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Abstract

The distinction between metals and insulators forms a fundamental tenet of condensed
matter physics. Over the past decade or so, the explosion of interest in topological in-
sulators — materials that host a metallic surface state atop their insulating bulks — has
demonstrated how the contrasting properties of insulators and metals can be synergis-
tically combined. In contrast, recent observations of Fermi surface signatures — conven-
tionally presumed to be characteristic of a (metallic) Fermi liquid — from within a new
class of unconventional insulators has profoundly called into question our conventional

understanding of this fundamental tenet.

This dissertation focusses on experimental studies of the strongly correlated insula-
tor iron diantimonide (FeSb,). It is found that FeSbs exhibits anomalous behaviour in
both its magnetic and electrical properties. Under the application of high magnetic fields,
quantum oscillations in the magnetisation are observed, with an inverse-field periodicity
indicating the presence of Landau quantisation. Remarkably, these are shown to emanate
from the insulating bulk of the material — in sharp contrast to our conventional interpre-

tation of Landau’s Fermi liquid model.

These findings are discussed in the context of previously discovered unconventional
insulators. Notably, unlike other unconventional insulators reported to date, the uncon-
ventional quantum oscillatory profile in FeSbs is found to be closely related to changes
in the bulk magnetisation of the material. At low fields, a marked enhancement in the
growth of the magnetic torque signal is accompanied by a likewise enhancement in both
the quantum oscillatory amplitude and frequency. Then, at the highest fields, a sharp



metamagnetic transition abruptly quenches the insulating quantum oscillations — in marked
contrast to numerous tunnelling and magnetic-breakdown posited models of unconven-
tional insulating behaviour. These findings point strongly to a magnetic origin being

responsible for the manifestation of this paradoxical phenomenon.

Additionally, a suite of electrical transport measurements is presented, demonstrat-
ing the presence of surface-dominated conduction at low temperatures, corroborating
previous reports from angle resolved photoemission spectroscopy studies. Notable com-
parisons with the putative topological Kondo insulator samarium hexaboride (SmBg) are
discussed, including signatures of non-Ohmic electrical transport. Evidence indicative of
metallic surface states on SmBg has been reported from multiple sources. Several of these
measurements are repeated here on FeSbs, and excellent correspondence between the fea-
tures of both materials is observed. Therefore, the mechanism driving surface-dominated

conduction in FeSby is very likely to be the same as that in SmBg.
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Introduction

“Begin at the beginning,” the King said, gravely, “and go on till you come to an end;
then stop.”

— Lewis Carroll, Alice in Wonderland

Throughout the history of science, exploration-based research has led to numerous
experimental breakthroughs, from the discovery of penicillin by Alexander Fleming [1]
to Rutherford’s stunning demonstration of the nuclear character of atoms [2]. Within the
tield of condensed matter physics, the development of an intimate synergy between rare
bursts of discovery-driven advancements, in combination with subsequent theory-led in-
cremental experimental progress, has proven invaluable in furthering our understanding
of solid state systems. For example, the discovery of high-T. superconductors [3] falls
squarely in the first category, with the theoretical prediction [4-6] and subsequent exper-
imental realisation [7, 8] of topological quantum matter being an archetypical example of
the latter.

Performing exploration-led research is challenging. While the potential reward of dis-
covery is high, the likelihood of failure is likewise. Thus, to probe most effectively into
the unknown, one should seek firm initial guidance of which avenues may be the most
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1. Introduction

fruitful to investigate.

Turning to the context of quantum matter, the overarching success of the band theory
of solids constitutes one of the finest achievements in 20" century science. Based on a
periodic plane wave premise [9], band theory successfully describes a myriad of physical
properties one encounters in everyday life — from why silver is shiny to why glass is trans-
parent. However, there are a number of materials classes wherein this celebrated theory
fails to accurately capture the majority of behaviour observed, owing to the presence of
strong electron-electron correlation effects giving rise to emergent new phenomena be-
yond the simple band picture. It is within these such systems that exploratory research
endeavours have proved extremely productive over recent decades — often through ex-

posing such materials to extreme physical conditions.

Across experimental physics, the ability to raise the energy frontier to new technolog-
ical heights has often proved invaluable in effecting novel advancements. Examples from
high energy physics include searching for theoretically postulated phenomena, such as
the Higgs boson [10-12], along with other purely serendipitous findings: take for exam-
ple the discovery of the kaon [13], which indicated the existence of a new, ‘strange” quark.
In condensed matter physics, the attainment of ultra low temperatures and intense mag-
netic fields likewise enhances the ability of the experimentalist to explore new ground,
by pushing materials into extreme conditions beyond those previously investigated. It is
these such studies — to low temperatures < 2 K and high magnetic fields up to 70 T — that
form the focus of this dissertation.

1.1 When is an insulator not an insulator?

The distinction between metals and insulators constitutes one of the fundamental tenets
of condensed matter physics. When electrons are subjected to a periodic potential — such
as in a crystalline solid — gaps form in their dispersion relation, at each Brillouin zone

boundary. The allowed electronic energy states thereby coalesce into bands, with forbid-
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1.2 Strong correlations in an insulating state

den gaps separating each band of allowed energy levels from the next. If we were to
consider a given material in the 7' — 0 K limit, then the identification of the highest occu-
pied energy level (termed the Fermi energy, Er) instantly identifies the material as being
either metallic or insulating in character.

For the case of Ef lying within a band, then a small amount of energy is easily capable
of exciting quasiparticles into the nearby energy states just above Ef; hence, the material
is a metal. This property of metals — namely the accessibility to numerous higher energy
states in close proximity to Er — gives rise to their excellent electrical and thermal con-
ductivities. The locus of points (in momentum space) at Er. (i.e. separating the filled from

unfilled states) is defined as the Fermi surface [14, 15].

Conversely, for the case of Er being located between two bands, this implies that a
much larger quantity of energy is required to excite a quasiparticle into the next available
energy level — hence insulators are very poor conductors, and do not possess a Fermi sur-
face. (In the case of being subjected to a very large electric field — say, during a lightning
strike — many insulators actually start to melt before this gap between allowed energy

bands is overcome.)

There are some notable cases where strong correlation effects break this model — for
example, in the case of the Mott insulator [16, 17]. There are yet others where both metallic
and insulating behaviours are exhibited within a single system; for example, topological
insulators have an insulating bulk, but an atomically thin metallic surface layer [7]. Even
more exotic is the recent observation of magnetic quantum oscillations — a hallmark of
metallic behaviour [18] — being hosted within the bulk of electrically insulating phases of
matter [19-25].
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Fig. 1.1. The Kondo effect. Left: The Doniach phase diagram for Kondo lattice materials,
illustrating the competition between RKKY and Kondo interactions. p denotes the con-
duction electron density of states per spin, and Ty is the Néel temperature. Note that in
the case of SmBg heavy f-states effectively dope the system, resulting in a strongly corre-
lated insulating ground state, not a Fermi liquid [26]. Right: Schematic of the Kondo lat-
tice model. Large randomly oriented localised moments on lattice sites (blue) are screened
by clouds of conduction electrons (pink) by Lenz’s law. Figure adapted from ref. [26] and
reproduced with permission.

1.2 Strong correlations in an insulating state

The Kondo effect

In 1964 Jun Kondo explained the intriguing observation that a non-magnetic metal with a
small number of magnetic impurities exhibits a minimum in its resistivity versus temper-
ature profile when cooled to low temperature [27]. This comes about due to the coupling
between the spin of conduction electrons, S, and the spin of the magnetic impurity ions,

4



1.2 Strong correlations in an insulating state

Si, which may be expressed formally by the following Hamiltonian:
H=1JS; S., (1.1)

where the magnitude of J gives the interaction strength between the two spins. The con-
duction electrons screen S;, leading to the formation of a non-magnetic Kondo singlet.
This gives an energy scale that is governed by the density of states at the Fermi energy,
g(Er), and J:

1 -1
ke~ ) P (Jg(EF))’ 1.2)

which allows us to define the Kondo temperature, Tk, as the temperature below which the
formation of such singlets is expected [28]. This description is also valid when extended
to a Kondo lattice model (where the magnetic ions are no longer just impurities but in-
stead form part of the crystal basis). In this case, in addition to screening the localised
moments on the ions, the conduction electrons can also mediate long-range magnetic
coupling between two local moments. This can give rise to the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction [29-31], which for different / competes with the Kondo effect
as depicted in Figure 1.1.

From a band theory perspective, the formation of Kondo singlets may be rationalised
as the hybridisation between dispersive d-bands with flat f-bands, leading to the open-
ing of a small indirect bandgap, in which Ef lies [32]. To date several Kondo insulators
have been discovered, generally incorporating 4/ elements such as Sm, Yb and Ce [33].
Depending on intricacies of the f-state correlations, Kondo lattice materials can be either

metallic or insulating in character.

Samarium hexaboride

The first Kondo insulator to be discovered was samarium hexaboride (SmBg), which in
1969 was found to exhibit a high electrical conductivity at room temperature that quickly
diminished on cooling, yielding an insulating ground state at low temperatures [35]. Be-

5



1. Introduction

Fig. 1.2. Prediction of SmBg as a topological Kondo insulator. Left: Brillouin zone of
SmBg. The blue curve depicts the expectation of a nonzero Chern number, C, on the
sphere labelled S%. Right: Surface state prediction for the (100) plane. The ochre circle
indicates the presence of a surface Dirac point, with arrows indicative of the suggested
spin structure. Left panel reproduced with permission from ref. [32]. Copyright (2010)
by the American Physical Society. Right panel reproduced from ref. [34] with permission
from Springer Nature.

yond the somewhat simplistic Kondo model explicated above, many of the physical prop-
erties of SmBg emerge due to it possessing a mixed valence character [36]. As all Sm lat-
tice sites are equivalent, two distinct valence states can therefore be mixed together in the
ground state and low lying excited states!. This gives a 4f occupation of ~ 5.4, and thus
a valence of ~ 2.5-2.6 [39]. This picture can be well described by a two-band Hubbard
model, explaining the formation of the insulating gap, which closes under small amounts
of doping to yield a magnetic metallic state [40].

Early experimental studies of SmBg yielded two strange experimental observations
that lay unresolved for a number of years — namely, the presence of a low temperature

resistance plateau for temperatures < 6 K, and a finite linear specific heat coefficient in the

! Analogous mixed valencies occur in the d-electron analogues FeSi and FeSb, [37, 38].
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Fig. 1.3. Quantum oscillations observed in the insulating bulk of SmBs. Quantum os-
cillations in the magnetic torque (left) of an SmBg single crystal mounted on a capacitive
torque cantilever (inset). The low temperature electrical resistance of SmBg in ambient
magnetic field (right, blue curve) is only modestly reduced upon application of a large
magnetic field of magnitude 45 T (green curve); hence, the observed oscillations at 0.35 K
are anomalously emanating from an insulating phase of matter. Insets show the (nor-
malised) resistivity to 300 K, and the magnetisation to 60 T. Figure adapted from ref. [19]
and reproduced with permission of AAAS.

zero temperature limit [41] larger in magnitude than that of its metallic cousin, LaBg [42].

The first of these anomalies — the low temperature resistance plateau — was addressed
in a 2010 theoretical work that predicted SmBg to be a topological Kondo insulator [32].
In this model, a saturating low temperature resistivity can be understood in terms of the
presence of a metallic surface state atop an insulating bulk, the formation of which shorts
the bulk conduction channel. This thereby leads to a plateauing conductance once the
surface state is stabilised at low temperature. A multitude of evidence indicative of the

presence of metallic surface states on SmBg has since come to light following that original
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Fig.1.4. Thermal anomalies in SmBg. Left: Specific heat capacity divided by temperature
versus temperature for an SmBg single crystal sample grown by the floating zone method.
The inset compares specific heat data for floating zone samples (blue and green points)
with that for a flux grown sample (red points). Right: Thermal conductivity divided by
temperature versus temperature squared. A clear enhancement of thermal conductivity
is observed for higher magnetic fields. The inset shows the same data with the quadratic
in temperature phononic contribution subtracted. Figure adapted from ref. [20] and re-
produced with permission of Springer Nature.

theoretical prediction [33, 34]; however, firm evidence of topological protection is yet to
be conclusively established.

The question of the second anomaly — the presence of a finite linear specific heat co-
efficient in the zero temperature limit — has also been revisited in recent years. Figure 1.3
shows magnetic quantum oscillations measured by the torque magnetometry technique
on an SmBg single crystal reported in ref. [19]. Remarkably, this study resolved quan-
tum oscillatory signatures characteristic of a bulk 3D metallic-like Fermi surface — despite
the bulk of SmBg being strongly electrically insulating. Comparison between the size of
Fermi surface pockets deduced from quantum oscillations, and the residual Sommerfeld
coefficient determined from heat capacity measurements (Fig. 1.4) show that the anoma-
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1.3 Iron diantimonide

lously high low temperature heat capacity of Kondo insulating SmBg can be thought of
as coming from itinerant fermionic quasiparticles, that couple to magnetic fields but not
to electrical fields (at least to first order) [20]. We will explore the implications of these
findings in greater depth in chapter 3.

1.3 Iron diantimonide

This dissertation examines the intermetallic compound iron diantimonide (FeSby). We
shall find that FeSbs exhibits several signatures underlining a dichotomy between insu-
lating and metallic behaviours, with electrical measurements indicating the presence of
a metallic surface state at low temperatures [43], yet remarkably the bulk of the material
yields magnetic signatures indicative of highly mobile fermions — despite being robustly

electrically insulating up to very high magnetic fields [44].

FeSbs is a strongly correlated d-electron insulator [47] that crystallises in the orthorhom-
bic Pnnm crystal structure (No. 58), and exhibits several similarities in common with
f-electron Kondo insulators [37]. Evidence of strong electron-electron interactions in
this material has been observed in a variety of physical properties, including electrical
and thermal transport [48], magnetic susceptibility [49], optical conductivity [50], specific
heat [51], and x-ray absorption spectroscopy [38].

At low temperatures 7 ~ 10 K a colossal Seebeck effect in FeSbs has been reported,
of § ~ -45 mV /K [45, 52] (Fig. 1.5). The possession of such a large thermopower has
seen numerous investigations into potential technological applications of this effect [37];
however, the thermoelectric figure of merit, ZT = ST /«p, is quite low owing to the high
thermal conductivity («) and electrical resistivity (p) [52]. While the microscopic origin
of the high thermopower is not well understood, it has been conjectured to arise from
strongly renormalised carrier masses, the transport of which may be assisted through the
phonon-drag effect [53-56]; however, a detailed understanding of the details governing
this interplay is yet to be fully realised [57].
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Fig. 1.5. Colossal Seebeck effect in FeSb,. Seebeck coefficient, S (left) and thermoelectric
power factor, S?p ! (right), where p denotes the electrical resistivity. T is the temperature.
Curves correspond to current orientations and magnetic field strengths as indicated. A
colossal value of § ~ -45 mV /K is reported for T ~ 10 K. Figure adapted from ref. [45] and
reproduced with permission.

As a corollary to these thermoelectric properties, the electrical transport behaviour of
FeSb, has been studied by several groups. Two indirect bandgaps have been reported, of
sizes ~ 14 meV (above 20 K) and ~ 3 meV (at lower temperatures) [58, 59], with Hall effect
studies indicating the presence of multiband competition [52, 60]. Meanwhile, optical
conductivity measurements detect a much larger direct bandgap of 130 meV [50].

Further effects of the strongly interacting ground state of this material have been un-
covered by introducing small doping quantities of Te [61], Co [62], and Sn [63] that reveal
a proximate transition to a heavy-fermion metallic state. A similar doping-induced evo-
lution, from strongly correlated insulator to disordered Fermi liquid, has previously been
observed in the related compound iron monosilicide (FeSi) [64-66]. FeSi also exhibits
several characteristics of Kondo insulator-like strong correlations [37, 67, 68]. Recent elec-
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Fig. 1.6. Metallic surface state on the FeSb, (010) surface. FeSb, angle-resolved pho-
toemission spectra (left) and interpreted surface Fermi surface sections (right). Figure
adapted from ref. [46] and reproduced under a Creative Commons license.

trical transport measurements on FeSi have indicated the presence of conductive metallic
surface states [69] — an interesting similarity with recent angle-resolved photoemission
spectroscopy results on FeSb, [46] (Fig. 1.6) — strongly reminiscent of previous findings
on SmBg [70, 71]. The relation of these findings to the case of FeSby will be explored in
chapter 6.

1.4 Thesis outline

This dissertation is organised as follows. Chapter 2 introduces some relevant theoretical
concepts pertaining to magnetic quantum oscillations, while chapter 3 gives an overview
of the nascent field of unconventional insulating materials. In chapter 4 the experimental
methods of sample preparation and subsequent measurement techniques are discussed.
Chapter 5 examines the magnetic properties of FeSbs to high magnetic fields, and reveals
that the insulating bulk exhibits magnetic quantum oscillations periodic in inverse mag-
netic field, indicative of an unconventional insulating Fermi surface. Three regimes of

11



1. Introduction

sharply contrasting insulating behaviour are identified and explored, with the unconven-
tional insulating quantum oscillations found to be intimately connected to a metamag-
netic transition, pointing to a magnetic origin to this phenomenon. Chapter 6 presents a
series of electrical measurements on FeSby, which indicate the presence of surface dom-
inated conduction at low temperatures, leading onto a discussion of anomalous non-
Ohmic resistivity characteristics in chapter 7, before concluding remarks are delivered

in chapter 8.
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Landau quantisation and associated

oscillatory magnetic phenomena

It’s still magic, even if you know how it’s done.

— Sir Terry Pratchett, A Hat Full of Sky

2.1 Landau quantisation of fermionic quasiparticles

One of the most powerful techniques for probing a material’s Fermi surface is through the
observation of quantum oscillations. This technique yields very high resolution across
each axis of k-space, along with important material parameters such as the (cyclotron) ef-
fective mass and the mean free path. However, such measurements are often challenging
to perform as they require high crystalline quality, low temperatures, and high magnetic
fields.

For free electrons in a magnetic field, B, the Schrodinger equation may be solved di-
rectly; however this is not the case when subjected to the periodic potential of a crystal lat-
tice. Nevertheless, a semiclassical picture can be obtained through the Bohr-Sommerfeld

13



2. Landau quantisation and associated oscillatory magnetic phenomena

Fig. 2.1. Landau tubes within a spherical Fermi surface. As the magnetic field, B, is
increased in strength, successive Landau levels cross the Fermi energy, resulting in the
manifestation of magnetic quantum oscillations. Figure adapted from ref. [18] and repro-
duced with permission.

quantisation condition [72].

For |B| # 0, electrons form orbits due to the Lorentz force. Using this semiclassical
picture, with the electron’s field momentum expressed in a gauge-invariant manner, it
may be easily shown [73] that the flux threading the particle’s real space orbit is quantised,
with the corresponding area enclosed by this orbit in reciprocal space, A, being equal to

2 1
A= %B (n + 5) : 2.1)

where 7 is an integer and 7 is the reduced Planck’s constant. (A full treatment is given in
the comprehensive review by Shoenberg [18].)
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2.1 Landau quantisation of fermionic quasiparticles

Furthermore, in a crystal, the introduction of a magnetic field causes the allowed k-
states to no longer form a neat periodic lattice, but instead they superimpose to form a
set of concentric cylinders of quantised cross-sectional area termed “Landau tubes” (fig.
2.1). At zero temperature, only those tubes of radius r < kr will be populated, where kr
denotes the Fermi wavevector (and for a spherical Fermi surface, the cross sectional area
A = nk?). As the field strength is increased, the Landau tubes’ radii shall also increase.
When r = kg, at a certain field strength for each particular Landau tube, there will be a
sudden increase in the density of states, g(Er). With increasing |B|, one Landau tube after

another will satisfy this condition, at field values given by:

hA 1

n

This allows us to derive the Onsager relation [74], relating the oscillatory period of g(Er)

to the Fermi surface’s cross-sectional area:

1 1 1 2me 1
Al—=]|= -— = —— 2.3
(B) B,.1 B, i A (2.3)

The frequency of the oscillations (in units of Tesla) is thus simply given by the reciprocal

of eqn. 2.3.

The corollary to this result is that properties that are analytically related to the free
energy, such as the magnetisation, will exhibit oscillatory components periodic in inverse
magnetic field strength. The experimental observation of quantum oscillations in the
magnetisation is termed the de Haas-van Alphen (dHvA) effect [75], whereas the likewise
observation in the electrical resistivity is termed the Shubnikov-de Haas (SdH) effect [76].
(It should be noted that although resistivity is not analytically related to the free energy,
it does have a strong dependence on g(Er) [77]).
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2. Landau quantisation and associated oscillatory magnetic phenomena

2.2 The theory of Lifshitz and Kosevich

Lifshitz and Kosevich extended the work of Onsager, by performing a detailed analytical
study of the dHVA effect as a measurement of the Fermi surface, for arbitrary dispersion
and including the effects of spin paramagnetism [78]. For brevity, we shall focus on the as-
pects of the Lifshitz-Kosevich (LK) theory that relate most pertinently to the experimental
quantum oscillation measurements presented in chapter 5.

For the oscillatory component of magnetisation measured by the dHVA effect, M, of a
(metallic) single crystal specimen, a concise form of the LK formula may be written as

_ 2
M o RyRpR - Z sin (%f + ¢>), (2.4)

f

where f denotes a specific oscillatory frequency branch corresponding to a Fermi surface
extremal orbit area (from eqn. 2.3), B is the magnetic field strength, ¢ is the oscillatory
phase, and Ry, Rp, and Rs denote damping factors for the effects of finite temperature,
impurity scattering, and spin-splitting, respectively [18, 79]. To change eqn. 2.4 from
a proportionality to an equality generally requires careful consideration of the specific
material in question - for detailed treatments, see for example refs. [18, 80]; however, the
core features of the theory can be captured by consideration of eqn. 2.4.

2.2.1 Damping factors
The effect of finite temperature

The above discussion of successive Landau tubes crossing the Fermi energy under the
modulation of a magnetic field was contextualised in the setting of zero temperature.
For temperature T = 0 K, the Fermi-Dirac distribution function, f(e) = (exp [%] + 1)_1
where € is energy, kg is the Bolztmann constant, and the chemical potential u |T:0 = Ey, is

a sharp step function going from 1 to 0 at the Fermi energy (Fig. 2.2). However, at elevated
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Fig. 2.2. Smearing of the Fermi-Dirac distribution with elevated temperature. The
Fermi-Dirac distribution at zero temperature (blue curve) becomes gradually smeared
away from a sharp step function as the temperature in increased (orange and red curves).
Figure created by the author utilising open source software under an MIT license [81].

temperatures this becomes smeared out as thermal fluctuations allow for higher energy
states to be occupied (within a characteristic width of ~ kgT) [77]. As it is the sharpness
of this step function at € = Er that gives rise to magnetic quantum oscillations, the effect
of elevated temperatures is thus to dampen the quantum oscillatory amplitude.

The temperature damping term Ry in eqn. 2.4 has the form

X
Ry = 2.
T sinh X (2.5)
where
3 QﬂQkBTm*' (2.6)
~ ehB ’
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2. Landau quantisation and associated oscillatory magnetic phenomena

thus, an effective cyclotron mass, m*, can be found by fitting the quantum oscillatory

amplitude to eqn. 2.5 as a function of temperature.

The effect of impurity scattering

In real bulk 3D materials, with ~ Na unit cells, there shall always exist some number of
crystalline defects. These may include inclusions of other elements (typical in flux growth
processes), or imperfections in the crystalline lattice itself, such as dislocations (typical in

high temperature growth processes).

The presence of such impurities results in scattering of the quasiparticle orbits that
give rise to the dHvVA effect; this leads to a shorter quasiparticle mean free path, 4 =
7vg, where v is the Fermi velocity and the impurity scattering rate is given by 771. The
impurity damping term Rp in eqn. 2.4, also commonly referred to as the Dingle damping
term [82], takes the form

-B
Rp = exp (TD) (2.7)
where the damping factor
fik
Bp = °F (2.8)
ed

In real space, an orbit’s radius r corresponding to a frequency branch f is given by

2h
r= ﬂe_B]; (2.9)

It is therefore often experimentally advantageous to perform measurements at high mag-
netic field facilities (such as those presented in chapter 5) in order to resolve high fre-
quency quantum oscillations, due to the fact that the exponent of eqn. 2.7 is inversely
proportional to the magnetic field strength. Additionally, given that A is fixed for a given
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2.2 The theory of Lifshitz and Kosevich

sample, r is inversely proportional to B, implying that for sufficiently large B orbits for
large f will be able to be accommodated without scattering off impurity content. In tan-
dem, these two considerations — the exponential damping of oscillatory amplitude, and
the effect of reducing real space orbit sizes with field — makes access to high magnetic
tield strengths a valuable tool for dHvA studies. However, it should be noted that such
measurements are often experimentally challenging due to the introduction of large vi-
brational noise components that must be balanced against the enhancement in signal from

these considerations.

The effect of spin splitting

The final damping factor of eqn. 2.4, Rs, concerns the effect of Zeeman splitting for oppo-
site spin quasiparticles in a magnetic field. The effect of this is to lift the degeneracy of

the two spin components, separating their energy levels by

B, (2.10)

where g* is the spin g-factor, and s the spin [80]. The contribution of spin-up and spin-
down quasiparticle orbits leads to a phase shift of the total oscillatory waveform [18]. This
can be described through a multiplicative attenuation factor of the oscillatory amplitude
by writing the spin splitting damping factor as

Rs :cos(ﬂég ms)’ (2.11)

me

where it should be noted that the effective spin-mass, m, is renormalised solely by electron-
electron interactions (unlike the term m* in eqn. 2.6 that is renormalised by both electron-

phonon and electron-electron interactions) [18, 83].
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2. Landau quantisation and associated oscillatory magnetic phenomena

2.2.2 Further considerations

The investigation of magnetic oscillations in metals has proved very fruitful over the past
century, with the theory governing magnetic quantum oscillations having been highly
developed and extended since the seminal work by Lifshitz and Kosevich [78]. The dis-
cussion of the LK theory presented above was deliberately focussed on the most salient
aspects governing the fundamental properties of magnetic quantum oscillatory phenom-
ena.

In some cases, additional effects will be important to take into consideration. For ex-
ample, when the curvature of the Fermi surface becomes large, so too does the number of
Landau tubes intersecting it. This leads to a marked reduction in quantum oscillatory am-
plitude, as the depopulation of allowed energy levels is almost constant in field (whereas,
for the simple spherical case given above, the curvature is low hence the depopulation is

very sharp).

Furthermore, throughout this discussion we have assumed that the applied magnetic
tield uoH = B, i.e. that the magnetisation of the sample itself is negligible compared to
the magnitude of the applied field. However, should the sample become strongly mag-
netised by the application of a large magnetic field, magnetic interaction effects can be-
come strong, whereby the oscillating magnetisation of the sample can approach the pe-
riod H?/f [73]. This can modify the waveform of the oscillations, greatly increasing the

harmonic content [18, 84].

Additionally, we have assumed that Ef is independent of field, which is true for the
vast majority of cases, provided that B/f remains small. As B/f approaches unity, we
begin to enter the quantum limit, which is easily experimentally attainable for materials
such as bismuth [85, 86]. Finally, another important phenomenon that should be men-
tioned is the effect of magnetic breakdown, where quasiparticles can tunnel from one
Fermi surface section through forbidden regions of k-space in order to reach an adjacent
Fermi surface section separated by a small energy & [87]. The criterion for the occurrence
of magnetic breakdown may be expressed as
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2.3 Probing the dHVA effect by torque magnetometry

fiw, > €2 /Er, (2.12)

where w. is the cyclotron frequency [18, 87].

2.3 Probing the dHvVA effect by torque magnetometry

For the sake of simplicity, when introducing eqn. 2.4, a concise form was deliberately
chosen in order to qualitatively highlight the most important general aspects of the LK
theory. However, in order to draw quantitative interpretations from quantum oscilla-
tion data, it is necessary to address specific features of both the measurement technique
employed and the material being studied. In the case of 2D materials, reduced dimen-
sionality can often simplify the problem, allowing for insightful quantitative information
about the density of states of the system to be analytically obtained [88, 89].

For the case of torque magnetometry performed on a 3D bulk metal — for which the
experimental procedure shall be introduced in section 4.2.1 — the first harmonic of the
oscillatory component of the torque, At, may be written as

of Vel ., I _(2nf
At = ; %7'/21/2—71%3 (27[ ‘aﬁﬂ‘) RTRDRS - SIn ? + ¢ , (213)
orpbits

where B denotes the effective magnetic field wavevector (to which the plane of A is or-
thogonal), V is the volume of the metal, and the other symbols are as introduced above [18,
79].

2.3.1 Determination of experimental torque amplitude

Torque magnetometers measure variations in a material’s magnetic anisotropy as a func-
tion of magnetic field, B [90]. The torque, 1, exerted on a sample of total magnetic moment
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2. Landau quantisation and associated oscillatory magnetic phenomena

n is given by T = m x B. The measured cantilever displacement, in units of capacitance,
may be converted to bulk magnetic moment per unit cell through the following proce-

dure.

The proportional change in the capacitance, C, associated with a small deflection of
the cantilever from its equilibrium position, denoted by ¢, is given by:

AC
T =uBsin(0) = Lké = Lkd - ok (2.14)

where 6 is the angle between B and m, L is the distance along the distal length of the
cantilever between the hinge and the sample, and for the final equality we have used the
fact that C is inversely proportional to the spacing, d, between the cantilever and base

plate.

Defining the magnetic moment in units of Bohr magnetons per unit cell as p, = /up -
Ve /s2, with Vi, .. the unit cell volume and s the volume of the sample, we may rearrange
Eq. 2.14 to obtain:

Vae Lkd AC
. = CY ’
ups3BC sin(0) Bsin(0)

Ap. = AC (2.15)

where « is a constant, of units ugTF .

2.3.2 Theoretically expected torque amplitude

By ref. [18] we can re-express eqn. 2.13 to write the theoretical quantum oscillation mag-
nitude of the first harmonic, y, measured by the torque magnetometry technique in the

limit of infinite field, zero temperature, zero impurities, and zero spin splitting, as:
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2.3 Probing the dHVA effect by torque magnetometry

3
Q= -£B e A sin(6). (2.16)
2t m f‘c’);ﬂ

We can normalise this to give the oscillation amplitude expected per unit cell, p;:

— |QO|VU.C.
MB

Pt

3 (o)}
.sin(H):T(r)Qn’Ze (k%) (?) - sin(6), 2.17)

where the Fermi wavevector kg = \/A/x = y2ef/h by eqn. 2.3, kpz = 27/Vo2 for unit cell
volume V,, ¢, and the anisotropy term ¥ (r) is defined as ,/27/ |6§ﬂl.

When we come to examine the quantum oscillations presented in chapter 5, approxi-
mating the effective mass, value of sin(#), and possible range of f(r) as each being in the
range 0.1-1 will thereby allow us to estimate the theoretical amplitude for bulk quantum
oscillations in the limit of low temperature, infinite field, and zero spin splitting.
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On the origin of insulating quantum

oscillations

If we want to solve a problem that we have never solved before, we must leave the door

to the unknown ajar.

— Richard P. Feynman

3.1 Review of unconventional insulators

Samarium hexaboride

In 2014, Li et al reported the observation of the dHVA effect in a torque magnetometry
study of SmBg [21]. The authors interpreted the quantum oscillation data as emanating
from a 2D surface state — however, a subsequent report the following year [19] showed
that several of the oscillatory frequency branches were almost isotropic in their angular
rotation with respect to magnetic field tilt angle, with too large an amplitude to emanate

solely from a surface layer, indicating the presence of a three dimensional Fermi sur-
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3. On the origin of insulating quantum oscillations

face somehow being hosted within the insulating bulk of the material. Complementary
thermal measurements [20] reinforced the evidence in favour of a charge neutral Fermi
surface, revealing anomalous specific heat and thermal conductivity properties highly
atypical of an electrically insulating phase of matter, implying the presence of charge-
neutral fermionic excitations coupling to magnetic fields, but not to electrical fields (at

least not in the dc limit).
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Fig. 3.1. Quantum oscillations from the bulk of the unconventional insulator SmBg.
Large amplitude quantum oscillations are resolved in the magnetic torque of SmBg (top),
exhibiting multiple frequency branches, as resolved by the fast Fourier transforms (bot-
tom). Figure adapted from ref. [91] and reproduced under a Creative Commons license.

These reports indicative of a charge-neutral Fermi surface in SmBg were subsequently
questioned by other studies. For example, ref. [92] was unable to reproduce the ther-
mal measurements, whereas ref. [93] reported quantum oscillations from embedded alu-

minium in flux-grown samples. However, a comprehensive analysis performed in ref. [91]
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Fig. 3.2. Insulating Fermi surface in SmBg. dHVA effect of an SmBg single crystal mea-
sured by capacitive torque magnetometry (left), similar to that presented in Fig. 3.1. Inset
shows high frequency components resolved at high magnetic fields. Multiple Fermi sur-
face sheets (right) are observed, corresponding to the different quantum oscillatory fre-
quency branches. High frequencies correspond to the large a sheets, while the lower fre-
quencies indicate the presence of multiple ellipsoidal pockets labelled p. Figure adapted
from ref. [20] and reproduced with permission of Springer Nature.

shows that the sample purity of specimens studied in refs. [92, 93] is very much inferior
to that of the impurity-free SmBg samples grown by the floating zone technique that were
observed to host quantum oscillations in refs. [19, 20].

Furthermore, several recent studies have corroborated the interpretation of dHvVA ef-
fect data put forth in refs. [19, 20], of the insulating bulk of SmBg possessing a 3D Fermi
surface in the absence of a Fermi liquid. For example, in ref. [94] Compton scattering
measurements are interpreted to indicate a ‘remnant’ Fermi surface in SmBg, where sig-
natures of a bulk Fermi surface are observed. However, despite the resolution of sharp
steps indicative of the Fermi level lying in a band, the intensity of the Compton signal
is much lower than would be observed for a metal, implying that perhaps only half of
the expected quasiparticles are contributing to the Fermi surface signatures. Meanwhile,
ref. [95] recently reported bulk magnetoquantum oscillations of the specific heat, exhibit-
ing a similar angular evolution to the dHvA studies of refs. [19, 20] (albeit with seemingly

higher effective quasiparticle masses).

While several open questions about SmBg remain unresolved [34], the best evidence

in favour of the veracity of the phenomenon of unconventional insulating Fermi surfaces
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later came from corollary discoveries across other insulating materials families.

Ytterbium dodecaboride
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Fig.3.3. dHvA and SdH effects observed in YbB15. Quantum oscillations in the magnetic
torque (left) and electrical resistivity (right) of YbB1>. Both measurement techniques re-
veal a relatively slow prominent oscillation of frequency ~ 700 T. Left panel adapted from
ref. [23] and reproduced with permission of AAAS; right panel adapted from ref. [96] and
reproduced under a Creative Commonts license.

The rare earth dodecaboride YbBi5 is a close cousin to SmBg, hence it was a natural
material to next be investigated. It was also found to manifest the dHVA effect [22] —
but strikingly, it also exhibited the SAH effect at very high fields [23, 97, 98]. The lack
of SAH but presence of dHVA oscillations in SmBg was taken to imply the attendance
of charge neutral fermions — while YbB1> has also been seen to exhibit anomalous ther-
mal properties [99], the manifestation of quantum oscillations in the highly insulating
resistivity was an intriguing new development. Furthermore, despite the chemical sim-
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Fig. 3.4. Insulating Fermi surface in YbBy. Fast Fourier transform amplitudes (left)
of YbB12 dHVA data at incremental temperatures, and corresponding Lifshitz-Kosevich
temperature dependence. Small Fermi surface sections (right) are found to possess rela-
tively high masses - in stark contrast to SmBg. Figure adapted from ref. [22] and repro-
duced with permission of IOP Publishing.

ilarities between the two rare-earth borides, their quantum oscillatory properties were
very different, with SmBg yielding features indicative of a light, conduction electron-like
Fermi surface, whereas YbBi2 exhibited a small, heavy Fermi surface akin to that of a
semimetal. These contrasting observations hinted strongly that there may be numerous

possible routes to the attainment of Fermi surfaces in unconventional insulators.
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Fig. 3.5. Magnetoquantum oscillations reported in a monolayer tungsten ditelluride
device. Left: Schematic illustration of the device design. Right: Remarkably, despite ex-
hibiting a resistance in excess of 10® Q, the magnetoresistance profile is completely domi-
nated by an oscillatory component periodic in inverse field. Figure adapted from ref. [24]
and reproduced with permission of Springer Nature.

Beyond Kondo insulators

Recently, two very different materials — monolayer tungsten ditelluride (WTez) [24] and
bulk crystals of the alpha allotrope of ruthenium trichloride (a-RuCl3) [25] — have also
been reported to exhibit oscillatory phenomena periodic in inverse magnetic field, despite
both being strongly insulating. However, at present there are some outstanding questions

over these discoveries.

WrTe; is a Weyl semimetal, with isolated monolayers previously shown to have con-
ducting helical edge states surrounding an insulating bulk [100]. In 2021 it was reported
in ref. [24] that this bulk insulating interior of WTes monolayers exhibits magnetic quan-
tum oscillations in electrical transport — despite being extremely resistive, of order 10° Q
(Fig. 3.5). However, this result was subsequently questioned in ref. [101], which posited
that the oscillatory signal may instead be an artifact of the graphite gate. While ref. [24]
includes some data collected on devices fabricated without graphite gates, which do
show an oscillatory component, these data are not as convincing as those collected from
graphite gated devices such as in Fig. 3.5. As such, it remains to be seen whether these
results are corroborated by other groups; however, promising new findings by the au-
thors of ref. [24] indicate that other related materials may also exhibit insulating quantum
oscillations [102].
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Fig. 3.6. Oscillations of the thermal conductivity in the putative spin-liquid state of
@-RuCls. Left: Phase diagram for magnetic field applied along the g-axis of @-RuCls.
Right: Longitudinal thermal conductivity divided by temperature, «.. /7T, versus applied
magnetic field strength oriented along the a-axis. An oscillatory profile of low frequency
is resolved, which the authors assert to be periodic in inverse magnetic field strength
(despite only a small number of wavelengths being observed before transitioning into
the paramagnetic state above ~ 11 T). Figure adapted from ref. [25] and reproduced with
permission of Springer Nature.

a@-RuCl3 is a magnetic insulator, widely regarded to be a Kitaev quantum spin lig-
uid candidate [103, 104]. In 2021 it was reported by ref. [25] that in the putative spin
liquid phase, large amplitude low frequency magnetic oscillations are exhibited by the
longitudinal thermal conductivity. The authors fit the oscillatory maxima and minima
(admittedly small in number) and make the interpretation of them being periodic in in-
verse magnetic field strength, and hence indicative of Landau quantisation. Interestingly,

the oscillations are quenched upon transitioning into the paramagnetic state above ~ 11 T.

However, this interpretation has recently been questioned by ref. [105], which repro-
duces the experimental results and interprets them as being indicative not of magnetic

quantum oscillations originating from chargeless itinerant quasiparticles, but instead at-
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tributes the features to a series of field-induced phase transitions. Recently, another group
investigating this material has also interpreted their preliminary observations in the con-
text of this model of magnetic phase transitions as opposed to magnetic quantum oscilla-
tions [106]; hence, careful further study of this phenomenon is urgently called for.

However, the possibility that WTes and @-RuCl3 may be potential new additions to
the list of unconventional insulating materials discovered to date opens the horizon of
this nascent field, implying that the range of material classes — and likely the causal mi-
croscopic mechanisms — of this phenomenon may be much more diverse than initially
assumed purely in the case of Kondo insulators. As we shall see in chapter 5, FeSbs
is another member of the unconventional insulating family — however, FeSby exhibits
markedly different characteristics than any of the materials reviewed in this chapter, af-

fording us a much clearer view to the origin of this paradoxical phenomenon.

3.2 Theoretical proposals for insulating Fermi surfaces

As discussed in chapter 2, our conventional theoretical framework describing magnetic
quantum oscillations [18, 107-112] is premised on Landau quantisation of itinerant (charged)
fermionic quasiparticles having a large number of proximate available energy levels, thus
being exclusive to Fermi liquids in metallic materials at low temperature. Thus, since the
seminal report of the dHVA effect emanating from the insulating bulk of SmBg [19], a
multitude of new theoretical proposals have been put forth [113-153] in attempt to rec-
oncile the paradoxical observations of Fermi surfaces hosted within the bulk of electrical
insulators.

A number of these theories postulated some extrinsic origin to the observed mag-
netic quantum oscillations, such as through substitutive impurities introducing impurity
bands, or invoking the effects of vacancies [125-128]. However, the strong correlation be-
tween sample purity and quantum oscillatory amplitude in later studies [23, 91, 97], the
correspondence between the observed bulk quantum oscillations and attendant bulk ther-
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mal properties [20, 99], and the variety in observed quantum oscillations across disparate

unconventional insulating materials families argues strongly against such an explanation.

Other theories seek to reconcile these experimental observations by attributing them
to tunnelling effects, or by proposing Kondo breakdown at the surface [137-141]. How-
ever, tunnelling effects are unlikely to be the case due to the disagreement between these
models” temperature dependence of quantum oscillation amplitude with that observed
experimentally. Kondo breakdown models are also unlikely, as while these theories were
posited in the case of SmBg, later work on YbB1> — which exhibits an experimentally ac-
cessible insulator-metal transition at ~ 50 T — revealed strong similarities between the
(bulk) metallic Fermi surface and (bulk) insulating Fermi surface. In addition, the fact
that YbB2 exhibits both dHvA and SdH signatures characteristic of a bulk 3D insulating
Fermi surface, but SmBg only exhibits such features through the dHvA effect, indicates
that there may be numerous possible routes to manifesting an insulating Fermi surface.
The recent observations in the disparate materials WTe; and @-RuCls further underline
this point. As we shall see in chapter 5, FeSb, exhibits bulk magnetic properties strongly
interconnected with the insulating quantum oscillations, helping to shed light on the mi-
croscopic origins of this phenomenon.

A number of proposed theories have instead focused on the intriguing possibility that
these materials possess low energy charge-neutral excitations, of either excitonic [117-
122] or Majorana [113-116] character. Thus, they are posited to be able to host neutral
Fermi surfaces. Those exploring excitonic effects build on previous work that considered
potential charge-neutral Fermi surfaces in single band Mott insulators [154-157]. As an
example, ref. [118] posits that the presence of strong correlations and intermediate va-
lence allows the bulk of SmBg to host electrically neutral gapless fermionic excitations
(Fig. 3.7). The authors refer to these excitations as composite excitons, and show that they

can qualitatively capture several of the anomalous properties of this material.

Alternatively, refs. [113-116] use the fact that Majorana fermions are (by definition)
their own antiparticle [158], and hence charge-neutral, to come to a similar inference that
SmBg hosts a neutral Fermi surface. This was also partly motivated by the observation
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DOS

Fig. 3.7. Charge neutral excitonic models for SmBs. Left: Computed Mexican hat-
like band structure, caused by strong Coulombic repulsion between localised samar-
ium f states in SmBg, giving rise to a large density of states (DOS). This interaction is
posited to give rise to the excitonic pairs (in red ellipses). Right: Alternative excitonic
model for SmBg, wherein the bulk hosts a composite exciton Fermi liquid, which can
host a charge-neutral Fermi surface and thus give rise to magnetic quantum oscillations.
Within a length scale ¢ of the surface, fermionic composite excitons are posited to de-
couple, resulting in a metallic surface state. Left panel reproduced with permission from
ref. [117]. Copyright (2017) by the American Physical Society. Right panel reproduced
from ref. [118] under a Creative Commons license.

that SmBg exhibits quantum oscillations in its magnetisation but not its resistivity — as we
shall see in later chapters, FeSb, is similar in this regard, while also exhibiting fast, light
oscillations reminiscent of SmBg (and quite distinct from the heavy slow oscillations of
YbB12). The discovery of an analogous material in this respect thus helps to constrain this
multitude of theoretical speculation. Indeed, further constraint on future theoretical mod-
els is forthcoming from the anomalous magnetic effects of FeSbo — which at the highest
tields sees a metamagnetic insulator—to—insulator transition wherein the anomalous insu-
lating quantum oscillations are abruptly quenched, in stark contrast to numerous models
explored above [125-128, 137-141].
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It is not enough to acquire wisdom; it is necessary to employ it.

— Marcus Tullius Cicero

This chapter outlines sample preparatory procedures and experimental measurement
techniques. Growth processes for obtaining single crystal specimens of FeSby are dis-
cussed, before leading onto a discussion of characterisation experiments. A suite of sam-
ple purity analyses is presented, establishing the very high purity of the crystals studied
in this thesis. Measurement techniques for various experiments at high magnetic fields
are introduced, encompassing various magnetic and electrical physical properties, for

which data on FeSb, are presented in the following chapters.
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4.1 Sample preparation

411 CVT growth

All measurements on FeSb; presented in this thesis were performed on samples grown
by Kejun Xu of the Shen group, Stanford University. Single crystal samples were grown
by the chemical vapour transport (CVT) method. The low-temperature CVT method
avoids the possibility of introducing extraneous flux inclusions, impurities, and disor-
der through higher temperature growth conditions. Starting materials of 99.995%at Fe
and 99.999%at Sb, in stoichiometric ratio, were placed at one end of a quartz tube along
with approximately 1 mg/cm? of I, (as the transport agent), and sealed under vacuum.
Growth was conducted at a 750 °C — 650 °C temperature gradient and was maintained
for one week. After the growth, the charge end was quenched to rapidly condense any
remaining vapour, in order to preserve pristine surfaces on the FeSby crystals. Typical

3

as-grown single crystals are ~ 1 x 1 X 1 mm?” in size, with the largest specimens weighing

up to ~ 5 mg each.

4.1.2 FeSby sample characterisation and purity determination

In order to quantify the purity of our FeSbs crystals, a suite of characterisation measure-

ments was undertaken.
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Fig. 4.1. X-ray diffraction studies of FeSby. (A) Measured powder x-ray diffraction
data, black line, plotted alongside purple, blue, and red lines indicating literature data
for FeSby [159], elemental Sb [160], and elemental Fe [161], respectively. The smooth
background at low 26 is primarily due to fluorescence signal. All peaks correspond to
the known crystallographic phase of FeSbs; no extraneous peaks from impurity phases
were resolved. Inset: The inset shows the same sample in the region around the largest Sb
peak from the literature, at 26 = 28.6° (marked in blue), plotted on a logarithmic scale. No
evidence of elemental Sb inclusions were resolved, to the resolution of this measurement.
(B) Energy-dispersive x-ray diffraction spectrum. A single crystal of FeSbs was measured
using a ZEISS GeminiSEM 300 running 20 kV, using an Oxford Instruments X-Max[N 50
EDS detector. No deviations from the expected stoichiometry were observed within ex-
perimental limitations in three area scans of different faces of a FeSbs sample, shown in
cyan (225 pm?), pink (225 pm?), and green (1200 pm?).
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Fig. 4.1. (cont.) Inset: A line-scan along a surface of the FeSb single crystal, showing no
indication of Fe or Sb inclusions within the resolution of the measurement. (C) Lauegram
with x-ray beam aligned along the [001] direction of an as-grown CVT FeSb, specimen.
Single crystallinity is evident, with all spots as expected for this material [162]. The [010]
and [100] directions are indicated for reference. (D) Marcasitic crystal structure of FeSbo,
with lattice constants: @ = 5.83 A, b = 6.53 A, and ¢ = 3.19 A [163, 164]. The Fe ions are
surrounded by octahedra of Sb ions, which share an edge in the (110) plane.
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Fig. 4.2. Inverse residual resistivity ratios for various FeSb; sample batches. Resistance
R at temperature T divided by the resistance at 300 K, for various FeSb, sample batches
as indicated, plotted versus temperature. Sample batches were grown by our collabo-
rators in Stanford, with different growth batches often trialling starting materials from
differing sources, in order to optimise the procedure for obtaining high quality crystals as
characterised by high iRRR values.

38



4.1 Sample preparation

iRRR

All samples presented in this thesis were initially screened by their inverse residual resis-
tivity ratios [iRRR = R(T =2 K) / R(T = 300 K), where R is resistance and T is temperature].
A high iRRR is indicative of high sample purity — whereas a low iRRR indicates that the
presence of defects such as vacancies, grain boundaries, substitutive impurities etc are
contributing to higher rates of scattering (and thus a lower iRRR). Samples investigated
in this dissertation exhibit iRRR values up to ~ 10° (Fig. 4.2), an order of magnitude higher
than in previous reports, signalling very high purity [58, 165]. For the quantum oscillation
study presented in chapter 5, samples with iRRR values > 10° were selected.

It should be noted that, as shall be examined in chapters 6 & 7, FeSbs exhibits surface
dominated conduction at low temperatures that is highly non-Ohmic in character. There-
fore, an identical procedure for obtaining the iRRR was performed on each measured
sample. Furthermore, it should also be noted that the development of surface dominated
conduction at slightly different temperatures for differing samples may lead to variations
in the obtained iRRR value that are not directly correlated to sample purity. Therefore in
future, comparison of iRRR results obtained in the manner performed here, along with
the temperature profile of the isolated surface and bulk conductivity components, would
be informative with regards to better comparing the effects of sample quality on electrical

conductivity.

PXRD

As-grown crystals of FeSby were ground into a fine powder for powder x-ray diffraction
(PXRD) to identify the primary phase and any impurity phases (Fig. 4.1A). PXRD was
performed using Malvern Panalytical X'Pert and Empyrean diffractometers with a Cu
Ka excitation source. Coarse scans were performed through 26 from 25° to 90° over 30
minutes, accompanied by fine scans to check for Sb impurities through 26 from 24° to
32° over 15 minutes for each scan, with a total of 11 scans added together. All observed
peaks correspond to the known crystallographic phase of FeSby, with marcasitic struc-
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ture (Fig. 4.1D). No impurity peaks corresponding to Sb inclusion or any other impurity
phases were observed down to < 0.5%at.

EDX

Energy-dispersive x-ray diffraction (EDX) was performed on a single crystal of FeSb,
using a ZEISS GeminiSEM 300 running 20 kV using an Oxford Instruments X-MaxIN 50
EDS detector. No deviations from the expected stoichiometry were observed on three
separate scans, as shown in Fig. 4.1B. Scans were performed on three regions on different
faces of a FeSby sample, with surface sizes between 200 pm? and 1200 pm?. The elemental
ratios of Fe : Sb for the three regions were found to be 0.494, 0.496, and 0.493 with an
error of 0.01 from calibration. To detect potential elemental Sb inclusions, a line scan was
performed along 40 pm of the sample to search for any small regions with a possible
change in stoichiometry. No elemental Sb (or Fe) inclusions were resolved within the
resolution of the measurement. These measurements were performed in collaboration

with S. M. Fairclough of the Department of Materials Science, University of Cambridge.

Laue diffractometry

X-ray Laue backscattering imaging was performed with a Multiwire Laue camera to de-
termine the single crystallinity of the grown crystals and to select and orient as-grown
single crystal samples. All crystals showed well-defined spots in the Laue diffraction
pattern, an example of which is shown in Fig. 4.1C, evidencing high single crystal quality.

Mass spectrometry

Chemical impurity analysis was performed with inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) by Exeter Analytical UK Ltd. Samples from the same growth

batches as those used in quantum oscillation measurements were used, with a total mass
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of 55 mg to allow for a broad multi-element scan with high levels of precision. The sam-
ples were digested in a nitric acid matrix under the application of microwave radiation,
then introduced to the ICP-OES (in combination with internal standards, to aid precision).
Impurity concentration is ruled out to 100 parts per million. The full results are shown in
Table 4.1.

Concentration Elements
(parts per million)

<10 Ag, Al, As, B, Ba, Be, Ca, Cd, Co, Cu, Dy, Er, Eu, Hg, Ho,
In, I, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Ni, Os, Pb, Rb,
Re, Ru, Sc, Se, Si, Sn, Sr, Tb, Ti, Tm, V, Y, Yb, Zn, Zr

<20 Au, Ga, Ge, Hf, Pr, Rh, Sm, T1
<30 Bi, Nd, P, Pd, Pt

<40 \

<50 Ce

50-100 S

> 100 None detected

Table 4.1. Chemical impurity analysis through mass spectroscopy. Chemical impurity
analysis using inductively-coupled plasma optical emission spectrometry performed on
FeSb, samples from the same growth batches as those used in the quantum oscillation
measurements. Pristine sample quality is indicated, with no impurities detected above
100 parts per million.

Magnetic susceptibility measurements

Magnetic susceptibility measurements shown in Figure 4.3 were taken at 1.8 K with mag-

netic field oriented along the [001] direction. Additional magnetisation measurements,
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4. Experimental methods

taken as functions of both field and temperature for various magnetic field alignments,

are discussed later in section 5.6.1.

The sample magnetisation as a function of applied magnetic field was fitted with a
Langevin function to approximate the level of magnetic impurity content. The magneti-
sation per mole was fitted by:

(4.1)

eH kT
M(H,T) = xpuH + Cimpurity Meff (COth (,ue ) - ) ,

ksT | pettH

where ypyik is the intrinsic bulk susceptibility, H is the applied magnetic field strength,
Cimpurity 18 the impurity concentration, kp is the Boltzmann constant, and T is tempera-
ture [166]. The effective magnetic moment, 1., was set as a free parameter in the fit, and
yielded a value of 5.4(3) ug. The fit limits any magnetic impurity content to 60(20) parts

per million.

Specific heat capacity

The specific heat capacity of a single crystal of FeSby was measured to high precision at
low temperatures on a zero field cooled sample by using the cooling relaxation technique.
Heat capacity measurements in zero applied magnetic field reveal a finite Sommerfeld
coefficient y = 0.19(2) mJ mol~! K2 at the lowest measured temperature of 0.75(5) K
(Fig. 4.3). These measurements were performed in collaboration with S. Yamashita of
Osaka University.

Raman spectroscopy

A complementary study of sample purity was performed by measuring the Raman spec-
tra of our FeSby single crystals and making a comparison with elemental Sb. Raman
scattering was excited by a HeNe laser operating at 632.8 nm, appropriately filtered to

suppress the plasma line. Measurements were conducted at both room temperature and
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Fig. 4.3. Magnetisation and specific heat of single crystal FeSby. Left: Magnetisation
of an FeSby crystal measured in a Quantum Design MPMS at 1.8 K. The black dashed
line is a fit to eqn. 4.1. Magnetic field was applied along the [001] crystallographic di-
rection. A small paramagnetic component at low field is observed, due to the presence
of a small quantity of magnetic impurities. These moments are quickly saturated, with
the bulk (diamagnetic) response of the sample dominating for higher fields. Inset: An
as-grown FeSbs specimen grown via the CVT method, imaged using a scanning electron
microscope. Right: Specific heat divided by temperature versus squared temperature. A
linear fit to the low-temperature region yields a value of the Sommerfeld coefficient (y) as
0.19(2) mJ mol~! K™2. Inset: Specific heat of a different FeSbs crystal measured up to 80 K.
Error bars in all plots are the standard deviation from computing the mean of multiple
measurements.

at 4 K, with the sample thermally bonded to a coldfinger cryostat. Up to 3.0 mW was fo-
cused onto the sample via an Olympus 50x long-working-distance 0.5 NA objective. The
objective also collected the Raman scattered light, which was analyzed by a Jobin-Yvon

T64000 spectrometer operating in subtractive mode.

Raman peaks for the six vibrational modes allowed by selection rules are seen and in
good agreement with DFT simulations of FeSb, [167], with no extraneous peaks observed.
These measurements were performed in collaboration with R. Phillips of the Cavendish

Laboratory.
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Fig. 4.4. Raman spectra of single crystalline FeSby. Raman spectra of a single crystal of
FeSb, (blue) and elemental Sb (orange) taken at 300 K, both of which were excited and
measured normal to the (110) face. No contribution from elemental Sb can be resolved
in the FeSb; Raman spectrum. (Inset) Raman spectra of the same FeSbs sample obtained
at T = 4 K; the green spectrum was excited and measured normal to the (110) surface,
the purple spectrum was excited and measured along the [001] direction, and the red
spectrum was excited along [001] and measured normal to the (110) face. The six allowed
vibrational modes, B, gls Big2, Bag, Bsg, Ag1, and Ag2, corresponding to FeSbo, are marked.
Raman peaks for all six vibrational modes allowed by selection rules are observed and in
good agreement with DFT simulations [167].

Summary of sample characterisation and purity analyses

Here we summarise results of characterisation methods that we use to establish the bulk
intrinsic character of quantum oscillations in insulating FeSby. Mass spectroscopy on
crystals from the same batch as those used in high field measurements observed an over-
all impurity content upper bound of 100 ppm. A Langevin fit to the measured magnetic

susceptibility, which is sensitive to magnetic impurities and lone spin contributions, lim-

44
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its extrinsic magnetic content to 60(20) ppm. Energy-dispersive x-ray diffraction, which
probes spatial variations in elemental content, resolved no elemental Sb nor other im-
purity content. Powder x-ray diffraction further confirms the crystallographic phase of
FeSby and rules out elemental Sb and other impurity inclusion to < 0.5%at. Hence, we
can conclude that the FeSby samples examined in this study are of excellent quality.

4.1.3 SmBg sample preparation

In a number of places in chapters 6 & 7, comparisons are drawn between the electrical
behaviour of FeSby and that of the Kondo insulator SmBg. All measurements presented
on SmBg were performed on samples grown by M. Ciomaga Hatnean of the Balakrishnan
group, University of Warwick.

Single crystal specimens of SmBg were prepared by the floating zone method in an
image furnace using 99.9% purity SmBg powder [168]. Grown boules were aligned with
a Laue x-ray diffractometer, then cut into rectangular cuboidal samples, with two dom-
inant (top and bottom) surfaces, using 25 um tungsten wire in an abrasive solution of
small diamond fragments suspended in glycerol. Samples were then electropolished in
dilute perchloric acid to remove strain damage from cutting as per the procedure given

in ref. [169], resulting in pristine surfaces.

4.2 Measurement techniques in high magnetic fields

Data presented in this dissertation, collected at low temperatures to applied magnetic
tield strengths limited to < 14 T, were measured using the Advanced Materials Charac-
terisation Suite at the Maxwell Centre, University of Cambridge, using Quantum Design
Ltd Physical Properties Measurement Systems (PPMSs) for electrical measurements and
Magnetic Properties Measurement Systems (MPMSs) for magnetic measurements.

All measurements presented in this thesis to applied magnetic field strengths > 14 T
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were performed at high magnetic field facilities. These include the dc magnetic field fa-
cilities The National High Magnetic Field Laboratory, Tallahassee, Florida, USA, and the
High Field Magnet Laboratory, Radboud University, Nijmegen, The Netherlands. Pulsed
field measurements were undertaken at the Hochfeldlabor, HZDR, Rossendorf, Dresden,
Germany, and at the International MegaGauss Science Laboratory, Institute for Solid State
Physics, University of Tokyo, Tokyo, Japan. Excellent reviews of high magnetic field fa-
cilities are given in, for example, refs. [169-171]; for brevity, this section omits such a
review of the engineering aspects of high magnetic field science, focussing instead on the
measurement techniques themselves — and on the specific aspects of these experimental
methods that are most salient for the interpretation of the data presented in chapters 5, 6
&7.

4.2.1 Capacitive torque magnetometry

Torque magnetometry measurements presented in chapter 5 were performed in dc
magnetic fields of strengths up to 45 T. Cantilevers were laser-cut from a 20 pm thin sheet
of non-magnetic BeCu into flexible T-shaped pieces, with narrow tails and wide rectan-
gular heads, a schematic of which is given in Fig. 4.5. After sample mounting, cantilevers
were secured at the narrow end so as to have the head suspended above a Cu film, thus
forming the two plates of a capacitor. The change in capacitance of this configuration was
measured by a General Radio analogue capacitance bridge in conjunction with a phase
sensitive detector.

This configuration of cantilever and base plate was mounted on a rotatable housing
unit capable of rotating through 27 radians in a plane parallel to that of the applied mag-
netic field. A Hall probe was affixed to this unit, allowing for accurate determination
of the angle between sample orientation and applied magnetic field. Proximity to highly
symmetric crystallographic directions was verified by the observation of vanishing torque
signals accompanied by a change of sign of the magnetic torque background with increas-
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Fig. 4.5. Alignment of single crystal FeSb, samples with respect to torque cantilever
rotation. (A) Alignment configuration in the ¢ — a rotation plane, allowing for magnetic
tield to be applied parallel to the [001] and [100] directions, as well as through the vectors
normal to the (101) and (101) planes. The [010] direction is indicated to aid perspective,
which is oriented orthogonal to the plane of rotation. The angle 8 between [100] and
the vector normal to the (101) plane is 61.3°, hence the angle between [001] and the vector
normal to the (101) plane is 28.7°. (B) Alignment configuration in the ¢ —ab rotation plane,
allowing for magnetic field to be applied normal to the (110) and (111) planes, as well as
along the [001] direction.
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ing field on either side of the axis of symmetry.

For the sample presented in Fig. 5.3, which has dimensions of 0.95 x 1.12 x 0.57 mm3
and a mass of ~ 1 mg, the total deflection of the cantilever up to the maximum applied
magnetic field of yoH = 45 T was < 0.01 radians, small enough to remain well within
the elastic limit and to preclude torque interaction effects. Other measured samples have

similar dimensions, and smaller deflections, compared to this sample.

4.2.2 Electrical transport measurements
dc magnetic field measurements

Resistance measurements were obtained using a standard 4-terminal technique, with
current sourced/drained through the two outermost leads, and the potential difference
across a portion of the sample measured by the two (inner) voltage leads. Samples were
contacted with Au wires using DuPont 4929N silver epoxy thinned with 2-butoxyethyl
acetate to obtain a suitable consistency with low contact resistance (~ 1 © at 300K). Some
samples were also spot welded, with no discernible differences in results between the two

preparation techniques.

At high magnetic field facilities, ac excitations were sourced from Keithley 6000-series
current sources, with the potential difference across the sample measured by Stanford
8600-series lock-in amplifiers. For measurements in fields < 14 T performed in Cam-
bridge using a Quantum Design PPMS cryostat, several measurements were performed
using the BRT resistivity option sourcing dc excitations. This was utilised due to the
sensitivity of surface states to ac excitation frequency as explicated in the overview of
the measurement suite presented in chapter 7. For these measurements, voltages were
obtained by averaging the absolute value of the potential drop across the sample from
positive- and negative-polarity dc excitation currents, thereby eliminating any possible
errors from dc offset voltages. dc square waves were sourced at a frequency of 8.33 Hz,

with each measurement point being comprised from the average of 25 individual read-
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ings.

Measurements of carrier density and mobility in dc fields

S —

Hall-bar van der Pauw Corbino disc

Fig. 4.6. Wiring configurations for extracting transverse magnetoresistivity compo-
nents. The respective geometries for Hall-bar, van der Pauw (vdP) and Corbino disc
measurements. xx subscripts refer to the longitudinal component, while xy denotes the
transverse component that is of interest when performing Hall measurements.

Hall effect measurements were performed using Hall-bar and van der Pauw (vdP)
geometries (Fig. 4.6). Quantitative values for the carrier density, n, and carrier mobility, 4,
can be extracted from the transverse voltage, V,,, in an applied magnetic field, of strength
toH, assuming the domination of one species of charge carrier. We can write the Hall

coefficient, Ry, as

1V, 1
Ry=—t=—, (4.2)
poHI  ng

where ¢ is the sample thickness (perpendicular to the xy plane), I is the magnitude of
the current, and ¢ is the negative (positive) elemental charge for electrons (holes) [172].
Hence, n is easily obtained.

We can reconsider Ry in terms of u, by writing Ry = pu, where p is the resistivity of
the material [172]. Thus,
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- qtVyy
 poHI’
Ve (4.3)
M= :
poHIp

Measurements of n and u were also performed using the Corbino geometry [173]
(Fig. 4.6). In the case of Corbino disc measurements, current is sourced between an in-
ner circle (of radius r;,) and a concentric annulus (where the inner part of the annulus is
a distance r,,; from the centre of the inner circle). Under the application of a magnetic
tield out of the plane of the disc, the charge carriers perform cyclotron orbits, thereby
modifying the observed resistance of the disc.

Assuming that the observed resistance of the Corbino disc will be dominated by a 2D

metallic surface state, we may write the two-terminal resistance of the disc, Rcorbino, as

Ly fou (4.4)

o Vin

Rcorbino = 5

where o7 is the surface conductivity [174]. Thus, in a magnetic field, B, oriented at angle
« out of the plane of the disc, for elementary charge e, we observe

In " 1 4 (4B sin(a))?

Rcorbino (B ) = i

4.5
2n ne (45)

Therefore, for a given @ we find the carrier concentration to be described by

In 2 1 + (uBsin(a))?

n= . (4.6)
2n Rcorbino€ i
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We can thus eliminate the dependence of Rcorino ON 1 by taking a ratio at two different
values of a, by considering

Ra =1+ (uBsin(a))?, 4.7)
Ry

where R denotes a = 0° [175].

Hence, we can extract a value for M as

1 (R,
o= Bsin(a) R_” -1 (48)

whereupon substitution for u back into eqn. 4.6 yields n.

Pulsed magnetic field measurements

To measure electrical transport measurements in pulsed magnetic fields, the general prin-
ciple of the four-probe method still applies. However, due to the short timescale over
which pulsed magnets operate, high frequency excitations are required (typically up to
100 kHz), which mandate a high sampling rate by the measurement electronics in order to
achieve suitable resolution of the measurement. For measurements presented in this dis-
sertation performed at the International MegaGauss Science Laboratory of the Institute
for Solid State Physics at the University of Tokyo, digital acquisition was performed with
a National Instruments PXIe-6124 system. For measurements performed at Hochfeldla-
bor, HZDR, Dresden, digital acquisition was performed with a Yokogawa DL 850E with
701251 - HS1M16 cards.
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Insulating metamagnetism and the
dHvA effect in the unconventional

insulator FeSb,

For however many things have a plurality of parts and are not merely a complete aggre-
gate, but instead some kind of a whole beyond its parts, there is some cause of it since
even in bodies, for some the fact that there is contact is the cause of a unity or oneness,
while for others there is viscosity or some other characteristic of this sort.

— Aristotle
We can now see that the whole becomes not merely more, but very different from the sum

of its parts.

— Philip W. Anderson
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5. Insulating metamagnetism and the dHvA effect in the unconventional insulator FeSby

5.1 Introduction

The possession of a Fermi surface is, conventionally, one of the defining characteristics of
a metal [14, 18]. As discussed in chapter 1, a material that has the Fermi energy located
within a band of allowed energy levels enables low-energy excitations to be easily ac-
commodated, hence metals are excellent thermal and electrical conductors. Conversely,
band insulators are characterised by a charge gap wherein the Fermi energy lies outside
any available bands — hence they are poor thermal and electrical conductors, and do not

possess a Fermi surface.

As discussed in chapter 3, SmBg was the first unconventional insulator to defy these
conventional assumptions, manifesting evidence of a Fermi surface through observations
of the dHVA effect despite exhibiting robustly insulating electrical resistivity up to the
high magnetic field strengths at which quantum oscillations were observed [19]. In the
time since this original discovery, a number of other unconventional insulator candidates
have been reported [22-25], prompting a multitude of theoretical speculation with respect
to the novel microscopic mechanism(s) that may be at play [113-153].

In this chapter, I shall detail my findings pertaining to quantum oscillations in the
magnetisation of FeSbs [44]. A quantitative analysis of the oscillation amplitude reveals
that, remarkably, they are shown to a very high level of confidence to emanate from the
insulating bulk, rather than from a metallic surface state or from any extrinsic impurity
origin. Three regimes of starkly contrasting insulating behaviour are identified, with each

explored in turn.

Notably, unlike other unconventional insulators reported to date, the unconventional
quantum oscillatory profile in FeSbs is found to be closely related to changes in the bulk
magnetisation of the material. At low fields, a pronounced enhancement in the growth
of the magnetic torque signal is accompanied by a concomitant enhancement in both the
quantum oscillatory amplitude and frequency. Then, at the highest fields, a sharp meta-
magnetic transition abruptly quenches the insulating quantum oscillations — in marked

contrast to numerous tunnelling and magnetic-breakdown posited models of unconven-
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tional insulating behaviour. These findings point strongly to strong spin-orbit interaction
effects being responsible for the manifestation of this paradoxical phenomenon.

The chapter concludes with a comparison of anomalous features in the isotropic mag-
netisation, and the discussion of a minimal magnetic model that can qualitatively capture

the most salient features of the anomalous magnetic torque profile of FeSbo.
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5.2 de Haas-van Alphen effect within the insulating bulk
of FESbQ

5.2.1 Magnetic torque profile
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Fig. 5.1. Angular evolution of magnetic torque profile of FeSb; in the ¢ — a rotation
plane. Magnetic torque, 7, measured up to puoH = 41.5 T at various values of magnetic
field tilt angle 6 on a single crystal specimen of FeSb,. We identify three regimes of con-
trasting magnetic torque behaviour. At low fields, the magnetic torque is quadratic in
magnetic field (Regime I), before showing a steep exponential upturn (Regime II) on the
rising side of a peak. Finally, at yet higher fields, T decreases linearly on the falling side
of the peak upon evolution to Regime III. Arrows indicate the direction in which the field
was swept, with a small hysteresis observed at each angle.
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5.2 de Haas-van Alphen effect within the insulating bulk of FeSbs

Figure 5.1 shows the magnetic torque, 7, of FeSb, measured by the capacitive torque mag-
netometry technique as a function of magnetic field strength, uoH, for various magnetic
tield tilt angles. As the sample is rotated away from H || [001] (corresponding to 0°) to-
wards H || [100] (corresponding to 90°), a strong, clear angular dependence of the torque

profile is apparent.

We identify three regimes of sharply contrasting magnetic behaviour of FeSb, in the
torque curves presented in Fig. 5.1. Firstly, at low fields, we find that the torque is pro-
portional to the square of the magnetic field strength, which is the usual case for simple
paramagnetic materials. As magnetic torque is the vector cross product of a sample’s
magnetisation with the magnetic field, a quadratic torque profile is characteristic of typ-
ical paramagnets, for which the magnetisation is linear in magnetic field [166]. We iden-
tify the (low) range of applied magnetic field strengths that induce a quadratic magnetic

torque response as Regime I.

Strikingly, we find that as the magnetic field strength is subsequently increased, the
magnetic torque grows rapidly, showing a prominent deviation from a quadratic depen-
dence on applied magnetic field strength, and instead exhibits a steep exponential upturn
constituting the rising side of a peak — we refer to this as Regime II. Then, on the falling
side of this sharp peak observed in magnetic torque, a linear decrease in magnetic torque
with increasing magnetic field is observed up to even higher field strengths — we refer to
this as Regime III.

5.2.2 Characterisation of the three insulating regimes
Regime I to Regime II

To investigate the nature of the crossover from Regime I to Regime II, we must pay careful
attention to the slope of 7. Figure 5.2 shows the derivative of the § = 2° curve from Fig. 5.1
with respect to applied magnetic field strength. At low fields, a derivative linear in mag-
netic torque is observed, thus characterising Regime I. However, above 30 T the deriva-
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Fig. 5.2. Quantum oscillations in quadratic magnetic field-dependent magnetic torque
(Regime I). Top: Magnetic torque, 7, for field oriented at 6 = 2° away from the [001] di-
rection in the ¢ — a rotation plane, is largely dominated by Regime I, characterised by
quadratic magnetic field-dependence. Bottom: Derivative of the magnetic torque curve
in the top panel with respect to magnetic field strength shows slow quantum oscillations
in Regime I. The dashed line shows the range of magnetic field strength over which the
derivative is linear, indicating the extent of Regime I. Beyond this regime, a steep expo-
nential upturn in magnetic field (Regime II) is observed, constituting the rising side of a
metamagnetic insulator — to — insulator peak, the falling side of which constitutes Regime
II.

tive is clearly no longer linear — thereby indicating the occurrence of the crossover from
Regime I to Regime II. Furthermore, a clear oscillatory profile is present in the derivative
of T with respect to uoH, the amplitude of which clearly grows with increasing H upon
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5.2 de Haas-van Alphen effect within the insulating bulk of FeSbs

entering Regime II. As we shall see over the coming pages, these oscillations are periodic
in inverse magnetic field strength, indicating the presence of Landau quantisation — de-
spite FeSb; remaining robustly insulating up to magnetic field strengths at least as high as
70 T. Thus, FeSbs is found to be a new member of the family of unconventional insulators.

To further examine the evolution between Regime I and Regime II, in Figure 5.3 mag-
netic torque at an angle ¢ = 16° from H || [001] in the ¢ — ab rotation plane is plottedl. In
this rotation plane, unlike the ¢ — a plane (presented in Fig. 5.1) the transition between
Regime II and Regime III is not observed up to the highest attainable laboratory dc mag-
netic field strength of 45 T. This gives a large magnetic field range over which to examine
Regime II in detail.

Fig. 5.3A shows the departure from 7 o« H 2 that is characteristic of Regime I, which
occurs around uoH =~ 25 T. In panel B, the background magnetic torque has been removed
by subtracting a smooth monotonic polynomial fit by the local regression technique [176],
to isolate the oscillatory component Ar. Similar to Fig. 5.2, a clear oscillatory component
in the magnetic torque of FeSbs is resolved. Remarkably, the magnetoresistance of this
material remains robustly insulating up to the highest accessed magnetic field strength of
45 T — despite the presence of large amplitude, high frequency magnetic quantum oscil-
lations characteristic of the dHVA effect (Fig. 5.3B). As we will see in Fig. 7.8, resistivity
measurements to even higher magnetic fields using pulsed magnets reveal no significant
closing of the charge gap up to at least 70 T.

The evolution from Regime I to Regime II — characterised by the change in 7 from a
quadratic dependence on H to an exponential growth in H — also sees marked changes in
the quantum oscillations. At low fields, in Regime I, the quantum oscillations are small
in amplitude, with low frequencies of a few hundred Teslas. Strikingly, at the highest
tields, the frequency and amplitude of the quantum oscillations grows markedly, extend-
ing to frequency components up to = 9 kT; this corresponds to quasiparticle orbits with
an associated Fermi wavevector spanning an area of ~ 20% of the first Brillouin zone.

lThroughou’r this chapter, we shall always refer to the angle away from H || [001] towards H || [100] as
6, and the angle away from H || [001] towards H L (110) as ¢. Further details of these rotation planes were
given in section 4.2.1.
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Fig. 5.3. High frequency high field quantum oscillatory spectra measured in the ¢ — ab
rotation plane. (A) Magnetic torque plotted against squared magnetic field strength. The
dashed line is a linear fit to the low-field data, to highlight the departure from conven-
tional paramagnetic (quadratic) behaviour, which indicates the transition from Regime I
to Regime II.
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Fig. 5.3. (cont.) The sample was oriented with magnetic field applied 16° from the [001]
direction in the ab — ¢ rotation plane, and measured at 0.4 K. Inset: Measured electrical
resistance at the same angle and temperature as the main panel with an applied current
of 10 pA along the [100] direction; the electrical resistance shows no obvious change upon
the transition from Regime I to Regime II. (B) Oscillatory component of the torque in A
(A7), showing a clear enhancement in quantum oscillation amplitude upon the transi-
tion from Regime I to Regime II. The grey line indicates the noise floor of the measure-
ment. At was isolated by subtracting the background signal using the local regression
technique [176]. Inset: Highest magnetic field range of the main panel, wherein high
frequency components are clearly visible. (C) Fast Fourier transform (FFT) of low fre-
quency quantum oscillations in Regime I and (D) of much higher frequencies in Regime
II. Regime II exhibits a rich quantum oscillatory frequency spectrum, up to at least ~ 9 kT.
Red dashed line indicates the FFT noise floor.

Throughout this investigation, eight separate samples have been measured at high mag-
netic field facilities, as tabulated in Table 5.1. There is a clear correlation between sample
purity - as determined by iRRR measurements - and the resulting quality of the quantum
oscillatory spectra attained. These samples were selected from 74 single crystals, from
eight separate growth batches, that were screened for iRRR.

The growth in amplitude of quantum oscillations with increasing magnetic field strength
is typical of quantum oscillations in metals, due to the impurity (Dingle) damping argu-
ments discussed in section 2.2.1. However, we find that the growth in quantum oscilla-
tory amplitude of the insulating quantum oscillations in FeSbs, upon transitioning from
Regime I to Regime II, is markedly more pronounced than expected for Dingle damping.
Figure 5.4 shows 7 and At at ¢ = 21°, at which angle the beat pattern structure present
at uoH = 30 T in Fig. 5.3B is much less pronounced. The right panel of Fig. 5.4 shows a
simulation of Dingle damping, by plotting grey dashed lines fitted to the amplitude of
the Regime I quantum oscillations, to the form exp(—Bp/uoH) as per eqn. 2.7. Remark-
ably, the growth in quantum oscillatory amplitude upon the evolution to Regime II is al-
most an order of magnitude greater than that expected for Dingle damping [18, 82]. This
correspondence between changes in the background (bulk) magnetic torque and the con-

comitant evolution in the quantum oscillatory profile strongly suggests a link between
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FeSbo Inverse residual Highest observed Maximum applied
Sample resistivity ratio (iRRR) quantum oscillation magnetic field (T)
Number  R(T =2K) / R(T =300 K) frequency (kT)
S1 2,410,000 9 41
S2 5,510,000 9 41
S3 2,950,000 9 45
S4 974,000 4 38
S5 862,000 4 38
S6 692,000 2 35
S7 366,000 2 35
S8 238,000 2 35

Table 5.1. List of iRRR and maximum observed quantum oscillation frequency for all
measured samples of FeSb,. Eight samples of CVT-grown FeSbs were measured to high
magnetic fields, each of which exhibited quantum oscillations in the magnetic torque.
A clear correspondence between sample quality (indicated by the value of the inverse
residual resistivity ratio (iRRR)) and the richness of the quantum oscillation frequency
spectrum is apparent. This chapter focusses on quantum oscillations measured on the
highest purity samples that offer the best insight into the nature of the unconventional
insulating behaviour in FeSbs. Electrical resistance measurements were performed with
a low applied current aligned along the [100] direction.
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Fig. 5.4. Dramatic enhancement of quantum oscillations from Regime I to Regime II at
a different tilt angle. Left: Magnetic torque as a function of the square of the magnetic
tield strength. The sample was oriented with magnetic field applied at ¢ = 21° from the
[001] direction in the ¢ — ab rotation plane, and measured at 0.4 K. Again, the magnetic
torque shows a striking departure from the low field quadratic magnetic field dependence
(dashed line) with increasing magnetic field, evolving to a steep exponential upturn in
magnetic field upon entering Regime II. Right: Background subtracted quantum oscilla-
tions in magnetic torque from the left panel show a dramatic enhancement in amplitude
upon entering Regime II. Here, the grey dashed lines simulate the expected Dingle growth
of Regime I quantum oscillations with increasing magnetic field strength [18].

the magnetic properties of FeSby and the origin of unconventional insulating quantum
oscillations.
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Fig. 5.5. Transitions between regimes. Derivatives of the torque curves at 2° and 23° in
the a — c rotation plane. A metamagnetic transition between Regimes II & III is clearly
visible in the 6 = 23° data where % suddenly changes sign. Inset: The oscillatory
component of 7 in Regime II of the 6 = 23° curve, just before the metamagnetic transition.

Regime II to Regime III

Returning to the ¢ — a plane, at the highest accessed fields we observe another regime of
magnetic behaviour that is starkly different to both Regime I and Regime II. Figure 5.5
shows the derivative of 7 at § = 23°, along with the # = 2° curve again for comparison.
At uoH = 20 T, the sign of % of the 23° curve abruptly changes sign, signalling the
occurrence of a metamagnetic transition. The inset shows At of the 23° data, in which

quantum oscillations are resolved down to = 10 T.
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Fig. 5.6. Abrupt quenching of quantum oscillations at the high field metamagnetic
transition. Top: Derivative of 7 at § = 23°; this is the same data as in Fig. 5.5 duplicated
here for ease of comparison. Bottom: Oscillatory component of the same torque curve as
the top panel, plotted over the identical field range. The subtracted r signal has been
multiplied by an exponential function to simulate the removal of the Dingle damping
component [18, 82], which should give the quantum oscillation amplitude in the infinite
tield limit —however, it is clear that the oscillatory amplitude increases faster than conven-
tional Dingle growth. In Regime II, prominent quantum oscillations are clearly resolved;
however, following the metamagnetic transition into Regime III they are strikingly ab-
sent.
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Fig. 5.7. Quenched quantum oscillations upon crossing the metamagnetic insulator-
to—insulator transition from Regime II to Regime III. Top: Measurement of the meta-
magnetic transition between Regime II and Regime III measured on a different sample
to that of Fig. 5.6. For magnetic field applied at 57° from the [001] direction in the ¢ — a
rotation plane, a sharp metamagnetic insulator-to—insulator peak in magnetic torque oc-
curs at magnetic fields ~ 30 T. Bottom: Background-subtracted magnetic torque from the
top panel reveals the clear presence of quantum oscillations over the magnetic field range

250 T < poH < 28.5 T in Regime II.
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Fig. 5.7. (cont.) Grey dashed lines show the expected Regime II quantum oscillation
amplitude extrapolated with increasing magnetic field according to exponential Dingle
growth [18, 82]. Upon the transition to Regime III, quantum oscillations are abruptly
quenched by at least an order of magnitude below the expectation from Regime II, and
are no longer resolvable within the noise level of the measurement.

In Figure 5.6 At has been multiplied by an exponential function (with the exponent
inversely proportional to H), which for conventional quantum oscillations would effec-
tively remove the Dingle damping term (eqn. 2.7) and thus yield the oscillation amplitude
in the infinite-field limit over the entire field range [18, 82]. However, this treatment does
not work here, as upon varying the Dingle damping factor the amplitude of the higher
tield oscillations starts decreasing before the amplitude of the lower field oscillations has
grown to match them. Hence, as per Fig. 5.4, the growth of quantum oscillatory ampli-
tude is found to occur faster than expected for the effect of Dingle damping.

In Regime II, prominent quantum oscillations are clearly visible down to puoH < 10 T.
However, strikingly, after going through the metamagnetic transition into Regime III they
are abruptly quenched, with no quantum oscillations observed up to the highest applied
magnetic field strength of this measurement, of 41.5T.

Figure 5.7 shows the metamagnetic insulator-to—insulator transition between Regime
IT and Regime III at 6 = 56°, at which this transition is pushed to higher field (occurring at
uoH =~ 30 T), thus affording more magnetic field range to Regime II allowing for the un-
conventional insulating quantum oscillations to have developed to considerably higher
amplitudes and frequencies than in the case of 6 = 23°.

As per Fig. 5.4, we again plot an extrapolation to higher fields of the growth in quan-
tum oscillatory amplitude expected for Dingle damping by the LK formula. However,
again we strikingly see that upon transitioning into Regime III the quantum oscillatory
amplitude is abruptly quenched by at least an order of magnitude below the expectation
from Regime II, and quantum oscillations are no longer resolvable within the noise level
of the measurement.
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5.3 Angular magnetic field phase diagram of FeSb,

toH (T)

[001] o(101) 0(°) [100]

Fig. 5.8. Magnetic phase diagram of FeSb,. The three regimes of magnetic behaviour
of FeSby mapped as a function of applied magnetic field strength (uoH) at successive tilt
angles 6 in the c—a rotation plane. At all angles, the low field behaviour is characteristic of
a nonmagnetic insulator (Regime I). Then, at higher fields, an unconventional insulating
phase is uncovered (Regime II), which we find to host large amplitude, high frequency
quantum oscillations — despite the presence of a robust charge gap. Furthermore, at yet
higher fields a metamagnetic transition occurs, demarcating Regime II from Regime III, in
which we find that the unconventional quantum oscillations are abruptly quenched. The
high symmetry direction normal to the (101) plane is identified, at which the transition
from Regime II to Regime III appears to reach a minimum magnetic field strength.

Figure 5.8 combines several of the measurements presented in this chapter into a mag-
netic phase diagram of FeSb, for magnetic field applied in the ¢ —a rotation plane. Yellow
symbols denote the crossover from Regime I to Regime II, with blue symbols showing
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of quantum oscillatory amplitude

the metamagnetic transition from Regime II to Regime III. Triangles and diamonds repre-
sent data from two different samples, both of which were measured to 41.5 T. The yellow
points were gathered on both samples in a high field resistive magnet in Tallahassee and
in a 14 T Quantum Design PPMS in Cambridge; their error bars denote the range over
which the data can be fit to the form 7(H) = aH? + b exp(cH), propagating the residual
error in the fit coefficients, and finding the extent of the 3a deviation (thus indicating the
dominance of the exponential term as Regime II is entered). It is due to this acute sensi-
tivity — of the background magnetic torque profile to the applied magnetic field tilt angle
— that has precluded this work from investigating the evolution of quantum oscillatory

frequencies as a function of magnetic field tilt angle.

Interestingly, it appears to be the vector normal to the (101) plane, rather than the
[101] direction, that is important regarding the symmetry of metamagnetism in FeSbs in
the ¢ — a rotation plane. This may be analogous to another strongly correlated material
possessing an orthorhombic crystal structure and exhibiting exotic physical phenomena:
the heavy fermion superconductor UTes exhibits magnetic field re-entrant superconduc-
tivity to fields exceeding 60 T [177] for magnetic field oriented in a narrow angular range
close to the vector normal to the (011) plane [178].

5.4 Landau quantisation and temperature evolution

of quantum oscillatory amplitude

Given the discussion in chapter 3 of the questions raised to the initial reports of potential
unconventional insulating quantum oscillations in WTe, and a-RuCls, it is important to
carefully analyse the oscillatory structures measured in the magnetic torque of FeSby, and
make comparison with the expectations of conventional magnetic quantum oscillations
predicted by the LK theory [18].

Figure 5.9 plots the oscillatory minima and maxima of the oscillations measured at
6 = 2° and 0 = 23°, which are dominated by a low frequency component thus making a
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Fig. 5.9. Periodicity of quantum oscillations in inverse magnetic field. Landau-level
index, N, plotted linearly in inverse field (left) and linearly in field (right). "Up’ ("down’)
triangles correspond to the location of oscillatory maxima (minima).

Landau index study feasible. It is apparent — especially for the 6 = 2° data — that the oscil-
lations are not periodic in field but are instead periodic in inverse field. By the considera-
tions introduced in chapter 2, these observations therefore indicate Landau quantisation

of itinerant quasiparticles.

To further evaluate whether the observed oscillations follow the form expected by
the LK theory, a temperature dependence study was performed. Figure 5.10 shows the
temperature evolution of the dHvA effect in FeSbs for the prominent low frequencies
that are visible at this angle over the field range 15 T < poH < 30 T. The amplitudes of the
waveforms’ fast Fourier transforms were analysed as a function of temperature (Fig. 5.11),

and found to decay at elevated temperatures in the manner expected for conventional
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Fig. 5.10. Temperature evolution of quantum oscillations. Left: Oscillatory component
of T at 6 = 2° from H || [001[ towards H || [100] at temperature increments between 0.4 K
and 80 K. Right: FFTs of the data in the left panel. The evolution of FFT amplitude as
a function of temperature fits well to the expectation of the LK formula (eqn. 2.5), as
would be expected for conventional (charged) Fermionic excitations [18]. Higher fre-
quency components were well resolved over higher field intervals; however, they were
found to diminish rapidly at the high temperatures accessed here.

(charged) Fermionic excitations by the LK theory by fitting to eqn. 2.5. The observation
of quantum oscillatory amplitude growth down to low temperatures indicates a gapless

nature of the responsible excitations [97].

The cyclotron effective mass, m*, was left as a free parameter in the fitting procedure,
and masses in the range 0.07(1) m,. to 0.8(1) m. were observed, as depicted in Fig. 5.11.
It should be noted that for the high frequencies observed in Fig. 5.3, which would be
expected to yield yet higher masses, although a sharp attenuation in amplitude with tem-
perature was observed, indicating quasiparticle effective masses of order of a few m,, a
combination of subtle changes in the metamagnetic transition with temperature and the
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Fig. 5.11. Temperature dependence of quantum oscillatory amplitude. FFT amplitudes
of various frequency components at § = 2° measured at incremental temperatures from
0.4 K to 80 K. Suitable magnetic field ranges were used to extract the evolution in ampli-
tude for individual frequency branches. Solid curves are fits to eq. 2.5; the red dashed
line indicates the noise resolution of the experiment. Error bars are the standard devia-
tion from averaging the results of multiple field sweeps. Inset: Cyclotron effective mass,
m*, as a fraction of the bare electron mass, m,, extracted from performing a fit to the LK
temperature formula for each frequency in the main panel.

presence of multiple frequency branches complicates an LK temperature study of these
high frequencies. Further experiments, to more carefully probe the temperature evolu-
tion of the metamagnetic insulator-to—insulator transition, would be of great assistance
in attempting to better understand this evolution.
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5.5 Bulk insulating origin of quantum oscillations in FeSb,

5.5.1 Determination of the absolute amplitude

A comparison between the theoretical expectation and experimentally resolved absolute
amplitude of the quantum oscillations presented above can be made by reference to sec-
tion 2.3.1.

By considering the dimensions and Young’s modulus of our cantilevers, a value for
the spring constant, k, was found to be 28(8) N m™!, with similar values to this also ob-
tained through the gravitational displacement technique [20]. For the case of the quan-
tum oscillations presented in Fig. 5.3, the value of a in eqn. 2.15 may be found through the
substitution of the applicable numerical values of V.. = 5.83 X 6.53 x 3.19 = 121 A3, L =
3.8mm, k=28 Nm™, d =100 pm, and s® = 0.95%1.12x0.57 mm?3, giving a = 0.23 T pF! up
per unit cell.

Now we can compare this with the theoretical amplitude of bulk quantum oscillations
expected by application of the Lifshitz-Kosevich theory [18, 78], as laid out in chapter 2.
Approximating the effective mass, value of sin(6), and possible range of ¥ (r) in eqn. 2.17
as each being in the range 0.1-1 allows us to estimate the theoretical amplitude for bulk
quantum oscillations in the limit of low temperature, infinite field, and zero spin splitting.

For the dominant ~ 1450 T frequency in Fig. 5.3, by Eq. 2.17, we expect bulk oscillations
to have an amplitude roughly in the range 107 to 10~% up per unit cell. (It should be
noted that the possibility of pocket degeneracy adds further uncertainty to this value.)
Comparing this result with the experimentally observed oscillations in Figure 5.3, where
the amplitude of the dominant ~ 1450 T frequency at 42 T was found to be approximately
47 x 107 pE use of Eq. 2.15 in conjunction with eqn. 2.7, with Dingle damping factor
Bp specific to each frequency branch and found to be ~ 150 T for this frequency [18],
yields an experimentally observed quantum oscillatory amplitude of ~ 10~*/sin(6) ug per
unit cell. Given that sin(6) lies approximately in the range 0.1-1, the observed quantum
oscillations are thus consistent in order of magnitude with the theoretical expectations for
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a bulk, three dimensional Fermi surface.

5.5.2 Ruling out an extrinsic impurity origin

Given the multitude of evidence indicative of the presence of metallic surface state for-
mation at low temperatures in FeSbs that shall be presented in section 6.2, it is therefore
important to assess whether this may be the origin of the quantum oscillations reported
above.

Firstly, as we shall see when examining Corbino disc magnetotransport measurements
in section 6.3.1, a strong 1/sin(6) dependence for the angular evolution of quantum oscil-
lations would be expected for a 2D Fermi surface [179] in the case of them arising from a
metallic surface state. However, as depicted in Fig. 5.8, the evolution of 7 (and hence A7)
with magnetic field tilt angle is much more complicated than some simple 1/sin(6) pro-
gression. Furthermore, the three regimes of contrasting insulating behaviour, as mapped
above, are characteristic in changes in the overall (bulk) magnetic torque of the sample.
Unlike the electrical transport measurements presented in chapter 6, magnetic torque is
very much a bulk-sensitive measurement, so it is extremely unlikely that they should be

dominated by the contribution from a surface layer alone.

The quantitative determination of the absolute amplitude given above, which found
the experimentally observed quantum oscillatory amplitude to be in the range ~ 104 /sin(6)
uB per unit cell, was based on considering the bulk volume of a crystal. In general, sur-
face layers represent a small fraction that is merely ~ 1075 of the total number of unit
cells present in a typical bulk crystal. Hence, for the quantum oscillations presented
in section 5.2 to emanate solely from a metallic surface layer, their amplitude would be
~ 102 /sin(@) up per surface unit cell, which is unphysically large 2. Given that this result is
several orders of magnitude larger than the maximal amplitudes that could be explained
by the LK theory, the observed dHVA effect in FeSb, is therefore inconsistent with an
attribution to a metallic surface state origin.

ZNote also that as the sin(6) term lies approximately in the range 0.1-1, this value is only a lower bound.
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It is also important to consider whether these observations could be emanating from
some alien metallic impurity phase hosted within the material. To investigate this, a com-
prehensive suite of purity analyses was undertaken, as detailed in section 4.1.2. These
measurements limited the inclusion of any extraneous element to < 100 ppm (by mass
spectrometry), and the inclusion of magnetic impurities to 60(20) ppm (by a Langevin
magnetic susceptibility study). These results point to the extremely high purity of the
FeSb, samples investigated in this study. Furthermore, quantum oscillations were ob-
served on multiple samples from different growth batches, with different sources of start-
ing materials, adding further confidence to the intrinsic nature of the dHvVA effect within
the insulating bulk of FeSbs.

Furthermore, a strong argument in favour of a bulk-insulating origin of the dHvA
effect in this material stems from the dramatic quenching of quantum oscillations upon
entering Regime III. Figure 5.6 shows oscillations that have been scaled by the reciprocal
of their Dingle damping coefficient, thereby presenting them in the infinite-field limit for
all fields [18]. If the oscillations were emanating from some impurity phase contribution,
or indeed from some other unspecified extrinsic source, then the measured torque signal
would be a combination of the FeSby background torque in combination with the torque
response of the metallic impurity (including its oscillations). Therefore, at high fields
when FeSbs undergoes the metamagnetic transition from Regime II to Regime III, the
impurity /metallic contribution should be unaffected, hence the oscillations should still

be arithmetically summed with the torque response of FeSbs.

However, this is very much not what is observed — in Regime III the dHvA effect has
been dramatically quenched, although at these very high fields the oscillations that were
clearly within experimental resolution down at yoH ~ 10 T should be even better resolved
at uoH =~ 40 T. That the observed oscillations show such intimate connection to changes
in the background magnetic torque of FeSb, provides yet further indication that they do
indeed emanate from the insulating bulk of this intriguing material, and not from any

extrinsic impurity, metallic surface state, or other origin.
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Note on the SdH effect

The quantum oscillations presented in this chapter have focussed entirely on measure-
ments of the magnetisation of FeSby, which has been shown to display high amplitude,
high frequency oscillations emanating, remarkably, from the insulating bulk of the mate-

rial.

High magnetic field studies of the resistivity were also undertaken, to search for evi-
dence of the SdH effect. However, as will be shown in Fig. 7.8, for example, no evidence
of the SdH effect was resolved within the experimental resolution up to field strengths of
70 T. The prominent presence of the dHvA effect in the magnetisation, but notable lack of
the SAH effect in the resistivity, draws yet further interesting parallels between FeSb, and
SmBs.

5.6 Complex magnetism in FeSb,

5.6.1 Anisotropic bulk magnetisation

For additional context in considering some of the remarkable features in the anisotropic
(torque) magnetisation presented above, it is informative to examine some unusual char-

acteristics of the isotropic magnetisation.

Figure 5.12 shows the magnetisation, M, as a function of applied field for various ori-
entations of field alignment. Measurements were obtained in a QD Magnetic Properties
Measurement System, with samples mounted on a quartz holder to minimise the back-
ground signal. For uoH > 2 T, a clear anisotropy is observed for H || [100] compared
to H || [010], with H L (110) lying in between. Strikingly, however, H || [001] shows
markedly different behaviour — here the sample is responding diamagnetically, whereas
for the other three orientations a clear paramagnetic response is observed.

Upon warming, for H || [001] a diamagnetic response (i.e. negative sign of the suscep-
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Fig. 5.12. Anisotropic bulk magnetisation. Left: Magnetisation, M, of an FeSby sin-
gle crystal at 1.8 K with magnetic field applied along various high symmetry directions.
Right: Magnetic susceptibility, y = M/(uoH), as a function of temperature.

tibility, y) is seen to persist up to = 90 K, whence y becomes positive and thermally acti-
vated paramagnetism is seen to persist up to at least 300 K, in correspondence with prior
reports [180, 181]. Interestingly, for H L (110), yx is positive across the entire temperature
range, and the H 1 (110) and H || [001] curves do not converge at high temperature, but
instead display a strong anisotropy throughout the entire 1.8-300 K measurement range.

As well as enduring to high temperatures, the dia/paramagnetic dichotomy is also
observed to persist up to extremely high fields. Figure 5.13 shows M measured by the ex-
traction magnetometry method to high fields for H 1 (110) and H || [001]. Unfortunately,
the size of the signal obtained in this measurement was comparatively small (extraction
magnetometry measurements are typically performed on e.g. ferromagnets with much
larger values of M), so there was difficulty in quantitatively calibrating the size of M ob-
served here; hence, M is quoted in arbitrary units. However, the sign of M is the important
feature of this dataset, and was very well resolved to be positive for H L (110) and nega-

tive for H || [001]. These measurements were performed by aligning multiple individual
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Fig. 5.13. Anisotropic magnetisation to high fields. Extraction magnetometry data for
H L (110) (purple) and H || [001] (green). The dia/paramagnetic dichotomy is seen to
persist up to fields 2 50 T. This dataset was acquired in collaboration with A. Miyake
of the Institute of Solid State Physics, University of Tokyo, and with my colleague H.
Liu. Multiple single crystal FeSby samples were oriented within a small volume and all
measured together, in order to maximise the observed signal. Error bars are calculated as
the standard deviation of averaging multiple pulses, but are very likely an underestimate
of the true experimental uncertainty — due to difficulties in calibrating the very small
measurement signal in the noisy environment of a pulsed magnet, M is therefore given in
arbitrary units.

single crystal specimens together in a small volume, which were then measured simulta-
neously. In future a follow up study, with field oriented normal to the (110) plane, would
be informative in order to probe the nature of the metamagnetic transition uncovered by

the torque magnetometry measurements discussed previously.

That the isotropic magnetisation of FeSbs should exhibit the anomalous properties

78



5.6 Complex magnetism in FeSbo

of a paramagnetic/diamagnetic transition in temperature for H || [001] (but not for the
other principal axes), temperature activated paramagnetism for all directions of applied
tield, but a robust para/diamagnetic dichotomy at low temperatures up to fields 3z 50 T,
yields interesting clues pertaining to the nature of the angular phase diagram depicted
in Fig. 5.8 for the anisotropic magnetisation measured by torque magnetometry. Notably,

diamagnetism along the [001] direction persists to uoH > 50 T.

For both the isotropic and anisotropic magnetisation, with field aligned along the [001]
direction we see a termination in the behaviour observed for other orientations — in the
anisotropic magnetisation, the transition between Regimes II & III is pushed above 40 T
at 2° from [001], whereas after only a 30° rotation away (towards H || [100]) this transi-
tion is observed below 20 T. Meanwhile, in the isotropic magnetisation, a highly unusual
form of temperature activated paramagnetism is observed for all orientations at elevated
temperatures, but at low temperature the [001] direction is again special — this time, by
exhibiting a magnetic susceptibility of the opposite sign to the [100] and [010] directions.

5.6.2 Proximate ground states and metamagnetic modelling

We consider here a minimal model that can qualitatively describe characteristic features
of a metamagnetic transition in the vicinity of a critical magnetic field, focusing on the
quantum oscillations connected to changes in the background magnetic torque presented
above. A key ingredient of the minimal model is an internal magnetic field proportional
to the bare magnetisation, which arises from a Weiss exchange feedback field, and has the
effect of enhancing the linear magnetic field-dependent bare magnetisation. Including
the Weiss exchange feedback field has the effect of inducing a metamagnetic transition
at a critical magnetic field where the magnetisation tends to diverge. While such meta-
magnetic transitions are widely seen in metals [184], FeSby remains robustly insulating
up to magnetic fields at least as high as 70 T, with no indication of a significant charge
gap reduction up to these fields. As recently hypothesised in [185], spin fluctuations
may be responsible for suppressing the metallic magnetic order predicted by previous

79



5. Insulating metamagnetism and the dHvA effect in the unconventional insulator FeSby

AlO_—""""'

5 Nonmagnetic |
-5 Total ———Sb5p
10k Lo e ]

B 10 - v I v I v I v ‘ I v v I v I v I v I v -
i ’ Ferromagnetic ]

Density of States (eV™)

5 4 3 -2 -1 0 1 2 3 4 5
Energy (eV)

Fig. 5.14. Orbitally-resolved spin-up and spin-down density of states in the non-
magnetic and ferromagnetic states. DFT+U calculated orbitally-resolved spin-up and
spin-down density of states in the non-magnetic and ferromagnetic states with (A & B)
U=0and (C & D) U =2.6,J =0.88. The inclusion of finite U widens the intrinsic gap of
the non-magnetic state; meanwhile, the ferromagnetic state remains metallic.
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Fig. 5.15. Fixed spin moment calculations of the energy. Fixed spin moment calcula-
tions for the U = 0 and U = 2.6, J = 0.88 cases. (A) Without U, the non-magnetic state is
stable, while there is a local minimum with moment ~ 0.7 ug. (B) For a finite value of
U, the ferromagnetic state with moment ~ 1.2 up becomes stable, in concurrence with
previous theoretical studies [182, 183]. For moments up to 0.5 ug, the calculations could
not be converged due to an electronic gap that cannot be overcome with insufficient field
strength.

work [182, 183] and in our DFT+U calculations (Figs. 5.14, 5.15 & 5.16) to occur at high

magnetic fields in FeSb,.

We can model a metamagnetic transition in an isotropic system by a paramagnetic
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Fig. 5.16. Calculated bandstructure of FeSby. The non-magnetic (top) and ferromagnetic
(bottom) band structures of FeSby with U = 2.4, J = 0.88. The U correction widens the
gap of the non-magnetic states with an essentially uniform shift of bands from the U = 0
calculation. The ferromagnetic bands remain metallic for finite U, and indicate a complex,
multi-sheet Fermiology for finite U. Figure courtesy of collaborator M. D. Johannes [44].
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Fig. 5.17. Minimal model of quantum oscillatory behaviour closely connected to a
metamagnetic transition. (A) Net magnetisation, M, as a function of magnetic field,
H. Both magnetisation and magnetic field are normalised against their critical values
at which the metamagnetic transition occurs (M., H.). (B) Magnetic background sub-
tracted magnetisation (AM) with (B) highlighting the oscillation amplitude enhancement
upon approaching the transition, and (C) the subsequent strong suppression of oscillation
amplitude upon surpassing the transition.
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magnetisation M odd in the applied magnetic field poH, plus a Weiss exchange feedback
tield AM. This modelling was performed in collaboration with colleagues G. G. Lonzarich
and G. F. L. Rodway-Gant [44]. Assuming that M is an analytic function, a minimal expan-

sion in the paramagnetic regime leading to a metamagnetic transition takes the form [186]

M = a(uoH + AM) + B(uoH + AM)3 + y(uoH + AM)® (5.1)

where @ > 0 is the initial bare paramagnetic susceptibility, 8 > 0 describes the upturn
required to generate a metamagnetic instability once the Weiss exchange feedback field is
included, and y < 0 describes the initial tendency for the magnetisation to saturate with
increasing magnetic fields. The solution of this self-consistent equation for M (H) can pro-
duce a characteristic sharp upturn, analogous to that observed in Fig. 5.1. A more com-
plete description beyond the critical field and of the torque would require a complicated
anisotropic model; however, the upturn in the magnetisation should result qualitatively
in a similar upturn in the field dependence of the torque as observed.

If the total magnetisation includes an oscillatory component M,,. that does not contribute
to the Weiss feedback field, then the amplitude of the oscillations is essentially unaffected
by the metamagnetic transition. However, if M. is included in the Weiss exchange feed-
back field, then the amplitude of the oscillations is predicted to rise sharply at the meta-
magnetic transition, assuming My, to take the form

—BD . 27Tf
My, = D) gin 2L 2
ose = A €Xp (,uoH) sin (,UOH) (5.2)

where the parameters a, Bp and f represent respectively, the infinite field amplitude,
Dingle damping factor, and quantum oscillation frequency. The key features of this model
are presented in Figure 5.17.

For non-zero values of 4, in the vicinity of a critical magnetic field, H., the model yields
a metamagnetic transition. As the magnetisation from quantum oscillations interacts with

the Weiss exchange feedback field, the enhancement in background magnetic torque ap-
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proaching the metamagnetic transition is accompanied by a stark growth in quantum
oscillation amplitude. Following the transition, quantum oscillations are quenched, un-
like the case of a simple paramagnet yielded by setting 4 = 0 for which we would see a
continuous growth in oscillation amplitude with increasing magnetic field superimposed
on a linear magnetic background. We note that DFT+U calculations indicate a close prox-
imity to magnetically ordered ground states (Fig. 5.15), indicating that Regime III may
constitute an antiferromagnetically ordered insulating phase in which spins are locked

and hence no further insulating quantum oscillations are exhibited.

It should be noted that a key assumption of this model is that it presumes the oscil-
latory frequency remains constant (in inverse field) at the transition and on both sides
of it. However, in the case of metamagnetic transitions in clean metals, the oscillatory
frequency can be strongly affected by the result of non-linear spin splitting of the quasi-
particle bands in proximity to a metamagnetic transition [187]. Should the Fermi surface
area be a function of magnetic field, A(B), this would lead to a change in the observed os-
cillatory frequency, f(B), as f(B) «< A(B)-B 6‘323); thus, should there be considerable band
dispersion accompanying a metamagnetic transition, a study of quantum oscillatory fre-

quency evolution in proximity to the transition may elucidate valuable information about
the microscopic mechanism responsible [188]. Therefore, a future extension of this model
would be to consider these effects on the specific case of metamagnetism in FeSbo.

In summary, let us consider the implications of this minimal model at the metamag-
netic transition, where the magnetisation tends to diverge at the critical magnetic field.
According to this model, if the total magnetisation includes a quantum oscillatory com-
ponent that does not contribute to the Weiss exchange feedback field, then the quantum
oscillation amplitude is essentially unaffected by the metamagnetic transition. However,
in the case of quantum oscillations dominated by spin-orbital magnetism, this quantum
oscillatory component is part of the magnetisation fed back via the Weiss exchange feed-
back field. In this case, quantum oscillations are strongly enhanced against the steeply
upturning magnetisation at the onset of the metamagnetic transition. Hence, our exper-
imental finding of strongly enhanced quantum oscillations against a steeply upturning

magnetic torque background on the rising side of a metamagnetic insulator-to—insulator
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transition followed by an abrupt suppression on the falling side of the transition thus
points to spin-orbital magnetism-dominated quantum oscillations, differentiating FeSb,

from previously discovered unconventional insulating materials.
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5.7 Summary

This chapter presented magnetic measurements on high purity single crystal FeSbs spec-
imens. Three regimes of contrasting magnetic behaviour were identified from a torque
magnetometry study of the magnetic torque as a function of the magnetic field tilt angle.
Magnetic torque quadratic in applied magnetic field strength was observed at low fields,
characterising Regime I, which upturned sharply (in Regime II) to a peak on the rising
side of a metamagnetic transition. Above this peak, on the falling side, Regime III is char-
acterised by magnetic torque almost linear in applied magnetic field strength. Low fre-
quency, small amplitude quantum oscillations were resolved in Regime I, growing to high
frequencies and large amplitudes in Regime II. Remarkably, these quantum oscillations
were found to emanate from the insulating bulk of the material, indicating an anomalous
Fermi surface hosted by this material, adding FeSb, to the growing list of unconventional
insulating materials. Furthermore, at yet higher fields, the quantum oscillations were
found to be quenched in Regime III above the metamagnetic transition. Other magnetic
properties of FeSb, were examined and discussed, and the three regimes of magnetic be-
haviour were found to be qualitatively described by invoking a minimal magnetic model.
The connection between insulating quantum oscillations and pronounced changes in the
bulk magnetic properties of the material sets FeSb, aside from previously reported un-
conventional insulators, and strongly indicates that strong spin-orbit interactions are re-

sponsible for the manifestation of unconventional insulating quantum oscillations.
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Electrical transport measurements of

metallic surface states on FeSb-

God made the bulk; the surface was invented by the devil.

— Wolfgang Pauli

In this chapter, a series of electrical transport studies on FeSb, are presented. They reveal
several signatures indicative of the presence of low-temperature metallic surface states
in this material. These include the observation of a low-temperature resistivity plateau,
a rotational magnetotransport symmetry evolution on cooling, an inversion in resistance
observed between local and nonlocal wiring configurations, and sharply contrasting mag-
netotransport results between employing Corbino and Hall-bar or van der Pauw geome-
tries. Similarities with the topological Kondo insulator candidate SmBg are compared and

discussed.
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6.1 Introduction

The manifestation of electron-electron correlation effects in the bulk of electrically in-
sulating materials has led to several significant advancements in our understanding of
quantum matter over the past century [27, 189, 190]. In recent decades, the theoretical
prediction, and subsequent experimental realisation, of the juxtaposition of a conducting
metallic surface state atop a non-correlated insulating bulk has likewise led to several
interesting results [7, 8, 191-194]. The interplay of these two phenomena — metallic sur-
face states in combination with strong bulk interactions — may thereby prove to be fertile

ground for exploring novel physical behaviour.

The field of topological insulators (TIs) has exploded over the past decade [7, 8]. Un-
fortunately, the presence of significant bulk conduction channels in typical non-correlated
TIs makes their surface states difficult to isolate [195]. A promising alternative route to
achieving this lies in finding correlated TIs, in which bulk conduction may be strongly
gapped out. The low-temperature resistivity anomaly [41] of SmBg, a strongly correlated
Kondo insulator [34], has posed a long-standing puzzle. It was later predicted that this
feature may be the result of correlation-induced band hybridisation, leading to the for-
mation of a topologically protected metallic surface state [32]; this theoretical prediction
has led to intense interest in this material over the past decade [33]. This being said, the
research community is yet to reach a consensus on whether the surface states present on
SmBg are undoubtedly attributable to a topologically non-trivial origin [196].

However, the search for similar model systems has thus-far proved elusive, prevent-
ing a comparative analysis of what crucial constituents are required in order to produce
such an exotic correlation-driven (putatively) topological surface state, leaving several
open questions unresolved [34]. The identification of other materials, with similar low

temperature electrical properties to SmBg, is therefore urgently called for.
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6.2 Metallic surface state on FeSb-

6.2.1 Anomalous low-temperature resistance plateau

Recent angle-resolved photoemisurface stateion spectroscopy (ARPES) measurements on
FeSb, have revealed the presence of low-temperature metallic surface states [46, 198].
These observations are reminiscent of previous findings on SmBg [34]. The low-temperature
electrical resistivity, p, of FeSb, is also very similar to that of SmBg (Fig. 6.1). In general,
the resistivity of a Kondo insulator should increase logarithmically as T— 0 K [26]; how-
ever, both SmBg [71, 199] and FeSb, exhibit low-temperature resistance plateaux, a hall-
mark of the development of a surface state, for 7 < 4 K. All sample batches examined in
this study exhibited a low temperature resistance plateau (Fig. 4.2). The formation of this
plateau is found to be accompanied by a steep peak in the Hall coefficient, -Ry.

Fitting the FeSby data in Fig. 6.1 to the standard Arrhenius activation model, of the
form p o exp(4/ksT), yields a high temperature indirect bandgap, 41, of ~ 12 meV for
T > 30 K (Fig. 6.1 upper right inset), comparable with prior reports [37]. However, at
lower temperatures another gap — 42 ~ 3.7 meV — opens up, of comparable magnitude to
the 4.0 meV gap in SmBg attributed to Kondo-induced band hybridisation [34]. Very sim-
ilar observations, of low-temperature resistivity saturation concomitant with a dramatic
reduction in Ry, have previously been attributed with topologically protected surface
state formation in the non-correlated TIs BisTeoSe [200] and Bij ggSng ¢g2Sbg.9TeoS [201].
The notable similarities between these materials and FeSbs are strongly suggestive of

similar microscopic mechanisms at play in this system.

6.2.2 Rotational symmetry evolution

To further investigate the potential surface state origin of the low-temperature resistivity
plateau of FeSbsy, a rotational magnetotransport study was performed. Figure 6.2 shows
the angular-dependent magnetoresistance (ADMR) of two FeSb, samples and one SmBg
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Fig. 6.1. Low-temperature electrical transport anomalies. Resistivity, p, and Hall coef-
ticient, Ry, as functions of temperature for SmBg (left, green symbols) and FeSb, (right,
blue symbols). Upper insets show resistivity against inverse temperature, with arrows
indicating the location of the peak in -Ry, which occurs for both materials in close prox-
imity to the resistivity plateau. Red lines show regions fitted to extract activated charge
gap energies 4. FeSby exhibits two gaps, with the lower temperature one, 49, being of
very similar magnitude to the sole gap of SmBg. Lower insets show the respective crystal
structures [163, 164, 197].

sample as a function of rotation angle 6, at various temperatures in applied magnetic

fields of + 14 T. Samples with large surface to volume ratios were chosen, with 6 = 0° cor-
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Fig. 6.2. Magnetotransport evolution from bulk- to surface-dominated symmetry on
cooling. (A) Magnetoresistance of SmBg at successive temperatures as a function of rota-
tion angle, 6. In all panels, the right hand side schematic gives the applied current direc-
tion, j, and rotational plane, while purple curves in each plot give symmetrised resistance
for applied magnetic fields of + 14 T, to exclude any transverse contributions. At 15 K,
away from the resistivity plateau, SmBg exhibits C4 rotational symmetry, whereas at 2 K,
on the plateau, this has reduced to C symmetry with a peanut-shaped trace. (B), Similar
temperature progression on an FeSbs crystal as for SmBg in panel A, clearly exhibiting a
peanut-shaped trace at 2 K, indicative of surface-dominated conduction [202]. (C), FeSb,
measured along a different rotational plane to that in B, indicating that the development
of the pronounced surface-dominated profile at low temperatures is not specific to a sin-
gular rotation plane.
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responding to field applied normal to the two largest (parallel) faces, the top one of which
was contacted with gold wires for standard four-point electrical transport measurements
as indicated in the schematics in Fig. 6.2. For T > 15 K, well away from the plateau,
both materials” longitudinal magnetoresistances exhibit almost isotropic rotational sym-
metry, as expected for simple bulk conduction. However, on cooling to T < 3 K, within
the plateau region, the rotational magnetoconductance profiles of both SmBg and FeSb,
undergo a pronounced evolution. In Fig. 6.2A at 5 K the studied SmBg sample exhibits
nodes (antinodes) in the magnitude of the magnetoresistance at 0° and 180° (90° and 270°);
however, at 2 K this has swapped to give nodes (antinodes) at 90° and 270° (0° and 180°).
Comparatively, the FeSby sample in Fig. 6.2C evolves similarly — with a stark difference
between the 5 K and 4 K temperature points, whereby the nodes at 90° and 270° at 5 K
have shifted to 0° and 180° at 4 K.

Interestingly, this evolution goes through a drastic change around the temperature
of the Hall effect peak (Fig. 6.1), with a convolution of 3D and 2D transport signatures
observed in the ‘butterfly” shape of the 5 K trace in Fig. 6.2C — similar behaviour has pre-
viously been reported in studies of Weyl semi-metals [203]. At the lowest temperatures, a
distinct peanut-shaped trace is observed in the rotational magnetoresistance of FeSb,, in

marked similarity with prior SmBg reports [202, 204].

In Figure 6.3, positive field polarity ADMR curves of both SmBg and FeSb, are plot-
ted this time on Cartesian axes rather than radially.! At elevated temperatures (> 15 K),
both materials exhibit a single period of oscillation in their ADMR traces upon travers-
ing through one full rotation of 360°. This is typical of isotropic bulk conduction in
solids [202, 203]. However, on cooling to 2 K, two notable changes have occurred. The
tirst is that the resistance of both materials has increased by several orders of magnitude;

the second is that there are now two ADMR oscillations per full rotation.

This symmetry evolution fits well within the surface state model, whereby at the low-

INote that there is some finite transverse contribution to these data owing to slightly misaligned contact
placing, giving rise to features in the data such as the FeSb, 20 K resistance being negative for some angles;
in Fig. 6.2 the purple curves give symmetrised resistances whereby transverse components have been elim-
inated by averaging over both field polarities.
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Fig. 6.3. Rotational symmetry evolution. Subset of the data in Fig. 6.2, for positive field
polarity of 14 T, of SmBg (top, black) and FeSbs (bottom, red) presented here in Cartesian
plots. At elevated temperatures (I' > 15 K) both materials exhibit angular-dependent
magnetoresistance traces traversing a single period per 360° rotation. In contrast, at 2 K
this has evolved markedly to two periods per 360° rotation.

est temperatures electrical conduction is dominated by these surface states, as their con-
ductivity is much higher than that of the insulating bulk. Hence, for the samples mea-
sured here with two large, dominant flat faces (as depicted in Fig. 6.2), we can conclude

that a model comprising the presence of surface-dominated conduction for 7 g 6 K, and
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6. Electrical transport measurements of metallic surface states on FeSby

bulk-dominated conduction at elevated temperatures, very well captures the symmetry
evolution observed in the ADMR data as a function of temperature for FeSbs (and indeed
for SmBg).
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Fig. 6.4. Bulk/surface conduction inversion. Finite element simulations of the current
density distribution for electrical transport through A, bulk-dominated channels, and B,
for surface-dominated conduction. Simulations were performed in collaboration with
colleague N. J. M. Popiel. C, Local and non-local 4-wire electrical transport measurements
performed on an FeSb, single crystal. Current and voltage leads were attached as per the
configurations indicated in (A) and (B) respectively. At high temperatures the non-local
resistance is greater than the local resistance, as expected for simple bulk conduction.
However, at low temperatures the converse is true, with the local resistance exceeding
that of the non-local resistance, implying the domination of surface conduction.

6.2.3 Nonlocal resistance inversion

To further probe the character of low-temperature electrical conduction in FeSbs, a nonlo-

cal resistance study was undertaken. Previously, an inversion between local and nonlocal
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6.2 Metallic surface state on FeSb,

electrical transport measurements upon cooling to the resistivity plateau was taken as a
key piece of evidence in support of metallic surface state formation in SmBg [34, 70]. In
the general case of electrical conduction through a section of bulk 3D conductor, electrical
transport is expected to take place predominantly through the bulk of the material, as
indicated by the charge density distribution depicted in Fig. 6.4A. However, for a sample
cooled to T 5 4K, the surface state model predicts that band hybridisation will cause these
bulk conduction channels to become strongly gapped out as the surface state forms. This
results in electrical transport being constrained almost entirely to the metallic surface of
a sample (Fig. 6.4B). By performing four-wire resistance measurements of local and non-
local configurations, as explicated by Figure 6.4, the applicability of this bulk/surface
model to FeSby may be investigated, and compared to the excellent correspondence pre-
viously found for such measurements in SmBg [34, 70].

Fig. 6.4C shows the measured electrical resistance of an FeSbs crystal for local (blue
curve) and nonlocal (red curve) wiring configurations. At elevated temperatures (7' > 4 K)
the resistance of the non-local transport channel is greater than the local channel, as
expected by simple geometric resistivity arguments for bulk conduction. However, for
T < 5 K the reverse is true, with Rjocal > Rnon-local- This crossover occurs just before the re-
sistivity plateau, over the same temperature range as the Hall effect peak in Fig. 6.1. Such
a remarkable observation would be difficult to reconcile within a bulk impurity-band pic-
ture, or even with an elaborate low-temperature highly-anisotropic conductivity model.
However, these observations may be easily explained by the surface state picture puta-
tively applied to very similar observations in SmBg [34, 70], and thus provide compelling

evidence that the same phenomenon is occurring in FeSbs.

Furthermore, the fact that the local /non-local resistance inversion should occur over
the same small temperature range (approximately 4 to 6 K) as the peak in the Hall co-
efficient, the opening of the resistance plateau, and the magnetoresistive symmetry evo-
lution, each in concurrence with previous reports on SmBg, gives strong confidence that
these observations all point to the same correlation-driven surface state mechanism, pre-

viously investigated in the case of SmBg, also being present in FeSb,.
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6. Electrical transport measurements of metallic surface states on FeSbo

6.3 Electrical mobility and carrier density measurements

Given the multitude of evidence indicative of FeSby possessing metallic surface states
at low temperatures presented in section 6.2, a study of the electrical properties of the
low-temperature conduction in FeSby was subsequently undertaken. This involved de-
termining the electrical mobility and carrier density through utilising the three difference

wiring configurations of Hall-bar, van der Pauw (vdP) and Corbino disc geometries.
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Fig. 6.5. van der Pauw study of FeSb,. Hall coefficient (left), carrier density (centre)
and carrier mobility (right) of an FeSby single crystal as inferred from utilising a vdP
measurement geometry and eqns. 4.2 & 4.3. Note that the sign of the Hall coefficient
(Ry) indicates electron-dominated transport below ~ 50 K. It should be stressed that, at
low temperatures (where surface conduction dominates), the vdP method does not yield
physically consistent quantitative results, for reasons discussed in the text.

Figure 6.5 shows results obtained from a vdP wiring setup of an FeSbs single crystal
using eqns. 4.2 & 4.3. A peak in the magnitude of the Hall coefficient is observed around
6 K, in concurrence with the Hall-bar data presented in Fig. 6.1B. The carrier density is
seen to decrease with decreasing temperature over the temperature interval of 10K < T <
50 K. This is as would be expected in the case of a typical semiconductor, like silicon [205].
However, a remarkable feature of this dataset is that, at the lowest temperatures, the com-
puted carrier density suddenly increases by over an order of magnitude, before plateau-
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6.3 Electrical mobility and carrier density measurements

ing down to the lowest accessed temperature of 1.8 K. Notably, this occurs whilst the
calculated carrier mobility abruptly decreases in magnitude.

For the carrier density to sharply increase on cooling to the lowest temperatures is
contradictory to the conventional expectation one would have for a typical semiconduct-
ing or insulating material, whereby carriers are assumed to be thermally activated across
some indirect band gap(s) and hence, upon cooling to the lowest temperatures, the car-
rier concentration decreases [205-207]. It is difficult to explain such an observation within
some impurity-band model, as was previously invoked in attempt to describe the pres-
ence of the anomalous resistivity plateau in SmBg [208, 209], as firstly they should be
frozen out at these low temperatures, and secondly they would not then be expected to
plateau as T — 0 K. However, within the interpretation of the formation of a metallic
surface state, the data is well understood — to be considered metallic, the surface state by
necessity must posses a large number of carriers that are able to partake in electrical con-
duction. Hence, an increase in the calculated carrier concentration upon the formation of

a metallic surface state is well accounted for in this model.

6.3.1 Corbino disc measurements

However, the manner in which both bulk and surface conductivity contributions are cou-
pled together in Hall-bar and vdP measurements complicates a quantitative analysis of
the carrier density and mobility. This is because the two contributions are difficult to de-
lineate, with the required geometric factors specific to the exact dimensions of the surface
itself being difficult to quantify owing to possible imperfections through e.g. subsurface
cracks that would increase the overall surface area of the surface state. Therefore, several
recent studies on SmBg have employed a Corbino disc geometry to undertake inverted
resistance measurements [174, 175, 210-212]. Utilisation of the Corbino geometry [173]
is advantageous in the instance of investigating a metallic surface state as one effectively
sets up a 2D Faraday cage on the surface of the material - hence the bulk (insulating) and

surface (metallic) components can, in principle, be electrically isolated from each other,
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6. Electrical transport measurements of metallic surface states on FeSbo

allowing for a rigorous quantitative examination of the surface state’s electrical conduc-
tivity to be undertaken [174].
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Fig. 6.6. Corbino disc measurements on FeSby. Left: 2-terminal Corbino disc measure-
ments on the (110) face of an FeSbs single crystal. A dc excitation current of 10 uA was ap-
plied at a temperature of 1.8 K. Right: Nonlocal voltage outside the Corbino disc, recorded
simultaneously to the local measurement. Colours correspond to the same angles as in
the left panel. Inset: Respective wiring configurations for the Corbino disc and nonlocal
channel.

Figure 6.6 shows local and nonlocal Corbino disc measurements on the (110) face of
an FeSby sample. A small dc excitation current of 10 pA (well within the positive dif-
ferential resistance regime, as shall be discussed in section 7.2) was applied at a constant
temperature of 1.8 K. The sample was rotated in-situ, with 0° corresponding to magnetic
tield aligned parallel to the plane of the disc, and 90° perpendicular to it. The Corbino

resistance exhibits a clear dependence on the angular alignment of the magnetic field,

ZNote that the nonlocal channel yields an effective resistance assuming that a 2D Faraday cage is estab-
lished on the metallic surface state inside the Corbino disc, hence the magnitude of the current at the non-
local voltage contacts is not well known; for the purposes of this figure the excitation current of the Corbino
disc has been (somewhat naively) inserted into V = IR, yielding an unreasonably low resistance value
for the bulk of order 1 Q. However, it is the comparison of the qualitative angular magnetoresistance be-
haviours of the two channels that is of primary importance in this discussion.
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6.3 Electrical mobility and carrier density measurements

unlike the effective resistance of the nonlocal channel, which exhibits no clear angular

correspondence within the experimental resolution of the measurement. 2

400 T

100

Fig. 6.7. Carrier mobility and density consistent with a 2D surface state. Left: Carrier
mobility, u, as a function of applied field strength, computed from the data presented in
Fig. 6.6. Error bars were calculated as the standard deviation of averaging over several
angles. Inset: Data for several angles as labelled. At high fields, they collapse very well
on top of each other, in exactly the manner expected for a 2D surface state (with a = de-
pendence as per eqn. 4.8). Right: Carrier density, n, over the same field interval as plotted
for u. The magnitude of n is several orders of magnitude lower than that observed by the
vdP method in Fig. 6.5. Here the error bar calculation was dominated by uncertainties in
the geometrical dimensions of the Corbino disc — for u the dominant contribution was the
reciprocal field term diverging at low field, hence the data are truncated below 1 T.

Figure 6.7 shows the carrier mobility, 4, and concentration, n, computed from the
Corbino disc magnetoresistance data (Fig. 6.6) using eqns. 4.6 & 4.8. That the Corbino
disc magnetoresistance curves should exhibit such a strong dependency on the magnetic
tield tilt angle, in notable contrast to the nonlocal channel, but should then collapse ex-

tremely well onto a single curve in the inset to the mobility plot when multiplied by the
1

sin 6

FeSbs, in addition to that presented in section 6.2.

term of eqn. 4.8, adds yet further confidence to the 2D metallic surface model of
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6. Electrical transport measurements of metallic surface states on FeSb,

6.3.2 Quantitative evaluation of FeSb, surface state characteristics
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Fig. 6.8. 2D carrier densities. Reported carrier concentrations and conductances for var-
ious 2D systems. Prior SmBg results from Hall-bar and van der Pauw (vdP) measure-
ment configurations at ambient pressure (green dots) and high pressure (grey diamonds)
yield strikingly different values to Corbino disc measurements (red dots). Hall-bar and
vdP measurements of FeSbs (blue stars) give similar carrier density values to measure-
ments by the same techniques on SmBg, but importantly they strongly disagree with the
Corbino measurement (blue dot). The shaded region indicates the quantum conductance
limit, while the dotted line denotes the maximum carrier density that can be contained
within a single band in a 2D Brillouin zone. Reported values for SmBg are taken from
refs. [36,70, 175, 210, 211, 213-215], with values for other 2D systems from refs. [216-224].

Figure 6.8 shows the conductance versus carrier density for FeSby measured by the
Corbino disc method (Figs. 6.6 & 6.7), by the vdP method (Fig. 6.5), and by the Hall-bar
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6.3 Electrical mobility and carrier density measurements

method, along with values for SmBg obtained by the vdP method (both computed from
the Hall data presented in Fig. 6.1). Various other 2D systems are included, estimated by
employing either classical (Drude) or semi-classical (Boltzmann) transport models, with
data from refs. [70, 175, 215] and references therein. One obvious feature of note is the
good similarity between Hall and vdP quantities extracted for FeSb, (blue stars) — yet
their marked disagreement with the Corbino result (blue dot) by several orders of mag-
nitude. A comparison of the literature data for SmBg likewise shows a much lower value
of n for Corbino results than the other wiring configurations. Despite strong evidence
in favour of low-temperature surface-dominated conduction, one may naively be puz-
zled that, with the exception of the Corbino results, each of these studies yielded carrier
densities considerably in excess of the theoretical single-band limit that can be contained
within a 2D Brillouin zone.

However, while the Hall-bar and vdP methodologies can accurately measure trans-
verse conductivities of topologically trivial 2D materials, in the case of a 3D TI such mea-
surements are complicated due to each side of the sample also having a 2D surface state,
thereby electrically connecting the top and bottom surfaces by surrounding them with
an effective metallic shell. Hence, the faces normal to the field are electrically shorted by
this edge channel, thereby lowering the measured transverse voltage across the sample,
giving carrier density values much larger than the true concentration on the 2D surface

state. 3

However, recent SmBg Corbino disc measurements have addressed this problem [174,
175, 210]. As discussed previously, through sourcing current between the concentric (in-
ner) circle and (outer) annulus of a Corbino disc, an effective 2D Faraday cage is cre-
ated on one single face of the sample, thereby excluding any edge contributions. These
measurements (Fig. 6.8 red dots) have yielded physically consistent values for 2D car-

rier densities and mobilities [175] — as is also the case established here for FeSbs. As this

$Note also that for a robust 3D TI, sub-surface cracks would also present additional metallic conduction
channels, as any surface termination requires topologically protected surface state formation. Any such
cracks or small surface defects may thereby provide additional surface state area than naively calculated by
only considering the bulk sample geometry, which in turn would also increase the (incorrectly) calculated
value of carrier density from performing Hall-bar and/or vdP studies.
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6. Electrical transport measurements of metallic surface states on FeSbo

technique is not sensitive to the sign of the charge carriers, but only their overall con-
centration, it also addressees the ambipolar surface conductivity predicted for correlated
TIs [225], which may further complicate Hall-bar and vdP measurements if both elec-
trons and holes are contributing to the surface conduction. Thus, the Corbino technique
is therefore considerably more effective at quantitatively determining the electrical trans-
port properties in 3D TI candidates such as FeSby and SmBg [174, 175, 210].

The quantitative contrast between carrier densities obtained for SmBg and FeSby from
Corbino measurements, compared with those derived from Hall-bar and vdP studies,
point quite strongly in favour of the presence of non-trivial topology. While it is possible
that multiple-band inversion layers can have carrier densities above the single-band limit,
this is not possible by the orders of magnitude observed here; nor, by similar arguments,
are simple polarity-driven mechanisms likely*. However, the fact that Corbino-derived
carrier densities specific to a single surface give physically plausible values, unlike Hall-
bar and vdP measurements (that can have detrimental contributions from other surfaces),
yields encouraging evidence in favour of topological surface state formation in these ma-

terials.

6.4 Comparative discussion of FeSb, and SmBg

It should be remarked that a clear-cut consensus on SmBg being a topological Kondo insu-
lator is yet to reach unanimous agreement throughout the community; although, recently
that appears to be nearing [34]. That these measurements on FeSby presented here yield
a plethora of striking similarities with SmBg offers the exciting possibility that, should
SmBg indeed be shown to possess metallic surface states owing to non-trivial topology,
then the surface states on FeSba most likely share that same origin.

An open question concerns the connection between the surface and bulk properties

— with both of these materials exhibiting unconventional quantum oscillations in their

4For the top and bottom surfaces normal to the field to be shorted by polarity-driven surface states,
all sides of the sample would have to also exhibit metallic surface states. While this has previously been
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6.4 Comparative discussion of FeSby and SmBg

insulating bulk, and low mobility metallic surface states that do not exhibit the SAH effect
up to the highest accessible magnetic field strengths. It has been proposed that non-
trivial bulk topology may be a necessary prerequisite for the manifestation of insulating
quantum oscillations in the case of SmBg [114] — which, if true, may help to explain the

strong similarities between these two materials” metallic surfaces and insulating bulks.

Studies on SmBg into what physical features are fundamental properties required for
the manifestation of the (putatively topological) surface state, and what features are not
relevant, have been severely hampered by drastic differences between sample prepara-
tion methods [34]. Samples grown in aluminium flux are reasonably easy to produce,
however the presence of aluminium inclusions, inhomogeneous growth rates of different
crystalline facets, and contamination from the melt container, have led to notable incon-
sistencies in observed properties between different research groups [226]. The presence
of small quantities of rare-earth impurities, such as gadolinium, can have a pronounced
effect on the physical properties [227] at the low temperatures where the surface state
forms, and the purification of elemental lanthanides from extraneous impurities of other

rare-earth contaminants is notoriously difficult.

Higher purity SmBg samples may be obtained via the floating zone technique [168],
as evidenced by these crystals” superior inverse residual resistance ratios, magnetisa-
tion, quantum oscillation and thermal transport properties [91]. Samples grown by this
method have also exhibited some of the most compelling ARPES evidence for a topo-
logically non-trivial nature of the surface state [228]. However, this method is consid-
erably more difficult to perform than flux growth, with the high melting point of SmBg
requiring the use of mirror furnaces to reach temperatures approaching ~ 3,000 K [168].
Furthermore, the attainment of such high temperatures increases the likelihood of intro-
ducing samarium vacancies, which have also been reported to be a significant variable
factor in the correlated electronic properties of this material [229]. This plethora of vari-
ation in physical properties between differing growth batches and sample preparation
methodologies of SmBg has hampered the identification of what constituent properties

explored in the case of SmBg [34], the orthorhombic structure of FeSb, makes it much less likely that such
an effect would be observed in this system.
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are prerequisite to the development of the correlation-induced surface state.

FeSbs, by contrast, has a much lower melting point of just over 1,000 K. This makes
the acquisition of high-purity samples much more accessible through use of the chemical
vapour transport (CVT) method, such as for the crystals investigated in this study. The
CVT method, like the floating zone method, is immune to extraneous substitutive impu-
rities from a crucible origin, or from flux inclusions; importantly, the considerably lower
temperatures involved significantly minimise the probability of introducing vacancies,
dislocations, or other sources of crystalline disorder that higher temperature procedures
suffer from. Hence, obtaining excellent purity FeSb, crystals is much more realisable for
a number of experimental research groups than is the attainment of similarly high quality
SmBg.

Therefore, given the striking similitude in low-temperature surface state properties be-
tween FeSbs and SmBg, an exciting possibility lies in the identification of FeSbs as a model
d-electron analogue of SmBg, with extremely similar low-temperature behaviour, but with
chemical properties that make the attainment of pristine high-purity specimens signif-
icantly easier to realise. Complementary measurements, such as spin-resolved ARPES
and scanning tunnelling microscopy, are urgently called for in order to further investi-

gate the potential of a topologically non-trivial origin of these metallic surface states.
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6.5 Summary

This chapter presented a suite of electrical transport measurements performed on FeSbs.
Evidence indicative of surface-dominated conduction at low temperatures was observed
from a variety of sources, including the observation of an anomalous low temperature
resistivity plateau, an evolution of magnetoresistive rotational symmetry on cooling, an
inversion between local and nonlocal transport channels, and a quantitative disagreement
between Corbino measurements with Hall-bar and van der Pauw results of several orders
of magnitude. These observations are strongly indicative of the presence of a metallic
surface state hosted by FeSb, at low temperature. Notable similarities with the putative
topological Kondo insulator candidate SmBs were compared and contrasted, with the
temperature profile of surface state formation in FeSby found to be remarkably similar to
that observed in SmBg. It is therefore very likely that whatever microscopic mechanism
is at work in manifesting low temperature surface dominated conduction in SmBg is also
at work in FeSbo.
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Non-Ohmic conduction and associated

electrical transport phenomena in FeSb,

The most beautiful thing we can experience is the mysterious. It is the source of all true
art and science.

— Albert Einstein

In this chapter, a series of current-dependent electrical transport studies on FeSby are
presented. At low temperatures, strongly non-Ohmic resistance behaviour is observed,
with a negative differential resistance regime present for high excitation currents. This
is in common with previous reports on the topological Kondo insulator candidate SmBg.
Importantly, these effects are shown not to be caused solely by Joule heating, but must
involve some other mechanism(s) that are yet to be well understood. The chapter con-
cludes with the evaluation of some anomalous high field electrical transport data that
exhibits quanitsed magnetoconductance signatures present in the highly unconventional

high current, low temperature regime of this material.
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7.1 Introduction

Ohm'’s law states that the potential difference across a section of electrically conducting
material is equal to the product of its resistance and the magnitude of the applied cur-
rent [230]. This holds true for simple metals, such as copper or silver. However, there are
numerous materials wherein, under certain conditions, V # IR. For example, in type-II
superconductors dissipation caused by vortices can give rise to non-Ohmic electrical con-
duction [231]. In the case of a p-n junction, the regimes of forward conduction and reverse
breakdown follow markedly different I-V dependencies [232]. However, in each of these

cases the differential resistance in never negative - that is, dV/d/ < 0 is not observed.

7.2 Non-Ohmic current-dependent phenomena

7.2.1 Negative differential resistance
Negative differential resistance in SmBg

In 2012, Kim et al [233] reported negative differential resistance in SmBg, whereby at low
temperatures and high excitation currents the measured voltage across a sample decreased
with increasing current (Fig. 7.1). Subsequent studies showed that the negative differen-
tial regime (NDR) was acutely dependent on the frequency of the ac drive current, and
that remarkably, upon the application of small dc bias currents, ac output voltages up
to 30 MHz were attained, with the frequency of the response scaling inversely with the
sample size [234, 235]. These results pointed to complex transient dynamics at play, with
an anomalous intrinsic capacitance between the insulating bulk and metallic surface state

posited to be responsible.

Recently, a different collaboration has reproduced and extended these current-dependent
results on SmBg with an impedance spectroscopy study [236]. Interestingly, the authors
report that unlike the simple models assumed in refs. [234, 235], it is not possible to ex-

110



7.2 Non-Ohmic current-dependent phenomena

30 30

(b)

A

—— 5 Hz stationary
——1Hz —— 5 Hz first
-30 -30

60 [T T T T T ] 20 0 20 -20 0 20

| (mA) I (mA)

30 30
- © (ii_A

1 — 20 Hz stationary — 50 Hz stationary
K — 20 Hz first —— 50 Hz first
5 -30 -30

vV (mV)
g )
v (mV)

W
o

°

w

P

V (mV)
vV (mV)

V (mV)
=

-20 0 20 -20 0 20
] * 6K | (ma) Ay
L 1 30 30
30 L 8K (e) sooHz (f) skHz
-30} 1 s =
10K1 %, 6 |
| = —:ﬁl\onary = = :¥:rsllwnn
——2nd —— stationary
——3rd
'60 [ . A . . N 305 0 20 0% 0 20
_20 0 20 | (mA) I (mA)
30 30
(g) 10wz (h) 20wz
I (mA) < s ¥~
E o0 Eo 7
= : :rsatnsition > r— ;r:'nsllmn
—— stationary — stationary
30 in -30 in
-20 0 20 -20 0 20
I (mA) I (mA)

Fig. 7.1. Non-Ohmic conduction reported in SmBg. Left: Voltage, V, as a function of
current, /, at various temperatures. Negative differential resistance (a downward slope in
V vs I) is observed at high currents for T < 5 K. Right: Panels at different ac excitation fre-
quencies between 1 Hz to 20 kHz, showing pronounced frequency-dependent behaviour.
These measurements were taken on a single crystal of flux-grown SmBg. Figure adapted
from [233] and reproduced with permission. Copyright (2012) by the American Physical
Society.

plain the data solely with resistive and capacitive components alone, but instead they
show that the inclusion of an inductive component(s) is also necessary in order to fully
explain their dataset by way of analogy with an RLC circuit. While the model of insulator-
metal capacitive coupling is somewhat intuitive to visualise, with charge having to tun-
nel from one to the other, this new proposal poses the interesting question as to what
constituent part of the surface/bulk system could somehow be acting inductively. The
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7. Non-Ohmic conduction and associated electrical transport phenomena in FeSb,

authors of ref. [236] give no indication of what physical aspect of SmBg they believe to be
playing the role of an electrical inductor, and it is not immediately apparent how a metal-
lic surface state could effectively be storing magnetic field in such a manner. The bulk
is therefore more likely to be the source of this intriguing intrinsic inductance — perhaps
by hosting soliton-like magnetic objects — which provides a potential a bridge from the
electrical behaviour of the SmBg surface state to the unconventional insulating properties
of the bulk. More work to better understand these dynamics within SmBg is therefore
urgently called for.

Comparison of SmBg and FeSb, NDR behaviour

Figure 7.2 shows the potential difference across SmBg and FeSb, single crystals as a func-
tion of ac excitation current, at a frequency of 0.3 Hz in order to minimise the hysteretic
effects at high current and high frequency reported in ref. [233]. The SmBg data repro-
duces well the results previously reported in ref. [233] (Fig. 7.1). Qualitatively, the same
set of measurements on FeSb, are, remarkably, almost identical in character. Both materi-
als show a sharp peak in voltage as a function of current, before going on to exhibit a NDR
up to the highest applied currents (in this case of 5 mA amplitude). Quantitatively, the
main difference is that at 2 K FeSb, crystals typically exhibit greater resistance than those
of SmBg (for similar size and contact placement for both materials), by up to a couple of

orders of magnitude (as indicated by the [effective] resistivities plotted in Fig. 6.1).

7.2.2 Transient dynamics

Given the strong similarities between the two materials as depicted in Fig. 7.2, in order
to evaluate if the transient effects observed in SmBg (Fig. 7.1) are also common across the
two materials, a similar time-dependent study of the I-V response of FeSby was carried
out. Figure 7.3A shows the first 25 ms of voltage signal measured across an FeSby sam-
ple after a sinusoidal excitation waveform of frequency 20 kHz was sourced through the
sample. The same data is plotted versus current in Fig. 7.3B. The initial amplitude of the
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Fig. 7.2. Negative differential resistance. Current-voltage behaviour of SmBg (left) and
FeSb, (right), at incremental temperatures. Both materials exhibit remarkably similar be-
haviour. Upper insets show the 2 K curves of the main panel on a logarithmic current
scale; arrows denote the direction of the current sweep, exhibiting hysteresis in the vicin-
ity of the peak in voltage. Lower insets show derivatives of the 2 K curves; the negative
differential regime (NDR) is defined as the high-current region in which dvV/dI < 0. All
curves were obtained at an ac drive frequency of 0.3 Hz, measured by a lock-in technique.

voltage response (blue curve) is seen to attenuate rapidly, with strong hysteresis observed
in the I-V plot. Similar behaviour is also observed on reducing the frequency down to
500 Hz (Fig. 7.3C&D). These results are very similar with those previously reported in
SmBg (Fig. 7.1) [233].

Interestingly, a pronounced difference is observed in the time-dependent voltage sig-
nal for a 5 Hz ac excitation current at a temperature of 4 K (Fig. 7.3G) compared to that at
0.7 K (Fig. 7.3H). Despite sourcing a clean sinusoidal current excitation, the voltage profile
at 4 Kis seen to be anomalously shaped, with the peak of each waveform slowly decaying
before going rapidly to the minimum, slowly decaying in amplitude again then return-
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Fig. 7.3. Transient frequency-dependent effects. Frequency dependence of the transient
response. All data are measured at 4 K, except H at 0.7 K. Data were acquired by a Yoko-
gawa DL 850E digital acquisition system.
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ing to the peak and repeating. This behaviour (in SmBg) was addressed in ref. [233] as
representing an anomalous capacitance, as the phase shift between the current and volt-
age channels cannot be described merely by some resistive model but instead requires
the presence of some (virtual) capacitive component. This effect was posited to involve a

capacitive coupling between the bulk insulator and the metallic surface state [233-236].

At 0.7 K, the time-dependent voltage profile of FeSb, clearly shows a considerably dif-
ferent, highly anomalous behaviour. That the voltage profile should evolve so markedly
over this temperature interval implies that, if the bulk-surface capacitive coupling model
invoked for SmBg in refs. [233-236] should also hold true in the case of FeSbsy, then
the strong gapping out of bulk conduction down at the lowest temperatures appears to
be strongly linked to the strength of the capacitive response. More experiments, finely
spaced in temperature and frequency, could be extremely useful in revealing how this
relationship evolves, and hence place firmer constraints on physical models for the mi-

croscopic mechanisms responsible.

7.2.3 Discussion of the NDR origin

In electrical engineering, the attainment of an NDR usually requires the fabrication of
complex components, such as tunnel diodes or vacuum tubes [237, 238]. Understandably,
the observation of such effects in bulk materials, such as crystals of SmBg and FeSb, is
rather uncommon. Of the materials that have been reported to possess an NDR, some
have had this effect attributed to Joule heating effects [239, 240] while others are instead
ascribed to be indicative of the melting of charge density wave (CDW) order [241-243].
No evidence for CDW formation in SmBg or FeSb; has been reported, however, aspects
of a Joule-heating origin of the NDR have been explored [233-236].

An interesting comparison of the exotic I-V characteristics of SmBg and FeSby can be
made with Ce3BiyPt3, an archetypal Kondo insulator [245, 246]. Figure 7.4 shows that,
despite this material also exhibiting hysteretic current-voltage behaviour indicative of an
anomalous capacitive component, no NDR is observed in this study [244]. Furthermore,
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Fig. 7.4. I-V characteristics of Ce3BisPts. Left: Differential resistance and phase angle of
a Ce3BisPt3 crystal. No NDR is observed up to the highest applied current magnitude
of this study, of 20 mA. Right: Lissajous plots of Ce3BisPt3 at 20 Hz. Anomalous self-
capacitance is also present within this system. The inset shows the phase angle evolution
in temperature. Figure reprinted from ref. [244], with the permission of AIP Publishing.

in another study that analysed the transient response of SmBg, similar measurements
performed on Ce3BisPt3 found no evidence of dc controlled ac signal oscillations down
to their lowest measurement current of 1 K [234]. This was taken to imply that, in or-
der to explain the I-V characteristics of SmBg, although it may be possible to attribute
the anomalous capacitance to be due to the presence of Kondo physics, the NDR is in-
stead strongly indicative of the presence of a metallic surface state (as Ce3BisPt3 shows
no evidence for surface-dominated low temperature conduction) [234, 244].

Effect of Joule heating

In ref. [244], the authors posit that simple Joule heating alone is insufficient to account
for the hysteretic Lissajous curves obtained for Ce3Bi,Pt3 (Fig. 7.4), but that instead some
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form of memristive-like behaviour [247, 248] is caused by a virtual thermal impedance
arising from the self-heating by some (as yet) unknown mechanism. In refs. [234, 235],
the authors apply this concept of virtual thermal impedance to SmBg, in tandem with the
bulk/surface capacitive coupling framework. They write this model as:

CRsls =1y —GlIg

o (7.1)
CHT = QISRsG - ISIORS - ’}/(T - TB)’

where I and Ij are the surface and total currents through the sample, respectively; C is
the total (internal and external) capacitance; and G = (Rs + Rg)/Rp where Rg denotes the
surface resistance and the bulk resistance, R, is given by Rp = R% exp (-A/T + A/Ty). At
temperature Ty, RY is the (equilibrium) bulk resistance. Cy is the heat capacity and y is a
temperature-independent rate of heat transfer through the leads [234, 235].

The authors of refs. [234, 235] report good correspondence with this model, which
predicts temperature and voltage oscillations offset by a phase difference of 90°, that are
verified by experiment. They qualitatively view this as an initially cold sample being
at a temperature sufficiently low enough for surface conduction to dominate. Heat is
then applied (simply by P = IV), warming the system up to a temperature whereby the
resistance decreases; hence, I2R subsequently decreases, the sample cools, and the process

repeats.

Ref. [236], meanwhile, in performing a more detailed impedance study of SmBg, re-
ports that this model only holds well for low frequencies. At high frequencies, they find
that an inductive term is required to fully model the electrical response. They verify this
on the results published in ref. [234], and show that their model correctly yields LC « w™2,
as expected by simple circuit theory [237].

The dc-tunable ac signal response experiments performed on SmBg in refs. [234, 235]
are yet to be performed on FeSb,, so a direct comparison of the model presented in eqn. 7.1
cannot be conducted. (A subsequent study to this effect is highly recommended by the
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author.) However, a comparison of the high- and low-frequency data from Fig. 7.3 can
still be performed, and then assessed against the question of whether a Joule-heating

argument may be the sole cause of these anomalous I-V results in FeSbs.
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Fig. 7.5. Negligible effect of Joule heating on the transient response. Voltage (left),
power (centre) and total heat applied (right) to the same sample of FeSbs for 500 Hz
(black) and 5 Hz (red) excitation frequencies. All panels are plotted over an identical time
interval.

Figure 7.5 shows the 500 Hz (black) and 5 Hz (red) data from panels 7.3C and 7.3G,
respectively. The voltage amplitude of the 500 Hz trace is seen to decay markedly over
the first 0.05 s of the measurement, before going on to continue decreasing (albeit more
gradually) over the entire 0.5 s duration of the measurement. The 5 Hz trace, by contrast,
shows no attenuation within the resolution of the measurement. Despite the 5 Hz trace
actually experiencing more Joule heating over the initial 0.05 s of the measurement, it is
the 500 Hz trace that drops in amplitude by over a factor of 1/4 during this interval. This
strongly suggests that Joule heating can be ruled out as the causal factor for the transient
response observed in FeSbs. Further detailed investigations into the character of the non-
Ohmic conductance in FeSby, such as the dc controlled ac signals seen in SmBg [234, 235],
and the SmBg impedance study recently reported in ref. [236], would add much greater
insight into whether the models proposed thus far for SmBg also hold in the case of FeSb,,
or whether fresh thinking is required for this material.
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Despite the above discussion arguing strongly against a Joule heating origin for the
anomalous transient repsonse observed for high excitation frequencies and currents in
FeSb,, from these observations alone it cannot be ruled out as the source of the NDR. To
better resolve that question, we turn to the application of magnetic fields.

7.3 Current-tuned magnetoresistive effects

7.3.1 Uniqueness of the low temperature, high current regime
Characterising current-tuned behaviour in temperature

To examine the response to applied magnetic fields of the anomalous I-V behaviour pre-
sented in the previous section, a suite of field-dependent measurements was undertaken.
Figure 7.6 shows resistance versus temperature for several dc excitation amplitudes, from
as low as 10 nA up to 100 pA (which for this sample is within the NDR). Identical tem-
perature sweeps were performed in applied magnetic fields of 0 T, -14 T, and +14 T, with
the dashed curves being the symmetrised combination of the + 14 T data. This was per-
formed in order to exclude any transverse (Hall) component contribution to the dataset,

which can be considerable over this temperature range (Fig. 6.1).

Intriguingly, there is a notable difference between the in-field behaviour of the low
and high currents examined here. For example, a visual inspection of the 10 nA (red)
curves shows that the 14 T resistance is always greater than that in zero applied field,
throughout the entire temperature range of the experiment. However, that is not true for
the 100 pA (blue) curve which, at the lowest measured temperatures, exhibits a lower

in-field resistance than for 0 T.

In order to further examine this effect, a comprehensive investigation into the magne-
totransport dependence on excitation current was undertaken. Figure 7.7 shows a contour

plot constructed from many individual magnetoresistance traces, taken at incremental

119



7. Non-Ohmic conduction and associated electrical transport phenomena in FeSb,

I I T I I
o 1.4 il T T il T
10’ 2 ]
Fi2f :
<) *e 3
@
o 10° =10 M ]
G = .
(o] )
O @ 3
0.8F} . 3
[ =
E 3 T=2K ¢
0 00101 1 10 100
(]
o 3 Current (UA) .
10 [ 4
- j”[OlO] - —=14T 1
- H | [001] .
10-1 [ 1 N N N N PRI | N 1 N 1
2 10 20 30

Temperature (K)

Fig. 7.6. Change of sign of magnetoresistive gradient tuned by excitation current. Solid
curves show resistance as a function of temperature in zero applied magnetic field, for
several dc currents between 10 nA and 100 pA as indicated, while dashed curves give
the symmetrised magnetoresistance (measured at + 14 T) for the same currents. For low
currents, the 14 T resistance is always higher than that for 0 T — but at high currents the
14 T curves cross the 0 T curves at low temperature. Inset: ratio of the resistances at
|uoH| =14 T and 0 T, as a function of current at 7 = 2 K.

currents and temperatures, on a different FeSby sample. This figure was constructed in
collaboration with colleague N. J. M. Popiel.

If the anomalous high current, low temperature electrical behaviour of FeSby pre-
sented in section 7.2 were merely the result of Joule heating, then behaviour observed
for high currents at low (measured) temperatures may in fact just be a reproduction of
the low current behaviour exhibited at higher temperature, except with the effect of local
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Fig. 7.7. Uniqueness of the low temperature, high current regime of FeSb;. Contour
plot of the magnetoresistive ratio of an FeSby single crystal in fields of 14 T/0 T. The
scale bar has been especially designed to sharply highlight R(14 T)/R(0 T) <1 (in yellow),
which is observed only for the highest currents at the lowest temperatures.

heating to the sample perhaps not having been accurately taken into account in determin-
ing the temperature. Thereby, if such effects were caused simply by such a Joule heating
argument, then one would expect to see the same effects (i.e. the response to a magnetic
field) that are observed at low temperatures and high currents to also be occurring at high
temperatures and low currents.

Fig. 7.7 shows conclusively that this is not the case. There is only one region of the plot
wherein R(14 T)/R(0 T) < 1; this occurs solely for high excitation currents at the lowest
temperatures. Therefore, simple Joule heating arguments are unable to explain the I-V
characteristics of this material at low temperatures, and simple models such as eqn. 7.1
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are clearly insufficient in reconciling the current-controlled behaviour exhibited by FeSbs
under the application of a magnetic field!, as indeed are conventional models of electrical

transport in the presence of an applied magnetic field [249-251].

Persistence of current-tuned magnetoresistance to high magnetic fields

To extend the investigation of this phenomenon to higher magnetic fields, a series of
pulsed field measurements was performed. Figure 7.8 shows magnetoresistance traces
up to 70 T, for various applied excitation amplitudes. Measurements were obtained in
a *He insert thermally equilibrated with a He bath pumped down to 1.4 K, in order
to provide maximal cooling power. Data was acquired by a Yokogawa DL 850E digital

acquisition system.

Again, a clear distinction between low and high current behaviour is observed, with a
positive slope of magnetoresistance exhibited at low I, that then flattens out for increased
I before turning to a clear negative slope at high /. This trend — of positive dR/0(uoH)
in the positive differential resistance regime, and negative dR/d(uoH) in the negative
differential resistance regime — is common to the three different FeSbs samples presented
in Figs. 7.6, 7.7 & 7.8. These effects were also observed on several other samples (for
brevity the results of which are not presented here); hence, it is very likely that these
anomalous effects, that cannot be reconciled solely within a Joule-heating framework, are
indeed intrinsic to FeSby, and thus necessitate a more rigorous theoretical explanation
than those posited thus far for the case of SmBg’s NDR characteristics? in refs. [233-236].

Interestingly, both the lowest measured current of this high field study (20 pA, blue

1 An interesting side note is that the vivid band of blue shown at ~ 6 K in Fig. 7.7, which borders the
large purple region, is likely characteristic of the opening of the metallic surface state. Note also that for
this particular sample, the NDR is accessed only with somewhat higher currents than in the case of the
samples in Figs. 7.6 & 7.8, of order a few hundred pA; the location of the peak in the I-V curve is found to
vary somewhat sample to sample, but is generally in the range of a few tens of A up to a few hundred pA.

ZNote that no reports of SmBg exhibiting these anomalous in-field signatures have yet been reported — a
comparative experimental study, of the same measurements presented here on FeSb,, would likely be very
useful in constraining possible models across both systems.
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Fig.7.8. Pulsed-field current dependence of FeSb,. High-field magnetoresistance curves
of FeSb, for various excitation currents measured in the 70 T magnet at HLD, Dresden.
Current was sourced along the [100] direction, with field applied parallel to [001]. The di-
chotomy between high/low currents exhibiting positive /negative magnetoresistive gra-
dients is seen to persist up to at least 70 T, with neither regime appearing to saturate at
high field.

curve in Fig. 7.8) and the highest measured current (130 pA, red curve) show no signs of
saturating as upH — 70 T. This implies that whatever mechanisms are dominating the re-
spective low and high current behaviours are not fragile to time reversal symmetry break-
ing. Notably, as per the case of SmBg [34], despite the multitude of evidence presented
above in favour of electrical conduction being dominated by a metallic surface state at
this temperature, no SAH oscillations are observed up to 70 T. However, we should quan-

titatively consider the value of the carrier mobility extracted from Corbino measurements
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in section 6.3.1, which yielded u ~ 100 cm?V~1s™1. We can make a crude estimate for the
magnetic field strength at which SdH oscillations should onset [175], as u- poHonset = 1, i.€.
poHonset ~ 1/p. Assuming u ~ 100 cm?V~1s7! remains valid up to high magnetic fields,
then puoHonset = 100 T. Hence, it is unsurprising that no evidence of the SdH effect ema-
nating from the metallic surface is observed up to the maximum field strength applied
here of 70 T. It is interesting to note that, while the insulating bulk exhibits pronounced
quantum oscillations in magnetisation at fields as low as = 10 T (Fig. 5.5), no resistivity os-
cillations (of either a bulk or surface origin) are observed up to at least 70 T — underlining
yet another similarity between FeSby and SmBg [34, 91].

Simple tunnelling model

If we were to assume a simple tunnelling model for the I-V behaviour, whereby low
currents are considered constrained to the metallic surface of the material, but higher
currents are capable of tunnelling through to the bulk, this might qualitatively capture
some of the observations reported here. For example, metals typically exhibit positive
magnetoresistive gradients, due to additional scattering introduced through cyclotron
motion [252], whereas Kondo insulators like Ce3BisPt3 exhibit negative magnetoresis-
tive gradients owing to the breakdown of Kondo singlets as the Zeeman energy is in-
creased [253].

However, this picture is likely too simple to really capture all that is happening. Firstly,
at low temperatures the magnetoresistance of typical metals such as copper saturates for
toH ~ 10 T [254] - whereas here the 20 uA curve shows a linear, non-saturating response
over the field interval 20 T < puoH < 70 T. This strongly implies a full description must
also incorporate the additional presence of some other effect(s), perhaps Abrikosov quan-
tum linear magnetoresistance [255, 256]. Furthermore, regarding the possible explanation
of negative magnetoresistive slopes as originating from the paramagnetic destruction of
Kondo singlets, the question of whether FeSbs can be treated by the same "Kondo insula-
tor” frameworks of 4 f materials like SmBg is still an open question [37]. Fresh theoretical

impetus is urgently called for in attempt to reconcile the plethora of exotic electrical sig-
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natures manifested at low temperatures by this material.
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Fig. 7.9. Current-dependent rotational symmetry evolution. (A) I-V curve for dc exci-
tations up to 2 mA at incremental 10° angles from H L (110) to H || [001]. Current was
sourced along the [001] direction, and all measurements were taken in an applied field of
9T at 2 K. (B) Low-current and (C) high-current blow-ups of the data in A. (D-F) Voltage
versus magnetic field tilt angle for excitation currents of 100 nA, 360 uA, and 2mA. For
reference, H L (111) is located at 53.7°.

7.3.2 Characterising the anomalous high current behaviour in field
Rotational study

To further probe the characteristics of the anomalous I-V response of FeSby in magnetic
tields, a rotation study was performed. Figure 7.9 shows voltage as a function of dc
excitation current for H aligned at incremental angles from H L (110) to H || [001] || j,

where j is the unit vector in the direction parallel to that in which the current was sourced.
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For this sample, the peak in V vs I is observed to occur for I ~ 360 uA. For currents below
this, e.g. the range plotted in panel (B), a simple sinusoidal behaviour with respect to
angle is observed, as explicated in panel (D). The sinusoid exhibits half a wavelength
over the 90° rotation measured, hence for a full 360° rotation would be expected to yield
two full oscillations, in excellent agreement with the results indicative of a metallic surface
state in this temperature range presented previously in Figs. 6.2 & 6.3. We can therefore
likely interpret the low current region of the I-V curve as being dominated by surface

conduction.

Once more, we can see that simple heating arguments fail to capture the complexity
of the data. If Joule heating were the dominant mechanism responsible for the formation
of the NDR, then at high currents we would expect to reproduce the bulk symmetry
measured at high temperatures and low current in Fig. 6.3, with one rotation per 360°
(and hence a quarter of a wavelength over 90°). However, that is very much not what is
observed - in panels (C) and (F) of Fig. 7.9, for rotation angle « in the range 0° < & < 70°,
the data appears to indicate there would be a full wavelength of oscillation for the 90°
span of rotation. However, the 80° voltage is lower than would be expected, and that at
90° is even lower in magnitude than that measured at 60°. Panel (E) shows that, right at
the peak of the I-V curve, the high angles (80° & 90°) are beginning to deviate from the
simple sinusoidal progression of panel (D).

This behaviour is highly puzzling, and hints further at the underlying complexity of
the high current I-V effects in FeSb, uncovered in this dissertation. It appears that the 90°
orientation (i.e. H || [001]) is the orientation for which the behaviour is most anomalous.
To determine whether that may be due to the fact that H L j in this orientation, or due
to the [001] direction possessing anomalous magnetic properties as previously explored
in section 5.6, is unclear from this dataset alone. Future studies, beyond the scope of
those presented here, extending through more angles of rotation, and perhaps employing
Corbino geometry to delineate surface and bulk contributions, would be most informa-

tive in guiding further evaluation of these anomalous features.
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Transverse effects of high currents
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Fig. 7.10. vdP study extended to high currents. Top: Blue curves showing Hall coeffi-
cient (Ry), carrier density, and carrier mobility for 2 K < T' < 20 K. Data are the same as
Fig. 6.5. As discussed in section 6.3.2, these results are not quantitatively valid for the
lowest temperatures where surface conduction dominates. Bottom: Red curves showing
the response of Ry, carrier density, and carrier mobility to the magnitude of excitation
current, measured on the same sample as that of the temperature curves above. Symbols
give individual data points; lines are as a guide to the eye.

Figure 7.10 shows the effect of current on Ry, u, and n for incremental currents in the
range 1 pA < I < 8 mA computed through use of eqns. 4.2 & 4.3. For both Ry and n,
the dependencies on temperature follow similarly to those on current, with a plateau for
low temperatures/low currents, followed by an increase (decrease) in -Ry (n), followed
by a subsequent decrease (increase) again at the highest plotted temperatures/currents.
An examination of just these two variables in isolation may lead one to assume a Joule
heating origin to these effects —however, an examination of u shows that this is not viable.
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Over the temperature domains where -Ry (1) decreases (increases), u is also decreasing.
However, under the application of high current u is seen to rise sharply upon accessing
the NDR, and then continues rising up to the highest applied currents. Thus, unlike for -Ry
and n, u shows a contradiction between the high temperature/high current behaviour.
Thereby, once more there is another high current-induced phenomenon in the low tem-
perature electrical transport of FeSbs that requires some more complex explanation than

a simple Joule heating argument.

It should be stressed again that, quantitatively, the vdP method is not capable of accu-
rately determining » and u in the case of a 3D topological insulator (TI) [174]. Although
it is yet to be determined whether FeSbs indeed falls into such a class of materials, we
can state with confidence due to the Corbino measurements presented in section 6.3.1
that the vdP technique is not suitable for quantitatively describing the metallic surface
states present at low temperatures in FeSby. This being said, for the elevated tempera-
tures where bulk conduction dominates and -Ry (n) is decreasing (increasing), it should
hold well. Yet, intriguingly, the disagreement in u(/) compared to u(7) over the range

examined in Fig. 7.10 clearly indicates some unconventional mechanism at play.

The behaviour of the electrical transport at high currents allows us to speculate as to
what features this unconventional mechanism may possess. Applying the simple tun-
nelling model discussed above, we can interpret the vdP data as giving effective be-
haviours for n and p, in the context of a surface/bulk 2-component system. Assuming
that low currents are constrained to the metallic surface of the sample, and the applica-
tion of high currents enables tunnelling through to the bulk insulator, it is intuitive that
n should decrease as the vdP measurement becomes sensitive to the bulk contribution at
higher currents, as opposed to merely sampling the metallic surface channel in the low
current regime. However, the observation of increasing u(I) at the highest currents im-
plies that, somehow, some property of the bulk is causing this effect. u can be simply
thought of as the mean drift velocity of the charge carriers divided by the electric field
strength. Thus, unlike in the case of e.g. Gunn diodes, wherein negative differential re-
sistance is accompanied by anomalous saturation of carrier velocities [257], in the case of
FeSb, a saturation of ¢ was not observed up to the highest applied current of the dataset
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presented in Fig. 7.10, of 8 mA. Further studies, extended to higher applied currents and
perhaps employing local and nonlocal Corbino geometries, would help to provide a more

complete understanding of these effects to be attained.

Furthermore, the experiments presented within this chapter were limited in their de-
sign owing to the irregular and varied shapes and sizes of high purity single crystals
generated by the chemical vapour transport method. In order to preserve the pristine
surfaces, no cutting was employed on the samples presented here; however, this made
it very difficult to calculate the current density sourced through a given sample to any
sensible degree of certainty, hence it has not been attempted in this present work. Future
experiments, on perhaps needle-shaped samples (if these can be produced to a good level
of quality), wherein the current density could be easily computed, would be very inter-
esting in order to determine if it is the magnitude of voltage, current, or indeed current
density that is of the highest importance in manifesting these anomalous effects observed
here at low temperatures and high applied currents in FeSbs.
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7. Non-Ohmic conduction and associated electrical transport phenomena in FeSb,

7.4 Summary

This chapter presented a number of electrical transport measurements performed on
FeSby, building on those of the previous chapter. Signatures of non-Ohmic conduction
phenomena were explored, with FeSbs seen to yield an anomalous regime of negative dif-
ferential resistance for high applied measurement currents. More similarities with SmBg
were discussed, including some Joule heating arguments that have been proposed in at-
tempt to explain similar effects previously reported in that material. However, in the case
of FeSb, it was shown here that under the application of magnetic fields, for high exci-
tation currents at low temperatures, a negative slope of magnetoresistance is observed
that is not seen for low currents at higher temperatures. Therefore, the anomalous low
temperature, high current behaviour of FeSby must originate from some unconventional
mechanism other than simple Joule heating, which was then discussed in the context of
a surface/bulk tunnelling model. Future experiments to better characterise these anoma-

lous effects were proposed.
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Concluding remarks

“Forty-two,” said Deep Thought, with infinite majesty and calm.
— Douglas Adams, The Hitchhiker’s Guide to the Galaxy

This dissertation has presented a series of electrical and magnetic measurements on

the strongly correlated unconventional insulator FeSbo.

Magnetic measurements of an unconventional insulating Fermi surface intimately con-

nected to bulk magnetic properties

The de Haas-van Alphen effect was observed through measuring quantum oscillations in
the magnetisation of this material. Remarkably, these were shown to originate not from
the metallic surface state nor from any extrinsic impurity source, but instead from the
insulating bulk of the material — in direct contradiction to Landau’s Fermi liquid model
of quantum matter. The insulating quantum oscillations were found to be intimately
connected to changes in the magnetic torque profile of the material, with three regimes of

starkly contrasting insulating behaviour revealed.

At low fields, the torque was found to increase quadratically as a function of field,
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8. Concluding remarks

as expected for a simple paramagnetic insulator. Then, at higher fields, the material’s
magnetisation grows much more rapidly, and includes oscillatory components that are
periodic in inverse field and possess large amplitudes and high frequencies correspond-
ing to quasiparticle orbits with an associated Fermi wavevector spanning an area of ~ 20%
of the first Brillouin zone. These observations are indicative of a bulk 3D Fermi surface
— despite the diametrically opposed observation of robustly insulating resistivity being
exhibited up to higher magnetic field strengths than those at which the dHVA effect is
observed.

Previous theoretical work had predicted that the FeSbs system shall transition into a
ferromagnetic metal under the application of sufficiently high magnetic field strengths [182,
183]. However, instead of this we observed something markedly different — at the highest
applied fields the unconventional insulating quantum oscillations are abruptly quenched
at a metamagnetic transition, and no subsequent quantum oscillations are observed un-

der the further application of magnetic fields of magnitude > 40 T.

That FeSb, stands apart from previously reported unconventional insulators, in ex-
hibiting an intimate connection between the insulating quantum oscillatory profile and
bulk magnetic properties, strongly suggests a magnetic origin to this paradoxical phe-
nomenon, and thus tightly constrains future theoretical models [113-153].

Electrical measurements indicative of metallic surface states of potential topological
character

For temperature, T, in the range 6 K £ T < 300 K the electrical transport of FeSby was
found to exhibit activated insulating resistivity. However, for T < 6 K an anomalous re-
sistance plateau was observed, which through a series of complementary measurements
was shown to be indicative of the presence of metallic surface states. These complemen-
tary measurements included an evolution of magnetoresistive rotational symmetry on
cooling, an inversion between local and nonlocal transport channels, and a quantitative

disagreement between Corbino measurements with Hall-bar and van der Pauw results of
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several orders of magnitude. Negative differential resistance measurements also under-
scored the presence of a metallic surface state in this system, whilst hinting at the greater

complexity of the underlying mechanism(s) giving rise to this phenomenon.

These results were discussed in the context of SmBg, a topological Kondo insulator
candidate [32-34]. The observations indicative of surface-dominated conduction were
found to be extremely similar across the two materials, both in qualitative character and
also in their occurrence over very similar temperature ranges. It is likely, therefore, that
whatever mechanism is driving the formation of surface states in SmBg is also responsible
for those in FeSby. A discussion of the evidence in favour of a topologically non-trivial
origin for the surface states in SmBg was presented, with future complementary research
ideas indicated. An analysis of the numerous discrepancies in reported experimental ob-
servations across different sample growth and preparation methodologies of SmBg was
made. Given the remarkable similitude in physical characteristics at low temperatures
observed between these two materials, but the much more favourable chemistry with
regards to growing high quality samples in the case of FeSby, this material therefore prof-
fers a potentially superior alternative to SmBg with respect to obtaining single crystal
specimens of a strongly correlated topological insulator candidate.

Unusual non-Ohmic conduction in both FeSb, and SmBg was presented, and dis-
cussed in the framework of a surface/bulk tunnelling model. Importantly, the effect of a
magnetic field on the non-Ohmic resistivity behaviour of FeSbs strongly rules out a Joule-
heating dominated origin, underscoring the anomalous behaviour exhibited by this mate-
rial in the presence of an applied magnetic field. This study was extended to high applied
tield strengths, wherein quantised magnetotransport behaviour was observed, suggest-
ing the presence of some exotic emergent physical behaviour underlying this suite of
electrical measurements.

The similarities between the bulk and surface properties of FeSb, and SmBg were com-
pared and contrasted. It is remarkable that both of these materials exhibit unconventional
insulating quantum oscillations from their bulk, whilst also possessing metallic surface
states that appear to be a result of their strongly correlated electronic natures. At present,
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8. Concluding remarks

it is not clear how these surface and bulk properties may be connected. For the case of a
magnetic topological insulator, it is perhaps possible that a magnetic transition of the sur-
face state may induce a magnetic effect within the bulk. Furthermore, the finding of three
regimes of starkly contrasting magnetic behaviour in FeSbs poses the additional question
of whether SmBg may also undergo a metamagnetic transition at field strengths higher

than those applied thus far.

Open questions for further investigation

The findings presented in this dissertation open the door to numerous further comple-
mentary studies. Regarding the magnetic features of this material, the rotational magnetic
torque study presented in Fig. 5.8 should be extended through other rotational planes,
such as ¢ — b and ¢ — ab, to fields > 40 T, to fully map the evolution between regimes.
Exploring other rotational planes will also be important in order to determine whether
the anisotropy of the system may be hiding valuable insights as to the origin of the un-
conventional insulating quantum oscillations, that are yet to be explored. Furthermore,
the empirical search for new materials systems that exhibit unconventional insulating
quantum oscillations is imperative in guiding theoretical efforts on the topic. High field
magnetic torque measurements of the related compounds FeSi and FeGasz would there-
fore be of great assistance — whether they exhibit the dHvA effect or not — in constraining

future microscopic models for this phenomenon.

In addition, complementary measurements to further examine the nature of the three
regimes of magnetic behaviour of FeSby, and the associated metamagnetic transition,
would be highly informative. Such studies could employ, for example, the techniques
of ultrasonic attenuation, specific heat capacity, thermal conductivity, force magnetome-
try, and/or dilatometry. Performing such measurements in the noisy environment of a
high field water-cooled magnet may prove challenging; however, if undertaken success-
tully they could shed considerable light on the underlying mechanism responsible for the

manifestation of unconventional quantum oscillations in insulators.
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With regards to the metallic surface states, a thorough examination from complemen-
tary measurement techniques, such as spin-polarised ARPES and scanning tunnelling
microscopy, would be extremely valuable in determining if their origin is indeed of a
non-trivial topological character. Additionally, other transport measurements, such as
thickness-dependant studies, have previously been well applied to SmBg [199, 234], yield-
ing strong results indicative of surface dominated conduction; these would be reasonably
straightforward to conduct for the case of FeSby. Furthermore, additional high magnetic
field studies of the quantised magneotransport signatures presented in the appendix are
urgently called for, in order to elucidate potential mechanisms for this unusual effect.
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8. Concluding remarks

“I have done it,” she says. At first I do not understand.
— Madeline Miller, The Song of Achilles
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Appendix A

Preliminary observations of quantised

magnetoconductance features

A.1 High field study

To further explore the effects of high measurement currents on FeSbs at low temperatures
presented in chapter 7, an investigation in high dc magnetic fields was performed at the
High Field Magnet Lab, Nijmegen, The Netherlands.

Figure A.1 shows the resistance of an FeSb, single crystal up to magnetic field strengths
of 35 T, for different applied measurement currents as indicated. The sample was placed
within a 3He cryostat within a resistive magnet. Current was supplied using a Keithley
6221 current source unit, and measured by a Stanford Research Systems phase sensitive

detector.

For the low applied currents of 5 pA and 10 pA, in the positive differential regime
of this sample, negligible hysteresis between up- and down-sweeps is observed. How-
ever, at successively higher currents, hysteresis loops are observed, which appear to be

quantised in integer and half-integer units of ¢?/h.
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A. Preliminary observations of quantised magnetoconductance features
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Fig. A.1. Quantised conduction at high fields and high currents. Left: Resistance, R, for
several currents up to a magnetic field strength of 35 T. Right: The three highest currents
in the left panel, plotted now as conductance, G. Remarkably, observed hysteresis loops
at high fields appear to be quantised in integer and half-integer units of ¢2/h.

Similar results have also been observed on other samples, and are currently the subject

of ongoing investigation.
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Fig. A.2. Quantised magnetoconductance data on a second sample. Similar results to
those presented in Fig. A.1 obtained on a different sample, for current alignment in a
different orientation. Jumps of ¢2/h and 3e2/2h are clearly resolved.
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A. Preliminary observations of quantised magnetoconductance features

5.25 T T T T T T
upl
downl
500 F . up2
—— down2
4.75
=
~
L
o 450
4.25 L 111[001]
j =100 pA
T=14K
400 L 6=20°01[001]
[001] ~ &~ (110)
1 | | 1 |
5 10 15

HoH (T)

25 30 35

Fig. A.3. Quantised magnetoconductance data on a third sample. Successive field
sweeps for rising (dashed) and falling (solid) magnetic field sweeps. The first (orange)
sweep yielded a discontinuity of magnitude e2/2h, while the second (purple) sweep
yielded a discontinuity of magnitude ¢?/h. This hints at complex hysteresis/magnetic

switching effects that are yet to be fully explored.
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A.2 Intermediate field study

A.2 Intermediate field study

0.6 T T T T T T T T T T T
— odeg | | 0.44 |
—— 10deg
05 ———20deg| | ]
30deg | 0.43
40deg
04 ——50deg| | .
—— 60deg | |
S —— 70deg 1S 042
o 03 —— 80deg . 1 . | : 1 :;
g ——90deg| _ 6.90 . 6.95 7|.00 g
&) o
> 02k i > 0.41
0.1 i 040 | .
wH=9T | j 11 [001] = 90°
ot T=2K A 0° 1 (110)
U U I R | i I . 1 039F, \ v oy L
0 500 1000 1500 2000 300 350 400 600 620 640 660 680 700
Bridge 1 Excitation (uA) Bridge 1 Excitation (uA) Bridge 1 Excitation (UA)

Fig. A.4. Anomaly in dc I-V curve. A more finely spaced dc I-V study than that presented
in Fig. 7.9 reveals the presence of anomalies.
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Fig. A.5. Quantised anomaly at yoH =9 T, T = 2 K. Subtracting the anomalous region
from Fig. A.4 reveals it to possess a quantised magnitude of conductance.
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Fig. A.6. Anomalous resistance isotherms for a different sample. Interestingly, the
anomalies appear to occur at the same resistance (and hence conductance) value for all
temperatures.
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Fig. A.7. Anomaly size as a function of temperature. The magnitude of the anomaly
appears to be tending towards 2¢?/h in the low temperature, high magnetic field limit.
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Fig. A.8. Quantised hysteretic magnetoconductance reported for SmBs. Raw magneto-
conductance (left panel) for an SmBg sample at temperatures indicated. Data have been
vertically offset for clarity. A hysteresis between upward and downward magnetic field
sweeps is observed, for which the difference between these sweeps appears to be close to
the quantised value of ¢?/h (right panel). Figure adapted from ref. [258] and reproduced
with permission of Springer Nature.
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