerge within a small Kondo insulator

gap. Applying a finite magnetic field then leads to the annihilation of the Weyl

nodes at a first critical field, and to a subsequent transition to a field-polarized
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6 SUMMARY AND OUTLOOK

heavy fermion state at the second critical field.

Finally, establishing the Weyl-Kondo semimetal phase in Ce3Bi4Pd3 opens

up new perspectives in harnessing the synergy between strong electron interac-

tions and nontrivial topology. For example, motivated by the unique spontaneous

Hall effect, exploring related effects in thermal and thermoelectric transport holds

promise for novel quantum phenomena unseen so far. On the other hand, the fate

of the surface Fermi arcs in the limit of strong electron interactions remains an

open and exciting question. Due to the large surface-to-volume ratio of thin film

structures, their production either by appropriate growth techniques (e.g., molec-

ular beam epitaxy) or by microfabrication methods is certainly a promising way

forward. Such approaches may directly expose nontrivial surface states to well

established transport techniques allowing to capture their specific signatures.
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7 LIST OF ABBREVIATIONS

7 List of abbreviations

ARPES – Angle-resolved pohotoemission spectroscopy

AHE – Anomalous Hall effect

DFT – Density functional theory

EDX – Energy-dispersive X-ray spectroscopy

FC – Field cooling

FWHM – Full width at half maximum

LF-µSR – Longitudinal-field muon spin rotation

µSR – Muon spin rotation.

ZF-µSR – Zero-field muon spin rotation

NFL – Non-Fermi liquid

PPMS – Physical Property Measurement System

QCP – Quantum critical point

QHE – Quantum Hall effect

QPT – Quantum phase transition

SEM – Scanning electron microscopy. TRS – Time reversal symmetry

WKSM – Weyl-Kondo semimetal

WDX – Wavelength-dispersive X-ray spectroscopy

XRD – X-ray diffraction

ZFC – Zero-field cooling
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8 CONTRIBUTIONS OF COLLABORATORS

8 Contributions of collaborators

The experiments and calculations presented in this thesis could not have been done

without the effort of many collaborators. Their contributions to this PhD thesis

are detailed in what follows.

Lukas Prochaska from TU-Vienna contributed to the electrical transport mea-

surements presented in Sect. 5.1.4. Gaku Eguchi from TU-Vienna contributed to

the electrical transport, specific heat and magnetization experiments presented in

Sects. 5.1.4, 5.3.2, and 5.3.5, respectively. Andrey Sidorenko from TU-Vienna con-

tributed to the magnetic susceptibility and magnetization experiments presented

in Sect. 5.1.5. Robert Svagera and Monika Waas performed all SEM/EDX exper-

iments, and provided all related data presented in this thesis. Andrey Prokofiev

from TU-Vienna contributed to all crystal growth experiments presented in this

thesis.

Xinlin Yan from TU-Vienna grew the lead flux grown Ce3Bi4Pd3 single crystals

used for the second harmonic current-voltage measurements presented in Sect. 5.3

and the muon spin rotation experiments presented in Sect. 5.3.6. He also performed

the time-dependent XRD measurements presented in Fig. 51 a. Mathieu Taupin

from TU-Vienna contributed to the data acquisition of the spontaneous Hall effect

and related current-voltage measurements of Ce3Bi4Pd3 presented in Sects. 5.3.4

and 5.3.8. Toni Shiroka from ETH Zurich performed the muon spin rotation

experiments with me and provided related data and their analysis presented in

Sect. 5.3.6. Jean-Christophe Orain from the Paul Scherrer Institute provided the

technical support for these measurements. Peter Blaha from TU-Vienna carried

out the density functional theory calculations for Ce3Bi4Pd3 and provided related

figures discussed in Sect. 5.3.9. Sarah E. Grefe, Hsin-Hua Lai and Qimiao Si from

Rice University (Houston /USA) performed the Weyl-Kondo semimetal model cal-

clculations and provided related data discussed in Sects. 5.3.1 and 5.3.10.
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8 CONTRIBUTIONS OF COLLABORATORS

Diego A. Zocco from TU-Vienna contributed to all high magnetic field exper-

iments presented in Sect. 5.4. He carried out the magnetic field-dependent mag-

netization experiments and angle-dependent magnetic torque magnetometry for

Ce3Bi4Pt3 and Ce3Bi4Pd3, all presented in Sect. 5.4.3. Mathieu Taupin and Diego

A. Zocco from TU-Vienna contributed to the magnetic field and temperature-

dependent resistivity experiments on Ce3Bi4Pd3 done in the dilution refrigerator

at TU-Vienna (Sect. 5.4). Electrical resisitivity, Hall ressitivity and torque mag-

netometry experiments performed on Ce3Bi4Pd3 and Ce3Bi4Pt3 (Sect. 5.4) at the

High Field Magnet Laboratory (HFML-EMFL), Radboud University (Nijmegen,

the Netherlands) were done in collaboration with Alix McCollam, Lucas M. K.

Tang and Bryan Vlaar from HFML-EMFL, Radboud University. Torque megne-

tometry and magnetization experiments performed on Ce3Bi4Pd3 and Ce3Bi4Pt3

(Sect. 5.4) at the National High Magnetic Field Laboratory (Los Alamos /USA)

were done in collaboration with Franziska Weickert, Ross McDonald, Laurel

E. Winter and Marcelo Jaime from the Los Alamos National Laboratory (see

Sect. 5.4).

All contributions, data and analysis provided by collaborators are indicated at

the respective part in the text and also in the related figure captions.
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Phys. 13, 794 (2017).
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