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ABSTRACT

Three-dimensional topological semimetals are a new class of quantum materials
characterized by a non-trivial bulk and surface states. Electronic bands in their structure
crosses at gapless points, whose vicinity is populated by unique relativistic-like quasiparticles.
As a result, we observe in these materials a kaleidoscope of unusual electronic properties, and
among the standard methods of revealing them are measurements of charge transport. These
are meaningful and relatively easy to perform but a more in-depth analysis often requires
additional experimental evidence. As such, the thermoelectric transport measurements
provide an exceptional tool to probe the electronic properties of topological semimetals with
high sensitivity indicated by the Mott - Jones relation. In this thesis | have focused on the
three types of quantum effects observed in transport phenomena. Specifically, these are
quantum oscillations (QOs), the anomalous Hall effect (AHE), the anomalous Nernst effect
(ANE) and the chiral anomaly.

The key characteristics of fermions in topological semimetals can be studied by
quantum oscillation measurements. Here, we present a detailed analysis of QOs in TaAs,,
where we observed an unusual temperature (T) evolution of the fundamental frequency p and
its second harmonic 2B amplitudes. Namely, in the oscillatory Nernst signal the former
disappears completely at T ~ 25 K, while 2 frequency is still present. We attribute this
behavior to a temperature-induced spin-zero effect derived from the temperature evolution of
the Landé g-factor. Subsequently, the T - dependence of the g-factor may reflect evolution of
the spin-orbit coupling, which in the case of TaAs, can go hand in hand with a change a

topology of the electronic system.

One important feature of Weyl fermions is the accompanying Berry curvature (BC),
which acts like an effective magnetic field leading to the appearance of intrinsic AHE and
ANE. In the ferromagnetic phase of Weyl semimetal CeAlSi, we detected a sign change in the
anomalous Hall conductivity (AHC) from positive to negative, when the magnetic field (B)
was rotated from the hard to easy axis. This sign reversal in AHC was attributed to the
reconstruction of the electronic structure and a change in associated BC driven by spin
reorientations. Additionally, the anomalous Nernst conductivity (ANC) was detected when B

was oriented along the hard axis. Significant AHC and ANC persisted in the paramagnetic

viii



phase of CeAlSi, and their temperature dependence can be described by the presence of the

Weyl points near the Fermi level.

The evidence for the chiral anomaly in the Weyl system based solely on charge
transport measurements, i.e. observation of the negative longitudinal magnetoresistance
(NLMR), has sometimes been questioned due to the possible contribution of the current
jetting effect. Here, we demonstrate that the pumping of chiral fermions between Weyl cones
can be observed in the topological Dirac semimetal a-Sn using combined electrical and
thermoelectric transport studies. The latter is expected to be robust to external artefacts. The
experimental evidence of the chiral anomaly were detected in both measurements — NLMR
and negative slope of the thermopower were observed at low temperatures when the magnetic
field was parallel to the applied electric field (E) or the thermal gradient (VT). Furthermore,
the angular variation of resistivity and thermopower confirmed the rapid diminishing of
anomalous chiral current when magnetic field was tilted away from the applied E or VT. We
also showed that at high temperature the intervalley Weyl scattering time decreases, and as a

consequence a-Sn in this range is no longer in the chiral limit.

IX



STRESZCZENIE

Trojwymiarowe semimetale topologiczne stanowiag nowa klase¢ materialow
kwantowych charakteryzujacych si¢ obecnoscig nietrywialnych stanéw objetosciowych i
powierzchniowych. W strukturze elektronowej tych zwigzkéw dochodzi do przecinania si¢
pasm w bezprzerwowych punktach, ktorych sasiedztwo jest obsadzone relatywistycznymi
kwaziczastkami. W rezultacie obserwujemy w takich materialach kalejdoskop niezwyktych
wlasciwosci elektronowych, zwykle badanych za pomocg pomiaréw transportu fadunkowego.
Otrzymane w ten sposob dane niezaprzeczalnie niosg wiele informacji i sg Stosunkowo tatwe
do otrzymania, jednak dogl¢bniejsza analiza czesto wymaga dodatkowej eksperymentalnej
ewidencji. Takowa oferuja badania transportu termoelektrycznego, ktoére, jak sugeruje
formuta Motta — Jonesa, s3 wysoce czulym narzedziem do badania wlasciwosci
elektronowych semimetali topologicznych. W niniejszej rozprawie skupitem si¢ na trzech
rodzajach efektow kwantowych obserwowanych w zjawiskach transportowych. Sag to
mianowicie oscylacje kwantowe (QO), anomalny efekt Halla (AHE) i anomalny efekt Nernsta

(ANE) oraz anomalia chiralna.

Podstawowe wiasciwosci fermiondw w semimetalch topologicznych mozna bada¢ za
pomoca pomiarow oscylacji kwantowych. W pracy przedstawiono szczegdlowa analize QO w
TaAs,, gdzie zaobserwowaliémy nictypowa ewolucje temperaturowg (T) amplitud
czestotliwosci fundamentalnej 3 i jej drugiej harmonicznej 23. Ot6z w oscylacyjnym sygnale
Nernsta pierwsza z nich zanika calkowicie przy T =~ 25 K, podczas gdy czestotliwo$¢ 23 jest
nadal obserwowana. Przypisujemy to zachowanie efektowi spin - zero indukowanemu zmiang
temperatury, a bedgcemu skutkiem ewolucji czynnika Landégo (g). Ta z kolei moze
odzwierciedla¢ zmiany sprzezenia spin - orbita, co w przypadku TaAs, powinno wigza¢ si¢ z

przedefiniowaniem topologii uktadu elektronowego.

Wazng cechg fermionow Weyla jest towarzyszaca im niezerowa krzywizna Berry'ego
(BC), ktora dziata jak efektywne pole magnetyczne prowadzac do pojawienia si¢
niezwigzanych z rozproszeniami AHE i ANE. W fazie ferromagnetycznej semimetalu Weyla
CeAlSi wykryliémy zmiang znaku anomalnego przewodnictwa Halla (AHC) z dodatniego na
ujemny, zachodzaca na skutek zmiany orientacji pola magnetycznego (B) z trudnej do tatwe;j
0si magnetyzacji. Zmiana znaku AHC =zostala powigzana z rekonstrukcja struktury

elektronowej (i wynikajacej z niej BC), ktora jest konsekwencja reorientacji spinow. Gdy B



bylo skierowane wzdluz trudnej osi, stwierdzono takze pojawianie si¢ anomalnego
przewodnictwo Nernsta (ANC). Co istotne AHC i ANC pozostaly mierzalne roéwniez w fazie
paramagnetycznej CeAlSi, a ich zalezno$ci temperaturowe mozna zamodelowa¢ zaktadajac

obecnos$¢ punktow Weyla w poblizu poziomu Fermiego.

Ewidencja wskazujaca na pojawianie si¢ anomalii chiralnej w ukladzie Weyla oparta
wylacznie na pomiarach transportu tadunkowego, tj. obserwacji ujemnego magnetooporu
podtuznego (NLMR), byta czasami kwestionowana ze wzglgdu na mozliwy wkiad od tzw.
efektu current — jetting. W naszej pracy pokazujemy, ze pompowanie chiralnych fermionow
miedzy stozkami Weyla w topologicznym semimetalu Diraca o-Sn mozna zaobserwowac
przy uzyciu polaczonych badan transportu elektrycznego 1 termoelektrycznego. Oczekuje si¢
przy tym, ze te ostatnie powinny by¢ odporne na artefakty eksperymentalne. Wyniki
wskazujace na pojawianie si¢ anomalii chiralnej zostaly wykryte w obu pomiarach. W niskich
temperaturach oraz gdy pole magnetyczne bylo rdéwnolegle do przylozonego pola
elektrycznego (E) albo gradientu temperatury (VT) zaobserwowano NLMR albo ujemne
nachylenie polowej zaleznosci sity termoelektrycznej. Co wigcej, katowe zaleznosci
opornosci elektrycznej i sity termoelektrycznej potwierdzajg szybka degradacj¢ anomalnego
pradu chiralnego, gdy pole magnetyczne byto oddalane od kierunku przytozonego E albo VT.
Wykazalismy rowniez, ze w wysokiej temperaturze miedzydolinowy czas rozpraszania

maleje, a w konsekwencji a-Sn w tym zakresie nie znajduje si¢ juz w granicy chiralnej.

Xi
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Chapter 1: Introduction

cuarTER 1 1

INTRODUCTION

Prior to 1980, the phase transitions of materials were understood according to
Landau's formalism, in which the system goes from a highly symmetric phase to a lower or
broken symmetric phase [1,2]. Changes of symmetry can be described by an order parameter,
which is finite for the ordered phase and vanishes in the highly symmetric phases. In the
1980s, the discovery of quantum Hall effect in 2D electron gasses led to introduction of exotic
topological phases, which do not involve breaking of symmetries [3,4]. These quantum
phases can be classified with a topological invariant, namely Thouless-Kohmoto-Nightingale-
Nijs number (TKNN), or the Chern number (C) [3]. This topological invariant can be
understood in terms Berry phase, in which a system acquired an additional phase associated
with the Bloch wave functions during the cyclic adiabatic transformation [5]. Over the past
sixteen years, the theoretical prediction of topological phases induced by spin-orbit interaction
has been realized in real crystalline materials [6,7]. Initially gapped topological phases, also
known as topological insulators (TIs) have been reported, those were protected by time
reversal symmetry [8]. Subsequently, a topological crystalline insulator (TCI) phase protected

by crystalline symmetry was experimentally discovered [9].

In the last decade, topological semimetals (TSMs) distinct from TlIs, have attracted
considerable attention due to the bulk band crossings resulting in non-trivial electronic
structures [10-13]. In these materials, the valence band and the conduction band intersect at
or near the Fermi level (Ef) to form isolated points or lines [11]. Such gapless band contact

points were predicted very early on, but their importance due to their topological nature has
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only recently been realized [14]. They give rise to gapless electronic excitations associated

with the topological invariant [15,16].

This chapter is structured as follows. First, | will provide a detailed overview of Dirac
and Weyl semimetals. Then, | will discuss the various transport phenomena observed in
topological Dirac and Weyl semimetals. Following this, | will briefly discuss the
thermoelectric response in topological materials. Finally, 1 will present the motivation and

objectives of this work.

1.1 Topological semimetals

In the past few years, the presence of low-energy fermionic excitation in TSMs has
brought them to the forefront of condensed matter research [11,12]. TSMs are divided into
three categories based on the dimensionality of the band crossing at or near the Fermi level in
the momentum space [17]. The first group exhibit zero-dimensional (0D) band crossing,
forming two or four degenerate band crossings around the Ef. Dirac and Weyl semimetals are
the famous materials showing 0D band crossing. On the other hand, nodal-line semimetals
belong to the second group, in which band crossing occurs along the one-dimensional (1D)
line in the momentum space. In recent times, two-dimensional (2D) band crossing has been

proposed in nodal-surface semimetals [18].

1.1.1 Dirac semimetals

The low energy excitations of free or nearly free quasiparticles in solids can describe
by the Schrodinger equation. However, non-relativistic Schrodinger equation has certain
limitations, for instance recently discovered fermionic excitations in TSMs need to be
described by Dirac and Weyl equations [19]. The Dirac Hamiltonian of an electronic system

can be written as [19]:
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. 2 1.1
Hp =vFa.k+ﬁmvE=[vFUk MF ] (1)

—-mv: —vpo.k
Where k, o, m and vg are the momentum, Pauli spin, effective mass and Fermi velocity
respectively. Since Eqn. 1.1 describing the Dirac fermions inside solids is analogous to high

energy Dirac Hamiltonian (where ve was replaced by the speed of light c), it follows an

analogous energy — momentum relation: E, = +/mvg + k2v3. This relation immediately
gives for a massive quasiparticle an energy gap AE = 2mwv2 at k = 0 (see schematic of Fig.
1.1a). Alternatively, for m = 0 we have a gapless degenerate point as shown in Fig 1.1b,
which is known as the Dirac point. Materials having such points are called Dirac semimetals,
and their low-energy excitations are identified as massless Dirac fermions [12]. In a sense 3D
topological Dirac semimetals are counterpart of 2D graphene [6], but the Dirac states in
DSMs differ from the gapless states of graphene. In the latter, the application of spin-orbit
coupling (SOC) lifts the degeneracy to make it a quantum spin Hall insulator [6]. On the other
hand, Dirac semimetals exhibit symmetry-protected degenerate Dirac nodes in the presence of

SOC.

There were initial attempts to achieve DSMs state by fine tuning SOC in a topological
insulator by modifying chemical composition [20], by applying strain [21]. However, it was
later reported that there are other mechanisms leading to the realization of stable Dirac
junctions in DSMs [12]. This can be achieved by (i) band inversion mechanism; (ii) symmetry
enforced mechanism (iii) combination of band inversion and uniaxial rotational symmetry.
These mechanisms are associated with a broad range of variations in the system’'s Hamiltonian

parameters.

(i) In this mechanism, the degenerate Dirac point can be achieved by the presence
inversion symmetry along with the fine tuning of chemical composition and strain. This type

of Dirac point was observed during the phase transition between trivial insulators to the
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nontrivial topological insulator. Dirac semimetals induced by the band inversion mechanism
were reported in PbiSnxTe [9] and (BiixIny).Ses [22]. On the other hand Dirac points in
ZrTes occurred naturally by topological phase transition without even change in chemical

composition [23].

(i) Here we have fourfold degenerate Dirac points appearing at high symmetric point
of Brillouin zone. The necessary condition is the particular space group of a materials in the
presence of nonsymmorphic symmetry, which means glide reflections along with screw
rotations [24]. Due to such strong requirements, these kinds of Dirac electronic structure are
theoretically predicted to be realized in B-BiO; [24] and distorted spinels [25]. These are still

awaiting experimental confirmation.

(iii) In this scenario, the tuning of physical parameters, such the chemical composition
or strain, etc., ensures that bands of different eigenvalues interact and create Dirac points on
the opposite sites of the time-reversal invariant moment (see Fig.1.1c). The presence of
uniaxial rotational symmetry preserves the Dirac points under weak perturbations, or in other
words, such type of Dirac points are topologically protected. Experimental evidence of

topologically protected Dirac semimetals are reported in Cd,Asz [26], NazBi [27], a-Sn [28].

In this dissertation, out of three semimetals one of them is a-Sn, in which compressive
in-plane strain leads to formation of pair of four fold degenerate Dirac points along out-of-
plane wave vector [28]. We report in Ref. [29], in the presence of spin-orbit coupling, two
Dirac points (+k;) as shown in Fig. 1.1, along the highly symmetric I'>Z direction, protected

by four fold rotational symmetry along the z-axis.
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(m #0) (m=0)
£ Dirac points

Figure 1.1. Schematic representation of electronic structure; (a) trivial insulator; (b Dirac semimetal;
(c) Band inversion mechanism formed pair of Dirac points protected by uniaxial rotational symmetry.

(d) Pair of Dirac points of a-Sn at +k, protected by four fold rotational symmetry (C,;) along z axis.
1.1.2 Weyl semimetals

Let's start again with the Dirac Hamiltonian, when m = 0, equation 1.1 can be

rewritten as [30]:

Hy =tvro.k (1.2)
This is general form of Weyl Hamiltonian analogous to the massless relativistic Hamiltonian
suggested by Hermann Weyl in 1929 [31]. Egn. 1.2 described a pair of band touching points
in the electronic structure with an energy eigen values of E(k)==%vgk| . In the last two
decades, these band touching points have been studied in topological materials and denoted as
Weyl points [12]. If they occur at or near the Fermi level the corresponding low energy
excitations of these band intersection points are at or near the Er known as Weyl
fermions [12]. Those materials that exhibit this unique property is are called Weyl

semimetals.
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The Weyl points are distinct from Dirac points, the latter composed of two copies of
Weyl points. Weyl points in the electronic structure has stable non-trivial topology described
by a nonzero Chern number. The value of C associated with Fermi surface enclosing the Weyl

point in the k-space can be expressed as [30]:

_1 . (1.3)
c= Zn# Q) - ds

here, Q(k) is the Berry Curvature. For a 3D Weyl point, the Berry curvature adopts the

universal form [30]:

A

e_k (1.4)
2k?

Qu(k) = +
where, é, is the unit normal vector. These result in the Chern number (also known as the
chiral or topological charge of Weyl points) being equal to C= +1. The chiral charge measures
the Berry flux in a singular Weyl points, analogously to the electric flux in Gauss's law of
classical electrodynamics. Thus, the sign of C indicates whether the Weyl point in the k space
acts as a source (C= +1) or a sink (C= -1) of Berry curvature. Since the net chiral charge over
the Brillouin zone should be zero, these Weyl points always appear in pairs. The essential
condition required to generate a pair of two-fold degenerate Weyl points from a fourfold
degenerate Dirac point is breaking of either time reversal symmetry (TRS) or inversion
symmetry (Sl), as it is discussed below shown schematically in Figure 1.2a. Figure 1.2b
shows schematically that the surface projection of the Weyl points are connected with a
unclosed contour staring from one Weyl point and terminates at other Weyl point of opposite
chirality or Chern number. This unclosed line connecting two Weyl pints is called the Fermi
arc [32] and it is clearly distinct from the Fermi surface forming a close loop. Thus, detection
of the Fermi arc, which can be done via a surface sensitive angle-resolved photoemission

spectroscopy (ARPES) technique, provides compelling evidence for a Weyl-type electronic

structure.
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As mentioned, there are two ways to realize WSMs, (i) by breaking time reversal symmetry,

or (ii) by breaking inversion symmetry:
(i) Time reversal breaking WSMs

Weyl points induced by breaking of TRS were first postulated in pyrochlore iridates
RaIr,O7 (where R is a rare-earth element) [10]. The magnetic order in this compound was
found to be due to the all-in/all-out configuration of the Ir (R) sites, leading to a break in the
time-reversal symmetry, while the inversion symmetry is preserved. It was theoretically
predicted that onsite coulomb interaction can modify the electronic ground state giving rise to
the possibility of the Weyl semimetal phase to occur. Following this work, it was postulated
that the Weyl phase should form in a magnetic doped superlattice structure composed of
magnetic layers and topological insulator [33]. Subsequently, the search for a 3D Weyl
semimetal phase in topological insulators began by incorporating magnetic impurities, for
instance in HgTe, which was a well-known topological insulator. The doping of this material
with Cd atoms can modify the band gap to achieve the critical band touching point, while
doping of Mn can break the time reversal symmetry creating 3D Weyl phase in
Hg1x,CdxMn,Te [34]. Later, there were shown several examples of ferromagnetic semimetals
and non-collinear antiferromagnets hosting the novel Weyl phase by breaking the TRS, such
as CosSny,S; [35], Co,MnAIl[36], Mn;Sn and MnsGe [36,37] etc. Furthermore,
magnetotransport studies have also suggested the existence of Wey points in the Dirac

semimetals Cd,As; [38], NasBi [39] and a-Sn [28] in the presence of a magnetic field.

(ii) Inversion breaking WSMs

Initially, researchers were looking for the appearance of Weyl points in a tunable
topological insulator BiTI(S;.xTex)2 [40] in which alternating layers can enable inversion

symmetry breaking. Topological insulator based superlattice structure can also break the
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inversion symmetry, transforming the system to a Weyl semimetal during a topological phase
transition [41]. However, these systems have not received significant attention due to the
substantial experimental challenges in observing Weyl points, which can disappear with slight
variation of real physical parameters such as chemical compositions. On the other hand,
materials with internally broken inversion symmetry become frontal because the Weyl points
in these materials are well separated and appear near the Fermi level. The compelling
evidence of Fermi arc and bulk Weyl fermions was reported in TaAs, and the material was
recognized as the first stoichiometric Weyl semimetal [42]. Subsequently, the Weyl fermions
were also reported in systems with broken inversion symmetry, such as NbP [43], NbAs [44],
TaP [45] etc. Recently, it has been demonstrated theoretically as well as experimentally that
RAIPnN series (Pn = Ge, Si), in which both inversion and time reversal symmetry are broken,

host the Weyl nodes [46].

In addition to the type of symmetry breaking, Weyl semimetals can be divided into
two groups due to the dependence of their energy dispersion near Weyl points. The electronic
system of type-1 WSMs obey Lorentz symmetry and contains untitled Weyl cones in which
point like Fermi surface ideally only crosses through Weyl points. The type-11 does not follow
Lorentz symmetry and exhibits strong tilting of Weyl cones. Their Weyl points touches the

electron and hole pockets on the Fermi surface [11].
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Figure 1.2. Schematic representation: (a) A four-fold Dirac point can split into pairs of two-fold Weyl
points with opposite chirality when at least one symmetry, such as time reversal or inversion
symmetry, is broken. (b) The surface projection of a pair of Weyl points connected through a Fermi

arc.

1.2 Transport phenomena

Topological semimetals exhibit many intriguing qualities in electronic magnetotransport
properties. The linear band crossings near or at the Er of these materials give rise to
remarkable transport features, including non-saturating in high magnetic field
magnetoresistance and magneto-thermopower [47,48]. If the Fermi level lies close to Dirac or
Weyl nodes, then small effective mass Dirac or Weyl fermions, together with their high
mobility, leads to pronounced quantum oscillations. These significantly affect various
transport phenomena, including electric conductivity, where they are referred to as the
Shubnikov—de Haas (SdH) effect [49]. A finite Berry curvature associated with Weyl nodes
can manifest itself as a phase-shift of QOs [50] and also lead also to emergence of intriguing
physical phenomena, such as the intrinsic anomalous Hall effect [51] and anomalous Nernst
effect [52]. Still another magnetotransport phenomenon specific to Weyl semimetals occurs

when an electric field or thermal gradient is applied parallel to the magnetic field. This can the
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principle of chiral charge conservation between Weyl points of opposite chirality, leading to

the appearance of an interesting phenomenon called chiral anomaly [53].

1.2.1 Quantum oscillations

The study of quantum oscillations is a powerful tool for investigating the electron
structure of topological semimetals. This can provide information on the Fermi surface area,
effective mass, mobility, Landé g-factor and Berry phase. The theoretical description of
quantum oscillations was developed by L.D. Landau, who noted that electronic states of
charge carriers become quantized under the influence of a magnetic field. This causes the
energy bands to split into Landau levels (LLs), and as they expand with increasing magnetic
field, the density of states (DOS) at Er becomes modulated to the rhythm of LLs crossing the
Fermi energy. The periodic modulations of DOS at Ef results in the appearance of quantum
oscillations in physical quantities such as magnetization, resistivity, Hall resistivity,

thermoelectric power, and Nernst effect etc.

Landau level quantization of 3D relativistic fermions is different from non-relativistic
electrons. The latter has a parabolic energy dispersion relationship, while for the former it is
linear. The energy eigenvalues for 3D non-relativistic electrons, when the magnetic field

applied along z-axis can be written as,

> +

heB; 1\ h’k2 (1.5)
Eni = W(n ) me n=0123,..)

where n represent the Landau levels number, h is reduced Planck constant and e, m*, k; is the
charge, effective mass and wavevector of the electrons, respectively. Notably, the energy is
not quantized along the motion of electrons. Whereas the energy eigenvalues for 3D

relativistic fermions can be read as [54],

10



Chapter 1: Introduction

1.6
Enk =Vr sgn(n)JZehlBllnl +h%2 n=0123,..) (16

where v is the Fermi velocity of relativistic fermions, sgn(n) is the sign function. Analogous
to the non-relativistic case, energy along relativistic fermion motion is unquantized. Landau
levels for relativistic fermions are shown in Fig. 1.3. The formation of Landau tubes
illustrated in Fig. 1.3b involves 3D free electrons under a magnetic field along the z-axis.
Once magnetic field was applied, overlaps between LLs at energy space leading to form a
mixture of Landau tubes. Consequently, an equal energy surface intersects multiple Landau
cylinders, which radius is field dependent i.e. o< VB. Aforementioned quantum oscillations
occur when the Landau tube crossing the Fermi surface representing the extremal cross

sectional area (Sex). Thus, one can find the Se from the frequency (F) of QOs using Onsager

2me

relation, F = = Sex [49]. The oscillations in physical quantities can be described by the

Lifshitz—Kosevich theory [49]. The oscillatory signal of Gibbs thermodynamic potential (5)

at zero temperature can be written as [49],

~ s 1 F
Q ocBZZ—Ecos(an(E—y> i(S)
p=1Dp?

=1

(1.7)

where p represent the harmonic number and +4 phase shift related to dimensionality of the
Fermi surface. Including several damping factors, the general formula for
magnetoconductivity is given by [49].

Ao C1e F, (1.8)

—« Z Si.B2 Z R;RpRs cos (an (E‘ —~ yl.) - 5)

i p=1

Here y; is the phase factor related to band topology, Ry, Rp Rs are the temperature reduction,
impurity damping and spin reduction factors respectively. The first correction factor Ry
accounts for the temperature effect on the Fermi-Dirac distribution function. The term Ry is

expressed as [49],

11
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2n2pkBTm*/ehB (1.9)
T sinh(anpkBTm*/ehB)

where k5 is the Boltzman constant. As the temperature increases, the thermal broadening of
LLs results in drop of amplitude of QOs and its temperature dependent profile allows the
effective mass m”* to be deduced. This is usually small when the Dirac/Weyl points are close
to the Fermi level, while m™* increases with increasing distance between the Fermi level and

the node [54]. From m™ one can also calculated the Fermi velocity of relativistic fermions,

_ kg
=—T

Vg where k. can be obtained from S,,.

Returning to another damping factor of QOs, Rp. It is called the Dingle damping term
and is associated with impurity quantum scattering of relativistic fermions. Rp can be

expressed as [49],

T
Rp = exp (— 2n*pk ,Tm*/ehB ?D) (1.10)

where Tp is the Dingle temperature. Any finite scattering will result in broadening of the LLs,
which can be associated with the quantum relaxation time (z,), given by the relation, [" =
h/2zt,. The Tp can be extracted from the QOs by linear fitting of logarithmic plot of
amplitude of oscillations vs 1/B. The estimated Dingle temperature yields z,, via the relation
1, = h/2mk, T,. Remarkably, 7, can be used to calculate an important parameter related to
material transport i.e. quantum mobility (u,) Via u, = et,/m". u, calculated in this way is
always lower than that obtained from the Drude model as the classical Drude mobility is
unaffected by forward scattering, whereas u, takes into account scattering in all

directions [55].

The final damping term, Rs, is associated with spin splitting caused by the Zeeman
effect, which produces a phase shift between LLs sub-bands with opposite spins. This results

in a reduction of the amplitude of QOs given by [49],

12
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Tgm” 1.11
Rs = cos (p?g ) (1.11)

m,
where m,, is the free electron mass and g is the Landé g factor. R is field independent and
provides an alternative way do determine g, that can also be extracted from the peak splitting
in QOs. Such analysis has been presented for topological semimetal ZrSiS [56]. Furthermore,
the Landé g factor can also be estimated using the spin zero effect [49]. This phenomenon is
defined as the disappearance of the fundamental oscillation while its second harmonic is
enhanced at a certain field orientation due to the interference of spin-split Fermi surfaces.

Interestingly, we recently reported on the zero spin effect in TaAs; caused not by changes in

field orientation, but in temperature [57].

Another parameter that can be extracted by studying quantum oscillations is the phase

factor y, which is of particular interest for topological materials.. This is because y is

associated with the Berry phase (¢g) through the relation y = %—f—: [58]. Ideally, for a

linear band dispersion, ¢z = m . It may deviate when band dispersion changes or in the
presence of strong Zeeman field [54]. ¢ can be derived from QOs by plotting the Landau

level fan diagrams.

13
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Figure 1.3. Schematic representation: (a) Relativistic Landau level spectra under applied magnetic

field. (b) Cylindrical Landau tubes crossing through a 3D Fermi surface.

1.2.2 Anomalous Hall and Nernst effect

The classical Hall effect occurs in a conductor subjected to a mutually perpendicular
magnetic field and current. It was discovered in 1879 and has become an invaluable tool for
accurately measuring the concentration of carriers in conductors [59]. For a single band
system, the Hall signal is proportional to the magnetic field, but two years after initial
discovery, it was found that in Iron the response is stronger at low magnetic field [60]. This
implied the presence of additional contributions to the ordinary Hall effect (OHE) from
extraordinary or anomalous Hall effect, which is defined as the development of the transverse
signal orthogonal to an applied electric field even without presence of external magnetic field.
The thermoelectric counterpart of AHE and ANE, is also defined as the generation of
transverse voltage in response to the application of thermal gradient without the involvement
of a magnetic field [61]. Evidence of AHE can be experimentally distinguished from OHE, as

the former steeply increases at low magnetic field and eventually saturates.

14
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Very early it was realized that the AHE in ferromagnetic conductors is proportional to
the magnetization. The empirical relation that describe the total Hall resistivity governed by

OHE and AHE is given by,

Pyx = R,H, + R;M, (1.12)
where H,, M,, R,, R, are the applied magnetic field, magnetization, ordinary Hall coefficient
and anomalous Hall coefficient respectively. In particular, the anomalous Hall coefficient R,
is material specific, in contrast to R, which is purely a function of the carrier concentration. It
has recently turned out that R, can be very high in topological materials [62—64]. The
anomalous Hall effect can result from either (i) an intrinsic mechanism or it might originate
from the (ii) extrinsic mechanism. The latter is further divided into two categories: skew

scattering and side jump mechanism.
(i) Intrinsic mechanism

In 1954, Karplus and Luttinger (KL) first proposed a theory to describe the anomalous
Hall conductivity in solids [65]. They showed that electrons can develop a group or
anomalous velocity perpendicular to the applied electric field and this anomalous velocity,
which is due to the electronic structure, generates AHE. The total anomalous velocity for
ferromagnetic solids with all the bands occupied becomes nonzero, contributing to the AHE.
Later, it was shown that the anomalous velocity can be understood within the Berry curvature
concept [5]. The Berry curvature was dubbed as anomalous velocity of electrons as a result
anomalous Hall voltage developed. The discovery of topologically non-trivial materials had a
profound impact on the study of anomalous effects, since linear band crossing gives rise to a
non-zero Berry curvature [51]. In the aspect under discussion, this is particularly important
for Weyl semimetals, where the presence of opposite chiral Weyl points acts as source of sink

of Berry curvature. When the time reversal symmetry is broken, the Berry curvature from
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Weyl nodes within the pair does not cancel and can act in a manner analogous to a magnetic
field. This leads to anomalous velocity perpendicular to the applied electric field even in a

zero magnetic field [62].

Large intrinsic anomalous Hall and Nernst effects have been reported for several time-
reversal-breaking Weyl semimetals, such as CosSn,S; [66], Co,MnGa [63], Mn3Sn [67],
MnGe;s [68], etc. It has also been shown that a large intrinsic anomalous contribution can be
observed by tuning the location of Weyl points [69]. Recently, we have also reported the sign
change of anomalous Hall and anomalous Nernst effects in a ferromagnetic Weyl semimetal
CeAlSi [70]. In this article we show that the anomalous properties in the magnetic phase are
determined by the shift of the Weyl point driven by the reconstruction of the magnetic spins,
and in the paramagnetic phase the position of the Weyl point with respect to the Fermi level

determines the anomalous properties.
(ii) Extrinsic mechanism

The anomalous Hall and Nernst effect also can originate from the scattering of charge
carries of the magnetic impurities, namely skew scattering or side jump. The idea that the
asymmetric scattering from impurities caused by the spin-orbit interaction is responsible for
anomalous Hall effect was first proposed by J. Smith in 1955 [71]. The asymmetric scattering,
also known as skew scattering, is illustrated in Fig. 1.4a. In this mechanism, the spin-orbit
coupling of the impurity scattered the spin up and spin down electron in an asymmetric
manner, which contributed to the AHE. The skew scattering obeys a specific relationship

between the transverse anomalous Hall resistivity (p,,,) and the longitudinal resistivity (py.)

1.8, Pyx X Pryx [51].

Another type of scattering that can lead to AHE, namely side jump, was introduced by

L. Berger in 1964 [72]. In this mechanism the spin up and down electrons experiences a
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transverse shift to the incident direction due to influence of the electric field of the impurities.

The side jump mechanism is also shown schematically in Figure 1.4b. In this mechanism, p,,,

follows quadratic dependences with p,., i.e. py, « pZ, [51].

. T spinT
spin
(@) e
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Spinl spin ‘l«

Figure 1.4. Schematic representation of (a) skew scattering; (b) side jump mechanism.

1.2.3 Chiral anomaly

The concept of a quantum anomaly, which emerged in the field of high-energy
physics, describes the breakdown of classically conserved symmetries as quantum effects are
turned on [73]. For instance, parity and charge conservation is violated when a pion (x°)
decays into two photons, providing the first evidence of a chiral anomaly, also known as the
Adler-Bell-Jackiw anomaly [74]. Remarkably, in 1983 H.B. Nielson and M. Ninomiya
predicted that the chiral anomaly should occur in relativistic Weyl fermions system when
parallel electric and magnetic fields are applied [75]. After it was experimentally shown that
the Weyl electronic system can be found in some semimetals, this phenomenon is extensively
investigated by several research groups [32,53]. In the quantum limit, the chiral anomaly is
the manifestation of pure and opposite chirality of the lowest Landau level of the Weyl cones
pair. Application of parallel electric field along with the magnetic field can accelerate the
chiral charges from one Weyl cone to other at lowest Landau level as illustrated in Fig. 1.5,
and thus the net chirality of the individual nodes becomes unbalanced. The charge pumping

rate of a Weyl node is given by [12],
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dp, ¢ (113)

=— E.
Jt X47‘[2h2

where p,, x represent charge density and chirality of Weyl fermions. Chiral charge pumping
of Weyl fermions leads to an anomalous current (or a chiral conductivity), which can be
detected in transport measurements as a negative longitudinal magnetoresistance. Since the
chiral imbalance can be relaxed by inter-Weyl scattering (z;), the anomalous chiral current is
proportional to « E. B.t;. This means that large t; is necessary to observe large NLMR [12].
In the quantum limit the chiral conductivity varies linearly with the magnetic field, whereas in
the classical limit it shows quadratic dependence [76]. There is a number of reports of NLMR
in Dirac and Weyl semimetals that have been attributed to the presence of a chiral
anomaly [23,32,38,39,39,53]. However, it is not always the case even if the negative
longitudinal magnetoresistance is observed. For instance, it can be induced by current jetting
effect [77] or may be related to the anomalous Hall effect [78]. Therefore, complementary
experiments like measurements of the thermoelectric power, thermal conductivity, planar Hall
effect and planar Nernst effect are vital to exclude artefacts and probe the intrinsic chiral
behavior of Weyl fermions [53]. The investigation of the thermoelectrical coefficients
provides a unique opportunity to probe the chiral anomaly free from artefact as the
thermopower is measured open circuit condition without charge current flow [79]. Recently,
we have also reported of the presence chiral anomaly in the topological Dirac semimetal a-Sn

using electrical and thermoelectrical measurements [29].
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Figure 1.5. The pumping of Weyl fermions between Weyl nodes of different chirality when a parallel

electric field is applied along with a magnetic field.

1.3 Thermoelectric transport coefficients

The discovery that a temperature difference between the junctions of two conductors
connected in a closed loop leads to the generation of a magnetic field (due to the flow of
electric current) was made by Thomas J. Seebeck in 1821 and published in 1825 [80]. It has
been later realized that the basis of this phenomenon is that the flow of charged particles in a

conductor is accompanied by a flow of entropy [81]:

j$ = sje — K%, (1.14)

where j° is the entropy flow, S the Seebeck coefficient, j° the charge current density, « the
thermal conductivity and VT the thermal gradient. Generally, the total charge current in

presence of the thermal gradient can be written as [82]:

j¢ = 0E — avT, (1.15)
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where E is the electrical field whereas « and o denote the thermoelectrical conductivity and

electrical conductivity tensors, respectively. When j¢ =0, Eqn. 1.13 can be rewritten as

ac~! = E/VT, (1.16)
thus, S = a/ o, also known as the thermoelectric power or shortly thermopower, quantifies a tendency
of an electronic system to generate an electric field in response to a thermal gradient. When VT || x

and B || Z, S can then be expressed as [83]:

S =L GxxTuxTOxyOxy (1.17)
xx = VT - 2 4o2 ’
OxxTO0xy

In the presence of a mutually perpendicular magnetic field and thermal gradient, charged
particles moving in a solid will deviate from their trajectory due to the Lorentz force. As a
result, a finite transverse thermoelectric response is generated, also known as the Nernst
effect. This is a manifestation of transverse entropy flow caused by longitudinal current

flow [84] with Nernst signal Sy, given by [83]:

s = E, _ OxyOxx — QxxOxy (1.18)

xy - 2 2
VT, O5y + Oxy

The sign of the Nernst effect is not straightforward to predict as it is determined by the
difference of two contributions of similar magnitude. The situation where they are equal,

hence the resulting Nernst signal is zero, is called the Sondheimer cancellation [85].

The magnetic field affects thermoelectric conductivity and according to the linear

Boltzmann formalism the longitudinal and transverse response in a classical system are given

by [82]:
__ % (1.19)
%xx =11 B2
B (1.20)
%oy 11 uB?
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where o is zero field thermoelectric conductivity and u is the mobility. It is evident from
Egns. 1.15 and 1.16 that the magnitude of the thermoelectric coefficients is controlled by the
product of mobility and magnetic field similar to the electrical conductance. In the weak field
limit (uB«1), the transverse response is linear, whereas the longitudinal response is weakly

field dependent.

Remarkably, N.F. Mott and H. Jones in 1936 provided the link between the

thermoelectric conductivity and electric conductivity [86]:

_ nkgT 0o (1.21)
¥T37¢ e lemer

This expression implies that the thermoelectric conductivity is proportional to the energy
derivative of electrical conductivity, which means that relatively small variation of o(¢)

around the Fermi level can manifest as a large change of a [87].

The sign of the thermopower can be positive or negative depending on the curvature of
the Fermi surface, with some exemptions, such as nobel metals [82]. However, the energy
dependent scattering time can affect the value of « [88]. For a multiband conductor, the total

thermoelectric signal is a sum of individual band contributions S;, weighted by the respective

_ XiSioi
B

conductivities oi: S

The magnitude of thermoelectric response is proportional to ksT/&-, what make them
useful in studies of topological semimetals where the Fermi energy is low, hence a large
thermoelectric response can be expected in these materials [89] [Phys. Rev. B 99, 155123].
The magnitude of Seebeck and Nernst coefficient (v) for a single band conductor at low

temperatures is given by [82]:

2 kg T (1.22)
Sex =5 —

2 eTg
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w2 kiT (1.23)

V=
3 eep

Here, Tr represents the Fermi temperature, and e denotes the electronic charge.

In fact, many research groups have shown interest in studying the thermoelectric
properties of topological semimetals, particularly in magnetic
fields [32,37,52,63,83,84,89,90], because such measurements can be a sensitive tool to study
the unconventional band structure of these materials. For instance, thermoelectrical quantum
oscillations of different topological semimetals can help to probe the Fermi surface with
better resolution than Shubnikov - de Hass oscillations [91]. Other phenomena associated
with non-trivial topology, such as the chiral anomaly or the anomalous magneto-transport,

have also been widely investigated using thermoelectrical transport [52,92].

In the end, it is worth mentioning that the thermoelectric phenomena can have other
than diffusive origin. A relatively common one is phonon-drag thermoelectric power (Sq). The
temperature gradient causes phonon currents to flow from the hot to the cold end of the
sample. At low temperatures, due to the large mean free path of the phonons, they can
effectively pull the charge carriers along the direction of the phonon current by momentum
transfer. Thus, a net charge imbalance of the sample is generated, as a result an electric field
was developed to prevent further accumulation of charge carriers, which constitute as Sq. The

approximate magnitude of the phonon-drag thermoelectric power in metals is given by [88],

5 - Cy (24 (1.24)
9 3nge\1) + Tpe

where, ¢, is lattice heat capacity, n, carrier concentration, . is the relaxation of phonon due

to electron-phonon coupling and ,, is phonon relaxation time due to other interactions of

phonon except electron-phonon. At high temperatures, Sy drastically decreases due to

increasing rate of phonon-phonon scattering. Typically the maximum contribution of Sgin
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metals has been observed around the temperature T~ 6p/5, where 6p is the Debye

temperature [88].

1.4 Motivation and objective of the thesis

The remarkable discovery of the topological insulator has led to extensive research
into the topological aspects of electronic structure [8]. Soon afterwards, it has been realized
that the nontrivial topology can occur in many other materials, including semimetals, which
triggered another wave of research interest [11]. The electronic structure of topological
semimetals hosts quasiparticles arising from band crossings between the valence and
conduction bands. Manifestations of these low-energy electronic excitations can be found,
among others, in unusual transport properties in presence of a magnetic field. In other words,
by measuring the transport properties of topological semimetals one can probe the nontrivial
topology of the electronic structure. These studies include investigations of quantum
oscillations providing information about the Fermi surfaces; the anomalous Hall effect arising
from non-zero Berry curvature; and the chiral anomaly consisting of charge pumping of Weyl
fermions. It is worth noting that complementary transport measurements, such as
thermoelectric ones, provide an exceptional opportunity to explore the properties of

topological semimetals in more depth.

This work is motivated by the fact that measurements of thermoelectric coefficient
appear to be very useful, though perhaps somewhat underrepresented, way of investigating
the properties of topological semimetals. For instance, as suggested by the Mott formula,
thermoelectric coefficients should be more sensitive to changes in energy dispersion at the
Fermi level than their electrical counterparts. Therefore, the thermoelectric transport
measurements can offer precise information about the Fermi surface in studies of quantum

oscillations [91]. Another example is the anomalous Nernst effect, which is expected to be
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more sensitive to the non-zero Berry curvature than anomalous Hall effect, if Weyl nodes are
not placed exactly on the Fermi level [93]. Furthermore, chiral current of Weyl semimetals
can be detected using thermoelectric transport measurements without application of external

electrical current, which makes it more robust to experimental artefacts [53].

Inspired by these facts, we decided to investigate properties of three topological
semimetals using combined electrical and thermoelectric transport measurements. In a
magnetic field, these materials were showing many unusual characteristics. For example,
TaAs; is expected to become a Weyl semimetal when a magnetic field is applied [94], which
should induce an additional phase in the electron wave functions. This, in turn, will affect
quantum oscillations and can result in emergence of the spin-zero effect [95]. The
ferromagnetic Weyl semimetal CeAlSi, on the other hand, has been identified as a new type
of topological material, where the Weyl points arise from broken inversion symmetry. By
breaking time-reversal symmetry, these points can be shifted in k-space making CeAlSi an
intriguing object to study the interaction between magnetism and topology [96]. Hence, in this
material we chose to look for the anomalous Hall effect and the complementary anomalous
Nernst effect. In the latter, the response to the non-zero Berry curvature is different from that
of the anomalous Hall effect, allowing some conclusions to be drawn about the position of the
Fermi level. Finally, we have selected an elemental a-Sn in a form of a strained thin film to
study the quantum anomaly, whose manifestations were found by our colleagues in electrical
measurements [97]. The electronic structure of strained a-Sn thin film has a pair of Dirac
cones are protected by four-fold rotational symmetry [28], but the application of magnetic
field turns a-Sn into a Weyl semimetal. This makes a-Sn a suitable candidate to investigate

the chiral anomaly, which, if true, should also be seen in thermoelectric transport.
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cHAPTERZ T

EXPERIMENTAL SECTION

Various experimental techniques can be deployed to study topological nontrivial
material. In this thesis, | will focus on measurements of transport and thermoelectric
properties, but in order to obtain reliable results to draw solid conclusions, high-quality
samples are needed first and foremost. These samples can be grown in bulk or thin film form.
We studied two bulk single crystals, namely TaAs, and CeAlSi grown by chemical vapor
transport and self-flux method respectively. We also measured a single-crystalline thin film of

o-Sn fabricated by molecular beam epitaxy (MBE).

This chapter will be structured as follows. First, | will give a brief description of the
techniques used to grow the single crystals selected for measurements. Next, | will give a
brief description of our cryostat, which is equipped with a superconducting coil capable of
generating a 14.5/16 T magnetic field. Subsequently, I will introduce our self-made electrical
and thermoelectric probes. Finally, I will discuss the sample preparation and the procedure of

electrical and thermoelectric measurements.
2.1 Single crystal growth techniques

In order to obtain high quality samples, we collaborated with three different
experimental research groups. Two of them are from Institute of Physics, Polish Academy of
Sciences (IF PAN), Poland, and one from the Boston College, USA. TaAs; and a-Sn were
grown by the MagTop ONG6.1 group at IF PAN, while the magnetic Weyl semimetal CeAlSi

was synthesized in the Tafti Lab at Boston College, USA.
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2.1.1 Chemical vapour transport method

Chemical vapour transport (CVT) is a widely used method for growing high purity
single crystals [98]. In the simplest of terms, this process requires reactants, a transport agent
(typically elemental halogens) and a temperature gradient. A schematic description of the
CVT is shown in Figure 2.1, and the principle of the process can be described as follows.
Initially, a precursor is mixed with a transport agent and kept in a vacuum sealed quartz
ampoule. This ampoule is then placed in an oven and subjected to a temperature gradient.
Initially, the transport agent sublimates and reacts chemically with the precursor in the quartz
ampoule, which converts the solid form of a precursor into a gaseous derivative. The
temperature gradient forces the gaseous derivative to migrate either from the hot zone to the
cold zone (T,—T,) or vice versa (T1—T,), depending on the nature of the reaction between
the precursor and transport agent. Finally, crystallization takes place in the cold zone (T;) if
the reaction was endothermic, whereas while it take places in the hot zone (T,) if the reaction

was exothermic.

TaAs; single crystals were prepared by two stage CVT. Initially, polycrystalline TaAs;
was synthesized using direct reaction of Tantalum foils (ZR Industrial Ltd, 99.99%) and
Arsenic (PPM Pure Metals, 99.999995%) in a vacuum sealed in a quartz tube. This reaction
occurs at the temperature of 990 °C and takes 19 days in a furnace. The furnace is then cooled

down to room temperature and polycrystalline TaAs; is extracted from the quartz tube.

To make single crystals, polycrystalline TaAs, was first palletized and then placed
inside the vacuum-sealed quartz tube along with iodine (transport agent). The temperature
gradient is then applied to the quartz tube in a furnace. The source zone (T,) was kept at 1025
°C, while the sink zone (T1) was kept at 956 °C for 23 days. The furnace was then cooled

down to room temperature at a rate of 100 °C/h and the single crystals of TaAs, can be
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extracted from the sink zone. For more details on the growth and characterization of TaAs,,

see Ref. [99].

Precursors @9 ° q’-‘ @ ® Single
TN Lttt > tals
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Figure 2.1. A schematic representation of chemical vapour transport method.

2.1.2 Flux method

The flux method is a long known and still very popular technique for growing single
crystals, in which a low melting point solvent (flux) is used to dissolve the solute. First, a
high-melting crucible filled with a solute is placed in a furnace. The oven temperature is
increased to completely dissolve the solute and left for some time to obtain a homogeneous
solution. The next step is to lower the temperature at a specific rate to reduce the solubility of
the solute. This continues until the supersaturation point is reached, where the concentration
of the solute is greater than its solubility. At this instant, small nuclei begin to grow and, with
further temperature reduction, these nuclei fuse together, eventually leading to the formation
of crystals. The residual flux can be removed with a solvent (e.g. by using hot dilute nitric

acid for several days) or quickly decanted by centrifuge while still in the liquid phase.

Self-flux method used to grow CeAlSi single crystals is called the "self-flux method"
because the flux components are the same as in the desired compound. Initially Ce, Al and Si
were mixed in a weight ratio of 1:10:1 in a Canfield crucible. This crucible was then sealed
and placed inside a quartz tube evacuated using a vacuum pump. Subsequently, the sealed
quartz tube is place inside a furnace, heated to 1000 °C at a rate of 3 °C/h and held for 12 h.

Cooling was then commenced to 700 °C at a rate of 0.1 °C/h and the held for 12 h. The
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residual flux was removed and then crucible was rapidly cooled to room temperature. More

detailed information on the preparation of CeAlSi can be found in Ref. [96].
2.1.3 Molecular beam epitaxy

The molecular beam epitaxy (MBE) machine offers a number of capabilities that are
beneficial for the growth of high-purity epitaxial layers. For example, the inner space of the
system is kept at the ultra-high vacuum (UHV) to ensure efficient deposition of high purity
epitaxial layers with in-situ reflection high-energy electron diffraction (RHEED) capability.
The latter allows accurate monitoring of the growth process [100]. A generic diagram

showing a simplified principle of the MBE machine is presented in Fig. 2.2.

Motor

Heated substrate

Sample
______________ i’ M.,_._____‘
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Figure 2.2. A simplified schematic representation of molecular beam epitaxy used for the growth of

a-Sn thin film.

At the bottom of the UHV chamber, two or more effusion cells or Knudsen effusion
cells (K-cells) are installed which comprise of crucibles in order to hold the source elements.
One of the important requirements for successful layer growth is the capability to generate

stable, reproducible and uniform molecular beams of elemental constituents [101]. The K-
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cells are directed towards the substrate to place pure element on the substrate. The precursors
held in the effusion cells are heated up and sublimated which are then transferred to the
heated sample holder in the form of molecular beams. In case of liquid source materials, the
starting elements are evaporated and beamed in the same pattern as for solid precursors.
Heating of the effusion cells is typically achieved by using either resistive or electron beam
energy source [101]. The choice is based on the required flux and the melting point of the
source material stored in the crucibles. The effusion cells are armed with shutters to control
deposition of the substances. Once they are open, physical vapour from each K-cell is
diffused towards the substrate to deposit a layer. In a typical MBE chamber, the sample
holder consists of a heating source and a sample rotating component which is used to achieve
uniform growth of the films. The RHEED gun is used to characterize the deposited layers in-
situ during the growth process. The gun emits electrons at a very low angle with respect to the
sample’s surface which produce a diffraction pattern. The in-situ RHEED characterization can
yield information about surface structure, cleanliness, smoothness and growth rate [102],

which helps in understanding the details to produce a sample with the preferred properties.

For our study, a-Sn thin film was grown on GaAs (001) substrate with 4 um CdTe
buffer layer. The desired lattice mismatch between CdTe and a-Sn incorporates an in-plane
compressive strain (~0.1 %) in a-Sn, leading to the formation of a Dirac semimetallic phase

(DSM). Detailed description of the growth procedure and structural information available in

Ref. [97].

2.2 High field cryogenic system

High magnetic field and low temperatures are highly desirable conditions to study the
guantum transport properties of materials. The former can drive an electronic system to

extreme states, such as a quantum or chiral limit, while the latter reduces the thermal
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broadening of energy levels and allows one to measure low energy quantum phenomena . All
the transport measurements data presented in this thesis were measured in a high magnetic
field cryostat system. The superconducting electromagnet coils were manufactured by
Cryogenic Consultant Limited, while the cryostat was manufactured by KrioSystem. A
schematic representation of our High field cryogenic system shown in Fig.2.3. Here | will
shortly discuss key components of the experimental rig and its operating procedures.

We used a “wet” passive cryogenic system that required filling with liquid helium
(LHe) to operate. To reduce a heat exchange between the inner and outer space of the cryostat
they were separated with vacuum jackets and the liquid nitrogen (LN2). While high vacuum
prevents a convective and diffusive heat transfers, the thermal radiation was reduced by
multiple layers of mylar foil (also referred to as a superinsulation). To further reduce the
thermal radiation, the nitrogen tank (jacket) was installed in such a way that it surrounds the
inner vessel. This was filled with LHe in which the superconducting coil was immersed. At
the boiling temperature of helium at atmospheric pressure (4.2 K for 3He ) the
superconducting coil was able to generate a magnetic field of +14.5 T, which allowed us to
study the magneto-transport in a wide range of conditions. To control the temperature of a
sample we used the variable temperature insert (VTI) into which a sample probe was inserted.
LHe from the main bath was sucked to VTI through a needle valve, after which it was
transformed into gas of desired temperature at a heat exchanger and drawn to the sample
space. The temperature of the heat exchanger was measured by Rhodium Iron (RhFe)
thermometer and controlled by a resistive heater. An evacuation port (located at the top flange
of the VTI) was connected to a rotary pump that allowed us to keep the gas pressure in VTI
below atmospheric pressure.

There are several steps needed to be performed to prepare a system for measurements.

To maintain high vacuum in vacuum jackets of cryostat and VTl we used Edwards pump
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station that was set of a scroll and turbo molecular pump. We pumped the vacuum for a few
days and waited for the pressure to reach 10 mbar before cooling the system. Next we filled
the nitrogen jacket with LN, and waited until the superconducting coil cooled down to a
temperature of about 160 K through thermal radiation. This cooling process took at least 72
hours, but allowed us to keep the main bath filled with helium gas. During this process the
coil temperature was monitored by another RhFe thermometer, which was attached to the
lambda plate placed above the superconducting coil. After reaching the desired temperature,
we could start filling the helium reservoir with a liquid through a double sided transfer tube
by ICE Oxford. The level of LHe was monitored by a liquid helium level meter DLG200
constructed by Cryogenic Consultant Ltd. An exhaust port at the head of the cryostat was
connected to the recovery line to continuously release the overpressure of the helium gas from
the reservoir.

When the system was filled with LHe the sample probe could be inserted inside VTI.
In order to easily regulate the flow of helium through the originally manual needle valve
during measurements, we connected it to a stepper motor controlled from a personal computer
(PC). An additional electronic valve by Leybold (also controlled from PC) was attached to the
pumping line to fine tune the He pressure inside the VTI. This was monitored by an electronic
pressure gauge by Leybold which, like all other instruments, was read and controlled by
measurement software that was written and run in the National Instrument Labview

environment.
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Figure 2.3. A schematic representation of the cryogenic system.

2.3 Electrical probe

Electrical transport properties were measured using a custom-made probe equipped
with a sample holder allowing 360° rotation of the sample. It is shown in Figure 2.4, where
three panels present the three different segments of the probe. The left section shows the head
of the probe fitted with a rotary knob that allows us to manually control the angle of the
sample tilt with high precision. The actual position can be read from the dial. Below, the
probe has installed five copper discs five copper disks are installed to prevent radiative heat
transfer to the sample from the top of the probe being at room-temperature. For the electrical
connection, a set of twisted pairs made of thin copper wire are used. These wires connected to

the external devices through a multi-pin hermetic connector shown in the center panel of
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Fig.2.4. The most important part of the probe, shown in the right panel of the Fig. 2.4. The
sample holder consists of an 8-pin socket connected to a wheel, the position of which is
controlled by the knob. To accurately determine the sample temperature, a Cernox

thermometer is attached to the sample holder.

Rotational Copper Multi-pin Sample
knob wires connector holder

Scale Radiation Screw Cernox Wheel
shield

Figure 2.4. Different parts of our hand crafted electrical probe

2.4 Thermoelectric probe (TEP)

Thermoelectric coefficients are measured with another custom-made probe. I will
again discuss its construction by describing the three segments - these are shown in Figure
2.5. The head of the probe shown in Figure 2.5a consists of a vacuum port, a stepper motor
connector and a multi-pin sample connector. Figure 2.5b presents the base of the probe,
where we have 16 pairs of coils made of 25 um thick phosphor - bronze wire for the electrical
connections. These are connected to twisted pairs made of 50 um copper wire leading to the
top of the probe. To prevent electrical shortcuts between twisted pairs and the probe, a
cigarette paper was glued to the tube, which joins the head and base of the problem and
Teflon tape was wrapped around. The twisted-pair cables are fed into the base via a vacuum-
tight electrical conduit prepared using a Stycast 2850FT epoxy. The base consists of several

components, including a beryllium oxide chips for connections, a couple of gears and the
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sample space. The beryllium oxide chips, due to their high thermal conductivity, are used as
thermal anchors to equalize temperature of the wires. The gears made of brass are controlled
by the stepper motor allow us to measure the angular variation (£ 180° out-of-plane) of
thermoelectric coefficients. An enlarged view of the sample space is presented in Figure 2.5c.
Two phosphor - bronze blocks are fixed together using Vespel fittings and tensioned with a
stainless spring — a sample is mounted between them. In order to induce a thermal gradient
along the sample we used resistive heater of 10 kQ resistance glued with GE varnish into one
of the blocks. For determination of temperature gradient two Cernox thermometers were
attached to the Ph-Br blocks using Stycast 2850FT epoxy. Figure 2.5d shows the brass can

that was used to seal the base of the probe to make it vacuum-tight.

Twisted phosphor bronze Gear

wires

Vacuum valve

Silicon Gold
tube pad

Sample

Phsophor
bronze blocks

Thermometers

Stepper motor Multi-pin

connector  connector
Brass can

Resistive heater

Figure 2.5. Sections of our custom-made thermoelectrical probe

34



Chapter 2: Experimental Section

2.5 Electrical transport measurements

In the past decade, many unusual electrical transport phenomena have been reported in
topological semimetals. For example, in the presence of a magnetic field (B) observation of
changes to the electrical resistivity (i.e. magnetoresistance, MR) and Hall resistivity provide
opportunity to study the extraordinary behavior of Dirac and Weyl fermions. We measured
the temperature dependences of the resistivity for all materials studied and also magnetic field
dependences of the magnetoresistance and Hall resistivity for several fixed temperatures. To
determine the longitudinal and transverse electrical signals we used contacts arranged in the

standard Hall bar configuration shown in Fig. 2.6.

- )' xx -

Figure 2.6. A typical schematic diagram of the Hall bar geometry. A constant current (j) is injected
along the longest side, the x-axis of the sample. The magnetic field (B) is applied perpendicular to the
surface of the sample, i.e. z-axis. The generated longitudinal (Vxx) and transverse (V,,) voltages were

recorded using a Nanovoltmeter.
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The electric field governed by the relation E = pj, when a mutually perpendicular
current (jx) and magnetic field (B,) applied to sample, here p is the resistivity rank 2 tensor
quantity, E and j are the vectors . Hence, in terms of Einstein notation, this relation further can
be expressed as E; = pjji, where i,j in the subscript represent the component of electrical
resistivity, electric field and the current. The matrix representation of this expression can be

written as:

E, Pxx  Pxy Pxz\ [Jx (2.1)
Ey = (pyx pyy pyz) jy
E, Pzx  Pzy Pzz/ \j,

Now restricting the current flowing into x direction only and eliminating the z component of

E, pand j, as a result Eqn.2.1 can be rewritten as,

Ey _ (Pxx  Pxy\ (] (2.2)
(£)= G o) (&)
Including the sample dimensions: | (the length between two longitudinal electrical contacts),

w (width) and t (thickness) Eqn. 2.2 can be expressed in terms of voltages Vi and Vyy:

(2.3)

- (Zj/fc) W]* t

SF IS

From the above relation, the longitudinal and Hall resistivity can be calculated respectively

as:
_ Ve wrt (2.4)
Pxx = ] l
v, 2.5
Py = j_y .t (2.5)

To separate the electrical signal into field-symmetrical (magnetoresistance) and anti-
symmetrical (Hall resistivity) components, we need to measure p,., and p,, in both positive
and negative magnetic fields. Thus, the final form of longitudinal and Hall resistivities can be

expressed as:
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ox (+B) + prx (—B _
por(B) = ( )Zp (=B) (2.6)
«(+B) — p,,(—B 2.7
pyx(B)zpy( )Zpy( ) (2.7)

2.5.1 Sample preparation

To measure p,, and p,,, we need a suitable bar- or plate-like shaped single crystal. To
this end we cut the bulk single crystals using a wire-saw. The sample attached to a suitable
plastic sample holder with GE varnish. In this process, a tungsten wire continuously performs
a reciprocating motion against the surface of the sample that is coated with a dripping mixture
of glycerin and alumina powder (Al,O3). The abrasive particles remove the material and the
liquid acts also as a coolant to prevent overheating due to friction between wire/alumina and a
sample. After cutting a sample to suitable dimensions, it needs to be properly cleaned before
making the electrical contacts. The cleaning process has couple of steps, including washing in
acetone (C3HgO) to soften the adhesive glue which can then be removed with tweezers. After
acetone treatment, the remaining residue is removed by soaking a sample in ethanol
(CH3CH,0OH) bath for 15-20 minutes. Ethanol can dissolve the both polar and nonpolar
molecules, can effectively remove the unwanted contaminants those were embedded onto
surfaces of the samples. The cleaned sample is then ready to make electrical contacts.

A typical example of Hall bar contacts made on a sample is shown in Figure 2.7. To
mount a sample we used an 8 legs puck with a mica flake (that is electrically insulating) as a
base. Mica sheet is electrically and thermally insulating, preventing additional unwanted
signals during the measurements. A double-sided cellulose tape was placed on top of the mica
to gently hold the sample and six electrical connections (two of them used for current and
four served as voltage contact) using 25 pum thick gold wires were made. These gold wires

were attached to the pin of puck with indium using a soldering-iron. We use indium as a
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soldering agent as it does not easily dissolve gold, has a low melting point (156.7 °C) and is

very ductile. The other ends of the gold wires were attached to the sample with DuPont
4929N silver paint. After making appropriate electrical connections, we ensured that the

resistivity is within several Ohms range.

Sample

Gold wire
Double sided
tape
Silver
Indium paint

Mica sheet

Figure 2.7. An example of a single crystalline sample prepared for the electrical measurements.

2.5.2 Measurements

Properties of a sample were investigated using a high magnetic field cryostat system,
and a schematic representation of the entire magnetoelectric transport system is shown in
Figure 2.8. This setup allowed us to measure the electrical properties in the temperature range
from 1.7 to 300 K and in the magnetic field up to 14.5 T. The prepared sample was mounted
in the electrical probe, which was then inserted into the cryostat system for measurements.

The electrical measurements were performed using a four probe method. In this process, the
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electrical current was injected to the sample through a Keithley 6221 current source, the
voltages were determined using Keithley 2182A nanovoltmeter and the sample temperature
were recorded with a Lakeshore 332 temperature controller. The temperature of the VTI base
was varied with a heating element controlled by another Lakeshore 332 temperature
controller. MR and Hall measurements were done simultaneously in the presence of a
magnetic field at several temperatures in between 1.7 to 300 K. The magnet was powered by a
power supply IPS 120, which can provide a bipolar current of -97 A <j < +97 A, leading to
generation of a magnetic field of -14.5 T <B < 14.5 T. This power supply can also operate the
magnet in either non-persistent or persistent mode. The latter was used to acquire data on
temperature sweeps at a constant magnetic field. All the instruments were interfaced with

Labview to PC to control condition of the experiment and to collect the data.

Electrical Probe RhFe connector

A

Coil
connector
~
t Temperature Current source
- \9
— Corllfriuﬁr 332 Keithley 6221
aKshore y AC&DC Source
B 8
2 || 2 e
O -
5 g 8 ¢ ¢ ® 6 Magnetlclpower
“ Breakout box Supply
IPS 120-10
. B I S
\ Desktop | Labview
Vxx ) V,@
Mgt Keitley Keitley
Nanovoltmeter Nanovoltmeter
2182A ) 2182A
|

Figure 2.8. Schematic diagram of the magnetoelectric measurement setup. Blue lines denote electrical

connections, orange ones denote data transfer.
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2.6 Thermoelectrical transport measurements

The thermoelectric measurements can be seen as a relative of electrical transport
measurements — they probe the same electronic system and the relevant coefficients are
linked, for example through the Mott relation (discussed in detail in chapter 1). However, the
former are often more sensitive to details of the electronic structure. The schematic diagram
of the experimental setup for measurements of the thermoelectric power and Nernst effect is
shown in Figure 2.9. The application of thermal gradient (V,T) to a sample causes charge
particles to drift the from the hot end (T+AT) to cold end (T), resulting in thermoelectrical
current. As we carried out measurements in an open circuit configuration, this drift is offset
by the appearance of the electric field, which is effectively measured as the voltage (V) across
the sample. The thermopower (S) is defined as the ratio of developed longitudinal voltages
(V) to the temperature difference (A, T) :

v, (2.8)

Subjecting of a sample to a mutually perpendicular thermal gradient and magnetic field (B,),
results in development of a transverse voltages perpendicular to both V,T and B,. The

phenomenon is called the Nernst effect and the Nernst signal is denoted by Syy:

Y

AT

(2.9)

Sxy =

During the measurements of the thermoelectric coefficients, it was observed that the data
always contained mixed contributions from longitudinal to transverse signals due to the
asymmetric position of the contacts. Therefore, for the magnetic field dependences it was
necessary to symmetrize the thermopower data and anti-symmetrize the Nernst data. The

results can be presented in the following form:
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5,.(B) = Sxx(+B) er Sxx(—=B) (2.10)
$2y (B) = Sxy(+B) ; Sxy(=B) (2.11)
Heater
Sample ‘

B, A, I Sy

Clamp

Snr

Figure 2.9. A schematic representation thermopower and Nernst effect.

2.6.1 Sample preparation

For thermoelectric measurements, we need a sample with a similar plate shape as for
electrical measurements. Actually, in most cases, we performed set of the experiments on the
literally same sample. To measure the thermoelectric power the sample was placed between
two phosphor bronze clamps that were used as longitudinal voltage contacts. For the Nernst
effect measurement, we made two transverse electrical contacts of 25 um thick gold wires
attached to sides of the sample with Dupond 4929N silver paint. Gold wires were fixed to the

the surface of the sample through cigarette paper to improve their mechanical stability. Figure
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2.10. Ilustrates the sample preparation of a Single crystal of TaAs, to determine its

thermoelectric properties.

Another end of Gold
wires are used to
measure Nernst effect

OCB paper
glued to central
part of gold wire

One end of gold

wire attached to

the sample with
silver paint

Sample surface covered
with OCB paper

Figure 2.10. A Single crystal of TaAs; was prepared to determine its thermoelectric properties.

2.6.2 Measurements

The thermoelectric properties were determined using a probe of our own design. The
prepared sample was mounted between the phosphor bronze clamps in the thermoelectrical
probe. For making proper electrical connection, inevitable void space between sample and
clamps was also filled with the silver paints. Other end of the gold wires was connected to the
phosphorbronze wires which were already there in the probe to measure the Nernst effect.
After assuring that we had proper electrical connections to the sample, the thermoelectric
probe was sealed with a vacuum tight brass can. The vacuum port of the probe was connected

to the Edwards pumping system, and we evacuated the probe until the pressure inside reached
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approximately 10° mbar, and this process takes around 24 hours. However, in order to
increase the rate of temperature equalization, we allowed a very small amount of He gas into
the internal volume of the probe before the measurement. A schematic diagram of
thermoelectric measurements setup Figure 2.11. The thermoelectric probe was then inserted
into the VTI for measurements in temperature between 1.7 and 300 K that was controlled
using a LakeShore 332. Thermal gradient along the sample was induced using a strain gauge
resistive heater excited with current from a Keithley 6221 current source. The temperature of
the sample and temperature difference between its ends were determined using two Cernox
thermometers glued with Stycast 2850FT to the clamps. Temperatures were recorded using a
temperature controller LakeShore 332, while the voltage difference along the sample was
detected using Keithley 2182A nanovoltmeter. The magnitude of transverse thermoelectric
voltage was usually small, therefore we used EM Electronics A20a DC nanovolt amplifier to
amplify the signal, which was then recorded with a Keithley 2182A. We have measured the
temperature dependences of thermopower utilizing a heater ON/OFF method, while for field
sweeps the heater was always ON. During the measurements of magneto-thermopower and
Nernst effect, the superconducting coils were powered by the IPS 120 power supply, allow us

to measure the thermoelectric coefficients up to £14.5 T magnetic field.

The angular variation of the magnetothermal power and the Nernst effect at different
temperatures was also measured. The angle between the sample and the magnetic field was
varied by changing the position of the sample. This was achieved using a stepper motor
connected to a thermoelectric probe controlled by a microprocessor controller. All
instruments used in the thermoelectric set-up are connected to LabView for communication

and control.
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Figure 2.11. A schematic diagram of thermoelectric measurements setup. Blue lines denote electrical

connections, orange ones denote data transfer.

2.7 Calibration of TEP

To subtract the back ground signal from leads of the TEP , we have measured the
thermopower (S) of a high temperature superconductor EuBa,CuzO7.4, which has S = 0 pV/K
up to critical temperature (Tc) ~90K. Temperature (T) dependences of Sicags IS presented in
Fig.2.12 (solid blue circles). Back ground signal from the wires was small and linearly
increases above T ~60K. For higher temperature, above T>T. the signal was linearly
extrapolated to the room temperature. Than we can subtract this from the raw data to get
actual S of a sample. Otherwise you will have a mixture of a sample and wires signals

together.

44



Chapter 2: Experimental Section

| |
0.7
0.6
05 L * EuBa,Cu;0,
= m— [ xtrapolated line
X o4l i}
S 0.4
=
S 0.3 | -
3 §
o $
02F ¢ -
01} § _
0.0 / -
L | L | L | L | L |
0 50 100 150 200 250

T (K)

Figure 2.12. Temperature dependences of thermoelectric power of Leads of TEP.
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cHAPTER 3 TN

ARTICLES COMPRISING THE THESIS

3.1 A brief summary of the main results

In this PhD thesis, my aim was to explore the attributes of topological semimetals by
studying their electrical and thermoelectric properties. This choice is motivated by the fact
that the non-trivial electron structure is readily manifested by unconventional transport
effects. In particular, thermoelectric coefficients show a profound response, providing a

valuable source of information about an electronic system.

In the first project, we have studied the magnetoelectrical and
magnetothermoelectrical transport properties of the topological semimetal TaAs,. This work
involved the analysis of the prominent quantum oscillations observed at low temperatures in
the resistivity as well as Hall, Seebeck, and Nernst coefficients. We noticed that of the
amplitude the fundamental frequency shows an unusual temperature evolution when
compared to its second harmonic. The effect of suppressing the fundamental oscillation while
enhancing its second harmonic has turned out to be a consequence of Zeeman splitting and is
referred to as the spin-zero effect. Such a phenomenon was previously reported to be caused
by changes in the angle at which the magnetic field was applied. However, in our study, we
reported the spin-zero effect in TaAs, to be induced by temperature changes, most likely the
temperature evolution of the Lande” g-factor. We concluded that the temperature evolution of
the Lande” g-factor can reflect changes in the spin-orbit coupling and be related to changes of

the topological properties of TaAs..
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In the second project, we have reported anomalous Hall and anomalous Nernst effects
arising from the k-space topology of the magnetic Weyl semimetal CeAlSi. In this work, we
observed that at low temperature the sign of the anomalous Hall conductivity is positive for
the out-of-plane oriented magnetic field and negative for the in-plane magnetic field. Based
on the theoretical calculations, we showed that the sign change of the AHC originates from
the reconstruction of the band structure under the variation of the spin orientation. To describe
properties of the paramagnetic phase, we proposed a single-band toy model assuming a finite
Berry curvature around Weyl nodes. This simple model recreates the experimental
temperature evolution of AHE and ANE and suggests that the presence of Weyl points near

the Fermi level plays a key role in determining the anomalous properties of CeAlSi.

In the third project, we conducted in-field electric and thermoelectric transport
measurements in a thin film of the topological Dirac semimetal a-Sn. When the magnetic
field was applied along the electrical current or thermal gradient, we observed the negative
longitudinal magnetoresistance and negative slope in the magnetic field dependence of the
thermopower. This characteristic features of resistivity and thermopower vanish when the
magnetic field is deviated from an orientation parallel to the electrical field or the thermal
gradient. We showed that the appearances of NLMR and negative slope of the thermopower
stems from the charge pumping between Weyl nodes of different chirality. This process
diminishes at high temperature as a result of the reduction in the ratio of intervalley scattering

time to Drude scattering time.

3.1.1 ARTICLE I: Quantum oscillations

To study the quantum oscillations, we have selected a single crystal of TaAs,, which
belongs to the MPn, class, where M represents the transition metal and Pn stands for the

pnictide. The electronic structure of the MnP, family has recently been comprehensively
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investigated and shown to consist of a number of trivial pockets together with those described
by non-trivial weak topological indices [103,104]. Among the MnP, compounds, TaAs,,
which crystallizes in a centrosymmetric monoclinic structure, has attracted considerable
attention. This could be induced by observed at low temperatures unusual transport properties,
such as ultra-high mobility and extremely large magnetoresistance (XMR) [105].
Furthermore, it was postulated that application of a magnetic field induces Weyl points in
TaAs; [94]. The associated Zeeman effect can also generate a non-zero Berry curvature,
which will translate into an additional phase of the electron wave functions. This, in turn, can
alter the conditions necessary for occurrence of the destructive interference of quantum
oscillations, which is referred to as the spin-zero effect [95]. We have observed this
phenomenon in measurements of the electrical and thermo-electrical transport properties of
TaAs; single crystal with applied magnetic field along [-210] crystallographic direction. In
the Nernst signal, we detected two fundamental frequencies f,, ~ 105 T and f,s ~ 221 T and a
second harmonic of f,5. Analogous to the Nernst oscillations, the fast Fourier transform of
Shubnikov—-de Haas oscillations also gave us two fundamental frequencies f,, ~ 122 T and f,;
~ 210 T as well as a second harmonic 2f,; ~ 420 of the latter. Although, the signal to noise
ratio was higher for the former. Remarkably, the amplitude ratio of the fundamental f
frequency and its second harmonic evolves in unusual way with temperatures, indicating the
spin-zero effect at T = 25 K. In addition, we observed that the phase of Nernst oscillations at T
= 35 K is opposite to one detected at T = 11.2 K, which provides additional compelling
evidence that the phenomenon is indeed caused by temperature changes rather than the angle
at which the magnetic field was applied. A plausible source of the spin-zero effect in TaAs; is
the Lande” g-factor showing significant temperature dependence. Further, a possible reason
for the temperature dependent Lande” g-factor is the evolution of the spin-orbit coupling,

which can influence the topological properties of TaAs,.
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The electrical and thermo-electrical transport properties of the semimetal TaAs, have been measured in a
magnetic field applied along the [—2 0 1] direction. The resulting field dependences of the resistivity as well as
the Hall, Seebeck, and Nernst coefficients below T ~ 100 K can be satisfactorily described within the two-band
model consisting of electron and hole pockets. At low temperature, all of the measured coefficients exhibit
significant contributions from quantum oscillations. The fast Fourier-transform (FFT) of the oscillatory Nernst

signal shows two fundamental frequencies, F, = 105 T and Fy = 221 T, and the second harmonic of the latter (Fay
= 442 T). The ratio between the FFT amplitudes of Fy and F23 changes with temperature in an unusual way,
indicating the observation of a spin-zero effect caused by temperature change. This is likely related to the
substantial temperature dependence of the Landé g-factor, which in turn may stem from the non-parabolic energy
dispersion or temperature evolution of the spin-orbit coupling.

1. Introduction

The realization of the role that topological structure plays in deter-
mining the macroscopic properties of a system led to one of the biggest
breakthroughs in modern solid-state physics [1-3]. Subsequent research
activity resulted in the discovery of a large variety of different types of
topologically non-trivial phases [4-16]. TaAs; is an interesting topo-
logical semimetal [17,18] that has been suggested to possess a trivial
strong topological index along with three non-trivial weak indices [19].
Strong and weak surface states are, for example, immune or sensitive to
disorder, respectively [20]. It is also envisaged that the Zeeman effect in
TaAs, induces additional Berry curvature, which would make it a type-II
Weyl topological semimetal in a magnetic field [21] or change the
electronic structure from trivial to non-trivial (and vice versa) depend-
ing on the specific directions of the magnetic field [22].

In this work, we have investigated the magneto-thermo-electrical
properties of TaAsy; below T =~ 100 K. The field dependences of the
transport coefficients in this range can be satisfactorily modelled by a
semi-classical multi-band approach, but in relation to the Nernst effect
we observe an unusual temperature evolution of quantum oscillations.
Specifically, the relationship between amplitudes of the 221 T

fundamental frequency and its second harmonic indicates occurrence of
a spin-zero effect in TaAs,. Remarkably, the phenomenon arises as a
result of changes in temperature, and is not due to the angle at which the
magnetic field is applied. This opens the possibility that topological
attributes of TaAsy are temperature-dependent.

2. Material and methods

Single crystals of TaAs; were grown by two-stage chemical vapour
transport. Polycrystalline TaAs; was synthesized by direct reaction of Ta
foil (ZR Industrial Ltd., 99.99%) and As (PPM Pure Metals,
99.999995%). The reactants were placed inside an evacuated quartz
tube at 990 °C for 19 days. After the synthesis, polycrystalline TaAs; was
pressed into pellets, which were loaded into a quartz tube with iodine
(POCH, 99.8%). The tube was then sealed under vacuum and placed in a
gradient zone of temperature 1025 °C (crystallization zone) and 956 °C
(source zone) for 23 days. Thereafter, the furnace was cooled to room
temperature at 100 °C/h. X-ray powder diffraction analysis confirmed
the monoclinic unit cell and C2/m (No. 12) space group of the studied
crystals. Surface quality and quantitative chemical composition were
verified using a Bruker QUANTAX 400 energy-dispersive X-ray
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spectroscopy (EDX) system coupled with a Zeiss Auriga field-emission
(Schottky-type) scanning electron microscope (FESEM) [23].

For transport measurements, a single crystal was cut to a plate of
dimensions 1.7 x 1.3 x 0.3 mm®. The crystallographic b-axis was ori-
ented along the longest side of the sample and electrical and thermal
currents were applied along this [0 1 0] direction. The magnetic field
was applied perpendicularly to the naturally occurring (—2 0 1) plane.

For resistivity measurements, the electrical contacts were arranged
in the Hall bar geometry. During Seebeck (Sx) and Nernst (Sxy) signal
measurements, the sample was clamped between two phosphor bronze
blocks, to which two Cernox thermometers and resistive heaters were
attached. Magnetic field sweeps were performed in magnetic fields from
—14.5 to +14.5 T in order to extract the voltage components, which
were odd and even in B. For temperature ramps in B = 0 T, the “heater
on-off” method was used, whereas for the field sweeps, the heater was
permanently turned on. The temperatures were measured with Cernox
thermometers that were supposed to exhibit minimal magnetoresis-
tance. In the range over which they were used (i.e., above T =5 K and up
to B =14.5 T), the relative error related to the magnetic field influence
was expected to be smaller than ca. 2% [24,25].

3. Results

Exemplary field dependences of the electrical resistivity (pxx) and

B(T)

Pyx (MQ m)

Py (12 m)

[
Resistivity FFT (arb. units)

r o

B(T)

Fig. 1. (Color online) Magnetic field dependence of the longitudinal resistivity
(panel a) and Hall resistivity (panel b) at various temperatures with current
direction parallel to [0 1 0] and B parallel to [-2 0 1]. The dashed lines in both
panels show fits prepared within the semi-classical two-band model (Eq. (1) and
).

The inset in panel a presents the temperature dependences of p,, at 0 T and a
magnetic field of 14.5 T; the inset in panel b shows the fast Fourier-transform
spectra of p,, at 5.4 K (red) and 19.8 K (blue).
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Hall resistivity (pxy) for TaAs; are presented in Fig. 1. These are the
results of symmetrisation and anti-symmetrisation of the data collected
for positive and negative magnetic fields. The temperature dependence
of pxx is shown in the inset of Fig. 1a. The value of the residual resistivity
ratio (RRR = pxx(300 K)/pxx(3 K)) is about 95, which indicates good
quality of the sample, and is comparable with previously reported values
(RRR =~ 85 [26], 100 [18], 120 [27]). One of the hallmarks of TaAs, is its
extremely large and non-saturating magnetoresistance [18,19,26-29].
In the present case, pyy in the low-temperature limit increases almost 35
000-fold between B = 0 and 14.5 T. Such a large magnetoresistance
could be a consequence of the fact that TaAsy appears to be a nearly
compensated semimetal, in agreement with density functional theory
calculations [17]; alternatively, this might also stem from its non-trivial
topology [19,22].

The slopes of the Hall resistivity dependences, presented in Fig. 1b,
exhibit a similar strong dependence on the magnetic field, i.e. pyy/B is
very small at low field, but becomes large and negative at high field,
which suggests a dominant role of electrons at high field. For example, at
T=1.7 K, calculated from the linear fit in the range 0.035T <B < 0.5 T,
Pxy/B ~ —6 £ 2 x 107° Qm/T (= m*/C) and pyy/B ~ —4.5 x 107" m*/C
forB=14.5T.

The pxx(B) and pyy(B) dependences can be reasonably well modelled
using a semi-classical two-band approximation [30]:

1 (nelt, + mupy,) + (nupt, + nopty, ) p, B*
pu(B)= L (nep hll;)z (nap Hi )1 ﬂzh d 1)
€ (nep, +nupy)” + (4 — no)ppy| B
P (B) — § ("hllf - ne”?) + (nh - n‘,)ﬂgﬂ%Bz (2)
N € (nept, +mup)” + [(ny — ne)ppu, ) B>

where n is concentration, y is mobility, e is the elementary charge, and
the e and h indices denote the electron and hole contributions, respec-
tively. Fits of both px(B) and pxy(B) for a given temperature were per-
formed simultaneously, and the results are shown in Fig. 1. In the low-
temperature limit, they give concentrations of both electrons and
holes of around 10%° m~3 (ne=1.1 x 10®° m~2 and np,=1.0 x 10 m=3
at T = 1.7 K, respectively) and mobilities of around 0.5 m2/Vs (ye = 0.52
m?/Vs and pun = 0.45 m?2/Vs at T = 1.7 K). These are of the same order of
magnitude as previously reported values [23].

At low temperature and high field, both pxy and py exhibit strong
oscillatory components as a result of the Landau level quantization. The
inset in Fig. 1b presents exemplary (T = 5.4 and 19.8 K) fast Fourier-
transforms (FFT) of the resistivity calculated for the field range
8-14.4 T with a subtracted background in the form of a third-order
polynomial. For the unevenly sampled signal, we used an algorithm
based on the Lomb normalized periodogram. We were able to confirm
the presence of two fundamental oscillations: Fy, = 122 T, F)s = 210 T,
and the second harmonic of the latter, Fo,y = 420 T. At T = 5.4 K, we
observed double-peak structures that might be due to additional orbits
present in the irregularly shaped electron/hole pockets [17]. Similar
behaviour has been reported, for instance, for NbP [31] or, due to a
small misalignment of the magnetic field, in Sb [32,33].

Analogously to pxx(B) and pxy(B), the Seebeck (Fig. 2a) and Nernst
(Fig. 2b) signals also show strong dependence on the magnetic field. The
absolute value of Sy at B = 14.5 T shows some non-monotonic tem-
perature dependence, which would be removed if it were divided by
temperature to account for entropy changes. The data can be fitted with
the conventional semi-classical equations [34,35]:

1 (uB)’
Sw(B)=5°, + 5 3
) =S e 5 T ©
' (B)=S° L
Sw(B) =5, | By “

where S2, and S, are the values of the thermoelectric power at the limits
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B(D)

Fig. 2. (Color online) Magnetic field dependences of the thermoelectric power
(panel a) and Nernst coefficient (panel b) at various temperatures. The dashed
lines in both panels show fits prepared using Eqs. (3) and (4).

The inset in panel a presents the temperature dependence of the Seebeck co-
efficient at zero magnetic field; the inset in panel b shows FFT spectra of the
Nernst coefficient at 5.4 K (red) and 35 K (blue).

of zero and infinite field, respectively, sgy is the amplitude of the Nernst
signal at the zero-field limit, and y = /i #;, is the mean mobility [30].
There are some deviations of the fitting lines from the actual data for the
Nernst signal above T ~ 50 K, but overall Sxx(B) and Sxy(B) can be well
approximated using Egs. (3) and (4). However, the resulting y values are
about an order of magnitude smaller than those deduced from electrical
transport measurements (even though they are consistent between
Sxx(B) and Syy(B)). We conclude that although Egs. (3) and (4), which
were formulated for a single-band conductor [34], can satisfactorily
reproduce the field dependence of the thermoelectrical coefficients in a
multiband semimetal, the resulting mobilities are not the best approxi-
mation of the actual values. This is probably due to incomplete
compensation of electron and hole carrier densities in TaAsy (at T = 1.7
K, the electrical conductivity of electrons in TaAsy is about 27% higher
than that of holes).

Multiband character of TaAs; may also explain the field dependence
of the thermoelectric power, which similarly to py,/B is very small when
B - 0T atT= 54K, and becomes substantially negative in a field,
reaching Sxx(14.5 T) = —12 pV/K. The inset in Fig. 2a, showing the
temperature dependence of Sy, in zero magnetic field, indicates that
almost perfect compensation of Sy in zero field occurs below T = 80 K.
At low temperature and high magnetic field, a large oscillatory
component appears in both Sxx(B) and Syy(B). The inset in Fig. 2b pre-
sents the FFT of the latter at two temperatures: T = 5.4 and 35 K (which
were calculated for the field range 8-14.5 T with a subtracted third-
order polynomial as a background). Here, again, two fundamental
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frequencies are present: F,, = 105 T, F,3 = 221 T. They are slightly
different from those estimated on the basis of the Shubnikov-de Haas
effect, most likely due to small misalignment of the crystal with respect
to the magnetic field in two separate experiments. Here, we observed the
second harmonic of the f oscillations, Fy,3 = 442 T, which in the FFT is
accompanied by a somewhat smaller peak at Fo,5’ = 413 T. We believe
this to be the second harmonic of the twin p peak at F,' = 206.5 T. With
our resolution, we are not able to distinguish it from the larger F,y = 221
T, but we notice a beating pattern in the oscillatory signal of the § band
filtered out from other frequencies (see Fig. S4 in the Supplementary
Material (SM)). This indicates the presence of two close frequencies. We
envisage that this is a consequence of the aforementioned shift in angle,
which for an irregular electron/hole pocket (like those present in the
calculated electronic structure of TaAsy [17]) can create another
extremal Fermi surface area. As a general note, we would like to point
out that the signal-to-noise ratio for the Nernst data was the best among
the measured quantities, thus we focus mainly on analysing these
results.

4. Discussion

The most striking result of our work is presented in Fig. 3, in which
the oscillatory components of the Nernst signal at two different tem-
peratures are compared. Thus, it turns out that the dominant F,3 at T =
11.2 K is almost entirely replaced by its second harmonic, Fy,p, at T =
24.6 K. In regular metals, the higher harmonics of the quantum oscil-
lations disappear faster with temperature than the fundamental fre-
quency. The amplitude of the p-th harmonic of the oscillations is reduced

by the factor Ry = sinﬁfifpr) [36], where 1 = % (kg, m*, and # denote
the Boltzmann constant, the effective mass, and the reduced Planck
constant, respectively). The upper inset in Fig. 4 shows changes in the
relative amplitudes of the first and second harmonics of the p oscillations
at three representative temperatures. At high temperature, the ampli-
tude of F, is largely suppressed, while Fy,p is clearly visible and the
reduction factor in this region is anomalously small (i.e., smaller than 1).
The ratio of the amplitudes of the first and second harmonics, A}/A5, is
0.13 at T = 24.5 K, whereas at T = 34.7 K it increases slightly (A7/A% =
0.28), possibly deviating from zero at a temperature between 24.5 and
34.7 K. In Fig. 4, we present the entire temperature dependence of Aj/A%
calculated from the Nernst signal, which seems to be confirmed by
Af/A% (T) deduced from the resistivity shown in the lower inset of the
same figure (separated temperature dependences of amplitudes are
shown in Figs. S2 and S3 in the SM). In the latter case, the signal-to-noise
ratio is somewhat lower than that based on the Nernst effect, but the
overall appearance of A;/A, remains similar to that in the main panel of
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Fig. 3. Comparison of the oscillatory component of the Nernst signal in TaAs,
plotted versus inverse magnetic field at T = 11.2 K and 24.6 K. The results for
the latter are multiplied by a factor of 10.
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Fig. 4. (Color online) Temperature dependence of the first to second harmonic
ratio for the p band calculated from the Nernst signal. The upper inset shows the
evolution of the Nernst FFT spectrum around the p frequency and its second
harmonic at T = 5.4 K, 15.2 K, and 35 K. The lower inset presents the analogous
amplitude ratio as the main panel, but estimated from the resistivity data.

Fig. 4.

The effect of suppressing the fundamental amplitude with enhance-
ment of the second harmonic is a consequence of Zeeman splitting and is
called the spin-zero effect [36]. This happens when:

T m
cos <§gm—e) =0 (5)

and hence g = (2r + 1) /%;, where r is any integer and g is the Landé g-
factor.

The spin-zero effect is normally observed when the condition
described by Eq. (5) is met for a particular orientation of applied mag-
netic field. Its occurrence has been reported in regular metals such as
copper [37,38] and gold and silver [39]. Recently, such a phenomenon
was also observed in the Weyl semimetal WTey [40] and the Dirac
semimetal ZrTes [41]. Despite the relativistic energy dispersion in these
topological materials, the same Eq. (5) must be satisfied for the spin-zero
effect to occur [41]. However, it was shown that additional
Zeeman-induced Berry curvature shifts the spin-zero angle in ZrTes
[22]. Remarkably, S. Sun et al. [22] predicted that the spin-zero effect is
also expected to occur in TaAsy and that it should be affected by the
Berry curvature similarly as in ZrTes. In fact, the angular dependence of
the Shubnikov-de Haas effect at T = 1.6 K shows that the fundamental
frequency amplitude of p oscillations almost vanishes in a field applied
at around 30° with respect to [-2 0 1] [23].

Since the spin-zero effect emerges due to the phase shift between the
oscillations coming from the spin-up and spin-down electrons, it can be
expected that the phase of the fundamental frequency will be inverted at
the spin-zero condition. In fact, such a phenomenon has been reported at
the spin-zero angle in ZrTes [22]. Notably, we also observed phase
inversion of the p oscillations at around T = 24.5 K. Fig. 5 shows a
comparison of the Nernst oscillations at temperatures below (T = 11.2
K) and above (T = 35 K) that of the spin-zero effect, where the p fre-
quency, filtered out of the latter, appears to be in antiphase with the p
oscillation at low temperature.

We would like to stress that our discovery of the spin-zero effect in
TaAs, is unusual in terms of the condition that triggers the phenomenon.
That is to say, it is not caused by a change in angle, but by a change in
temperature. As indicated by Eq. (5), this can only happen due to a
variation in the g-factor or the effective mass. Since the frequencies of
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Fig. 5. Comparison of the oscillatory component of the Nernst signal plotted
versus inverse magnetic field at T = 11.2 K and 35 K. The latter is multiplied by
a factor of 20. The solid line depicts the signal at T = 35 K filtered with an FFT
band-pass filter for the 160-280 T frequency range, which turns out to be in
antiphase with the fundamental § oscillation below T ~ 25 K.
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the oscillations (and hence the areas of the Fermi surface extremal cross-
sections) do not change much with temperature, we believe that T-
dependence of the g-factor may be the main cause of the effect in TaAs;.

In order to estimate the g-factor at T = 5.4 K, we used the oscillatory
part of the Nernst signal presented in Fig. 6, where peaks at B > 11 T
begin to split due to the Zeeman effect. If the spin degeneracy is lifted,
the Landau level index plot should be prepared separately for spin-up
and spin-down Landau levels (see the inset in Fig. 6): n = £+ 5+ 1g,
where n is the Landau level index, § is the phase shift related to the
topology and dimensionality of a band, and ¢ is the phase difference
between up (¢ = ‘g’—"n;) and down (p = — ‘g’—"n;) spins [42,43]. This pro-
cedure gives the g-factor at T = 5.4 K equal to gy = 5.8.

Using the effective mass of the p band, m* = 0.35 m, estimated from
the Shubnikov-de Haas effect (see Fig. S5 in the SM), the spin-zero effect
can be used to estimate the value of g at temperatures close to 25 K. The
values of the g-factor closest to gy satisfying Eq. (5) are g = 2.9 for r =

1/B (T
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T=54,112K | 05406 -0 |
0.10 | e 7 s
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=
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1/B (T

Fig. 6. (Color online) Oscillatory part of the Nernst signal plotted versus B~! at
T = 5.4 K (at which peaks split at high magnetic field) and 11.2 K (at which no
such splitting is evident). The inset presents Landau level fan diagrams at T =
5.4 K separated by the Zeeman splitting for the spin-up and spin-down plots.
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0 and g = 8.6 for r = 1. In either case, g at T ~ 25 K is significantly
different from gy = 5.8 at T = 5.4 K.

Observations of a temperature-dependent g-factor have previously
been reported for several semiconductors, such as CdTe and GaAs
[44-48]. In the latter, the temperature variation of g was ascribed to the
non-parabolicity of the band and evolution of the energy gap [48].
While relative changes of the g-factor in semiconductors are typically
rather modest, a significant variation of g with temperature has been
reported for the strongly correlated compound SrIrOs [49]. In this case,
temperature-dependent spin-orbit coupling (SOC) was identified as the
origin of the phenomenon. In this material, as in the case of the Dirac
semimetal CdsAs; [50], the temperature-dependent SOC was suggested
to be related to changes in the Rashba coefficient. However, based on the
current studies, we are unable to delineate the mechanism responsible
for the changes in SOC in TaAss.

In general, SOC and the Berry phase can be related [51], but the
scenario where the g-factor changes due to SOC temperature variation is
of particular interest in TaAsy as the topological attributes of this ma-
terial are determined by the SOC strength [52]. That is to say, according
to calculations based on density functional theory in the absence of SOC,
TaAs; possesses two types of bulk nodal lines. Turning on SOC opens a
continuous bandgap in the energy spectrum and renders the system a
topological crystalline insulator. In other words, changes of SOC in
TaAs; can affect the topology of the electronic system, and hence open
the possibility of the emergence of a temperature-driven topological
transition. Whether the evolution of the Seebeck and Nernst signals that
we have observed for TaAsy is somehow related to its topological
properties may be an exciting subject for further experimental and
theoretical investigations.

5. Conclusions

The temperature dependences of quantum oscillations in the Nernst
effect and resistivity indicate that, for a magnetic field parallel to [—2
01] and T =~ 25 K, we observe the spin-zero effect in TaAs,. The Landé g-
factor estimated for this temperature is significantly different from that
calculated for T = 5.4 K. Among possible origins of the temperature
evolution of the g-factor are non-parabolicity of the band, evolution of
the energy gap, or changes in the spin-orbit coupling. The latter is of
particular interest because in TaAs; it can lead to modification of the
topology of the electronic system.
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A: Nernst signal oscillations in TaAs, and corresponding fast Fourier transform spectra
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Figure S1. The oscillatory component of the Nernst coefficient in TaAs, plotted versus inverse
magnetic field for various temperatures (left panel). The right panel presents respective FFT spectra.



Table S1. Parameters obtained from Lorentzian multiple peak fitting of the Nernst FFT spectra
for B and 2 oscillations.

1 harmonic | 2" harmonic 1 harmonic | 2™ harmonic
T(K) | amplitude amplitude AiA, | Frequency Frequency

(arb. units) (arb. units) (M) (M)

5.4 3.81E-16 4.94E-17 7.7 220 441

6.3 2.94E-16 2.05E-17 14 221 441

11.2 1.05E-17 3.85E-19 27 223 421

15.2 6.20E-19 5.69E-20 11 224 436

24.5 3.81E-21 2.98E-20 0.13 211 437

35.0 2.77E-21 9.89E-21 0.28 223 443




B: Temperature evolution of the p and 2 oscillations amplitudes
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B: Filtered Nernst signal
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Figure S4. Upper panel: oscillatory Nernst signal in TaAs, measured at the temperature T=5.4 K
plotted versus inverse magnetic field. Lower panel: signal from the upper panel filtered with the FFT
band pass filter for the 170 - 270 T frequency range (B oscillations).



C: Effective mass calculation
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Figure S5. Temperature dependence of normalized FFT amplitude of the resistivity oscillations (8 T <
B <14.5T) for the B frequency in TaAs,. Solid line is fit of the Lifshitz-Kosevich formula.
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Figure S6. Temperature dependence of normalized FFT amplitude of the thermopower oscillations
for the B frequency in TaAs,, 5 T <B < 14.5T. Solid line is fit of the modified Lifshitz-Kosevich

formula [A.P. Morales et al., Phys. Rev. B 93, 155120 (2016)]: A(T) « %

a = 2m%ky/eh, kg is the Boltzmann constant, e is the elementary charge, # is the reduced Planck
constant, p is the harmonic number, and X = m*T/B.

, Where



D: Amplitude ratio
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Figure S7. Temperature dependence of the absolute value of the first to second harmonic ratio
calculated from the Lifshitz-Kosevich formula. The Dingle damping factor was assumed to be Rp = 1,
the effective mass m* = 0.18 m,, and the Landé g-factor linearly increasing with temperature to reach

the spin zero condition at T = 25 K. Inset presents the temperature dependences of the spin damping
factors for the fundamental frequency and its second harmonic. The latter goes through zero at
T = 15 K which causes the second harmonic to disappear at this temperature. The resulting Ay/A,(T)
qualitatively matches the experimental results, namely it initially (up to T = 15 K) increases, then
decreases and goes through zero at T = 25 K and then increases again.



E: Sample

Figure S8. Single crystal of TaAs, with schematically shown experimental configuration.



Chapter 3: Articles comprising the thesis

3.1.2 ARTICLE II: Anomalous Hall and anomalous Nernst effect

The non-trivial topology of the electronic structure with Weyl nodes (WNSs) near the
Fermi level manifests itself in interesting phenomena such as the anomalous Hall and the
anomalous Nernst effect. Generally, the creation of WNSs requires breaking the time reversal
symmetry or the inversion symmetry . Recently, it has been reported that in the case of RAISi
semimetals (R stands for rare earth element) Weyl points can be generated by Sl breaking,
whereas TRS breaking shifts the position of WNs in the k-space [46,96,106,107]. An example
is the ferromagnetic Weyl semimetal CeAlSi, which makes it an unique platform for studying
the interplay between magnetism and topology. In this study, we reported the sign reversal of
anomalous Hall conductivity in the ferromagnetic phase of CeAlSi for two different

orientations of magnetic field, namely AHC is negative (o), < 0) for B || a, and positive
(o5, > 0) for B || ¢, where a and ¢ denote the crystallographic axes. We indicated that the sign

change of AHC in CeAlSi originates from the band structure reconstruction driven by the spin
reorientation. The anomalous contribution has also been visible in the thermoelectric Nernst

conductivity (af,) measured for B || c. Furthermore, we observed persistence of anomalous

Hall and Nernst signals even in the paramagnetic phase. To explain the temperature

dependences of o3}, and a4, /T above the Curie temperature, we proposed a single band toy-

model, which includes a finite Berry curvature in the vicinity of Weyl nodes. The temperature

dependences of o7}, and ay,, /T calculated using this simplistic approach correspond well to
the experimental ones. This indicate that origin of high temperature large oy, and non-

vanishing a7, lies in the CeAlSi topology.
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We report the anomalous Hall effect (AHE) and the anomalous Nernst effect (ANE) data for the noncollinear
Weyl semimetal CeAlSi. The anomalous Hall conductivity (O',;‘-) was measured for two different orientations of
the magnetic field (B), namely o}‘,‘; for B||a and ‘73 for B||c, where a and ¢ denote the crystallographic axes. We
find that qg, and ay@ are of opposite sign and both are large below the Curie temperature (7¢). In the paramagnetic
phase, cr;; rises even more and goes through a maximum at 7 ~ 170 K, whereas the absolute value of cr;‘z
decreases with increasing temperature. The origin of the sign difference between o7, and o, was attributed to
the reconstruction of the band structure under the variation of the spin orientation. Further, in a system where
humps in the AHE are present and scalar spin chirality is zero, we show that the k-space topology plays an
important role to determine the transport properties at both low and high temperatures. We also observed the
anomalous contribution in the Nernst conductivity (afy) measured for B||c. a;‘y /T turns out to be sizeable in
the magnetic phase and above ¢ slowly decreases with temperature. We were able to recreate the temperature
dependencies of oA and o /T in the paramagnetic phase using a single band toy model assuming a nonzero
Berry curvature in the Vicinity of the Weyl node. A decisive factor appears to be a small energy distance between

the Fermi level and a Weyl point.

DOI: 10.1103/PhysRevB.107.085102

I. INTRODUCTION

Topological Weyl semimetals (WSMs) are characterized
by linear energy dispersions of the valence and conduction
bands touching each other in momentum space at Weyl nodes
[1-4]. The emergence of massless Weyl fermions as low-
energy excitations manifests in many exotic physical effects
like the presence of Fermi arcs on the surface [5], chiral
anomaly induced negative magnetoresistance [6], chiral zero
sound effect [7,8], etc. The subclass of WSMs that also exhibit
magnetic ordering is a particularly interesting object of study
[9-15]. These materials allow, for example, the manipulation
of the anomalous Hall and anomalous Nernst effect [16,17],
which is interesting from both scientific and applicative points
of view. Recently, huge efforts have been made to investigate
the sign change of the anomalous Hall effect (AHE) in Weyl
fermions or closely relevant systems as the collinear ferro-
magnet StTRuQOj3 [18]. It turns out that many factors, such as the
value of the magnetization [19], the presence of the interface
which can tune the spin-orbit coupling (SOC), or breaking of
the inversion symmetry [20], can change the sign of AHE.
Moreover, in the presence of the sign change, the anomalous
Hall effect may take values smaller than other features, such
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as humps in the hysteresis loop of AHE [19,20]. The presence
of these humps seems to be particularly favored by a large
spin-orbit coupling as well as the absence of inversion sym-
metry [19,20] and in CeAlSi they were dubbed the loop Hall
effect [21]. In CeAlSi, the humps are related to the k-space
topology [21]. In order to get more insight into the k-space
topology that governs these humps in CeAlSi, we investigated
CeAlSi focusing on the transport properties in magnetic fields
and looking for the sign change of the AHE. Additionally,
we also measured the anomalous Nernst effect (ANE), whose
response to nonzero Berry curvature around the Fermi energy
is different than that expected for AHE. In the paramagnetic
phase of CeAlSi, the simultaneous temperature evolution of
both ANE and AHE can be well described by a simple model
assuming the presence of the Weyl node about 20 meV from
the Fermi level. The paper is organized as follows: We de-
scribe the material and methods in Sec. II; in Sec. III, we
present our experimental results; in Sec. IV, we discuss our
results, and in Sec. V we summarize our conclusions.

II. MATERIAL AND METHODS

CeAlSi single crystals were grown by a self-flux method
using the Canfield crucible sets. The starting materials were
weighed in the ratio Ce : Al: Si=1:10: 1, placed inside
a crucible in an evacuated quartz tube, heated to 1000 °C
at 3 °C/min, held at 1000 °C for 12 h, cooled to 700 °C at

©2023 American Physical Society
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0.1 °C/min, stayed at 700 °C for 12 h, and centrifuged to
decant the residual Al flux.

For electrical and thermoelectrical transport measurements
a suitable single crystal was cut into a plate with dimensions of
1.4 x 1.3 x 0.4 mm? with sides parallel to the natural crystal-
lographic a x a x ¢ axes. The electrical and thermal currents
were applied along the longest side of the sample (a axis),
while the magnetic field (B) was applied parallel to the ¢
axis and perpendicular to the thermal and electrical currents.
For electrical measurements with B applied along the crys-
tallographic a axis we selected another single crystal, which
was cut into a plate with dimensions of 0.2 x 2.9 x 0.6 mm?
(a x a x c). The electrical current (J) was applied along the
a axis and B was perpendicular to the current and parallel to
another a axis.

For the electrical measurements, the contacts were ar-
ranged in the Hall-bar geometry with 25-um-thick gold wires
attached to the sample using DuPont 4929N silver paste.
During the measurements of thermoelectric power (S,,) and
Nernst signal (S,,) the sample was mounted between two
blocks made of phosphor bronze. The temperature differ-
ence was determined using two Cernox thermometers and
the thermal gradient was implied using a strain gauge as a
resistive heater. For selected temperatures, the magnetic field
was swept from —14.5 to +14.5 T to extract the field voltage
components that were antisymmetric and symmetric in B. All
the presented data were symmetrized and antisymmetrized for
the positive and negative magnetic fields.

Magnetic properties of the sample have been investigated
using a Quantum Design Magnetic Property Measurement
System MPMS XL equipped with a superconducting quantum
interference device. The reciprocating sample option has been
chosen to provide a precision of about 10 emu during the
direct current (dc) measurements. A magnetic moment as a
function of external dc magnetic field has been measured in
the range —7 to 47 T after cooling at zero field. To study the
temperature dependencies of susceptibility, alternative current
(ac) option has been utilized. An ac field of 1 Oe ampli-
tude and 1 kHz of frequency has been applied during the
measurements.

II1. RESULTS

The electrical transport properties of CeAlSi were studied
for two different orientations of the magnetic field (B), which
was applied along the a axis (magnetically easy) or along the
c axis (magnetically hard). The temperature (7)) dependence
of the longitudinal resistivity (p,,) for the electrical current
(J) parallel to the a axis and B=0T (see Fig. 1) shows
semimetallic behavior with the residual resistivity ratio of 3.2
(see Fig. 1). A kink at T &~ 8.5 K appears due to the transition
from the high-temperature-paramagnetic (PM) phase to the
low-temperature ferromagnetic (FM) phase [21]. The value
of the transition temperature and overall temperature depen-
dence of p,, agree well with the previous reports [21-23].
The magnetic field dependencies of the longitudinal resistivity
(oxx) and Hall resistivity (p,,) (Bl|c and J||a), as well as py,
and p;, (B and J||a, BLJ) are shown in Fig. 2. The Hall
resistivities for both orientations of B [Figs. 2(b) and 2(d)]
becomes negative at low temperature and high magnetic field,

S, (LVK™)

1 1 I 1 1 )
0 50 100 150 200 250 300

T (K)

FIG. 1. Temperature dependencies of the zero field resistivity
(pyr) and the thermoelectric power (S,,) of the noncollinear Weyl
semimetal CeAlSi with the current (J) or thermal gradient (VT')
applied parallel to a axis.

which indicates that the electronlike charge carriers dominate
electrical transport in this region. Specifically, at B = 14.5 T,
Pyx & =35 uQ cm for T ~ 5.4 K and p;, & —65 12 cm for
T ~ 1.7 K. However, the high-field slope of the p,, Hall
resistivity evolves with temperature and becomes slightly pos-
itive at room temperature (dp,./dB = 1.2 x 10°m=3 C!
at T = 301 K), which might be due to the slowly increasing
with temperature role of holes in the electrical transport.

A prominent characteristic of the Hall resistivity in CeAlSi
is its nonlinear field dependence [see Fig. 2(b)]. Although this
type of behavior might be due to simultaneous contributions
from different types of charge carriers [24,25], it seems to be
not the case in CeAlSi. In fact, p,, varies linearly at high field,
but p,,(B) does not extrapolate to p,, = 0 u2cmatB=0T.
The field dependence of p,, cannot be satisfactorily explained
within the two-band model approach as shown in Fig. S1 in
the Supplemental Materials (SM) [26] (see also Refs. [27-31]
therein), which is in line with the previous reports indicating
that the transport in CeAlSi is dominated at low temperatures
by a single type of charge carrier [32]. A likely cause for
the nonlinear behavior of the Hall resistivity in CeAlSi is a
contribution from the anomalous Hall effect (AHE) [21,33—
36]. In general, the magnetic field dependencies of Hall re-
sistivity in the presence of the anomalous contribution can be
expressed as

Pyx = RoB + iy, €]

where Ry is the ordinary Hall coefficient and ,ofx is the anoma-
lous Hall resistivity. To determine R, and to separate pfx (or
p?y) from the total Hall resistivity, p,x(B) [or p.,(B)] was fitted
with a linear function in the high-field regime (>3 T) [see
Figs. 3(a) and 3(b)]. At low temperature, the fitting range of
the former was restricted to By,.x = 9 T, because of a change
in the p, (B) slope happening at this field. This anomaly is
also visible in the field dependencies of p,, [Fig. 2(a)] and it
is likely related to the magnetic phase transition caused by
increasing magnetic field perpendicular to the initially FM
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FIG. 2. Magnetic field dependencies of the longitudinal resistivity and Hall resistivity in CeAlSi for two different configurations of the
sample. For J || a and B || ¢, (a) longitudinal resistivity (po..); (b) Hall resistivity (o,.), J || a, B || a, and B_LJ; (c) longitudinal resistivity (po,,);
(d) Hall resistivity (o). The black vertical arrows in all the panels indicate variation of the temperature.

ordered spins [37]. The extracted field dependencies of the
anomalous Hall resistivity for B||c (0f,) and Blla (%)) are
presented in Figs. 3(c) and 3(d). In the FM phase, both p;‘x
and p?y are sizeable, but different in sign and magnitude. In
the PM phase, the absolute value of ,o;‘x becomes significantly
larger than p7).

In general, the AHE can be of intrinsic or extrinsic origin
and the latter can be due to the skew-scattering or side-jump
processes [27]. If there were a contribution from an extrinsic
mechanism, one would expect a specific relation between the
resulting anomalous Hall conductivity (AHC, al/}) and the lon-
gitudinal conductivity (oj;). Namely, for the skew scattering,
the AHC should follow a linear relationship with the lon-
gitudinal conductivity, whereas for the side jump (which is
expected to be somewhat smaller [38]) a{j* ~ ai% [39]. In our
data we observe neither of them (Fig. S2 in the SM [26]).
Furthermore, in topological semimetals with the Fermi level
in the vicinity of Weyl nodes, the AHE has been predicted
to be predominantly intrinsic and determined by the location
of the Weyl points [40,41]. Since CeAlSi has been identified
as a Weyl semimetal with Weyl nodes close to the Fermi level
[21], one can expect a nonzero AHE due to its nontrivial topo-
logical properties [21-23,42]. These are expected to manifest
themselves also in other transport phenomena.

The magnetic field dependence of thermoelectric power
with the thermal gradient VT||a and B||c is presented in
Fig. 4(a). Sxx(B) can be satisfactorily fitted with the semiclas-
sical phenomenological model proposed by Liang et al. [43]:

1 B)?
Suu(B) = . s BB
1+ (uB) 1+ (uB)

@)

where S, and S are the amplitudes of the thermopower at
zero and high field limits respectively, and p is the mobility
of charge carriers. A shift of S from negative at low
temperatures to positive at high temperatures can be a sign of
an increase in the participation of holes, which is consistent
with the Hall resistivity data discussed earlier. If these holes
have low mobility, then their contribution will be only slightly
field dependent and will not disturb the fitting procedure,
which in fact works well for all the data [see Fig. 4(a)]. At
low temperatures, we restricted again the fitting field range
due to the change in S,,(B) slope at B ~ 8-9 T owing to
the aforementioned field-induced transition. The temperature
dependence of S, at zero magnetic field is shown in Fig. 1.
Figure 4 presents the field dependencies of the Nernst
effect signal measured for a configuration analogous to oy,
i.e., VT || a and B||c. Results are fitted with the empirical
model [44] describing the behavior of the Nernst effect in a

085102-3



MD SHAHIN ALAM et al. PHYSICAL REVIEW B 107, 085102 (2023)
0 ¥ T T T T T T T T 0
e —,
sl "N - - - line fit L ‘\\ - - - line fit 4-16
~ BN T=54K N T=17K =
5 Blle Blla 5
G o1 - X\ 132G
2 N \ 2
N TN N =
N N
< N =
24 L NG 4-48
@ N (b)
32+ | < J.6a
Ak T T T T L T T T T ] 0.4
—40.0
= 4-04 'S
g g
% b TP v.uvﬁ ] _0'8%_
s 4. =
—35K
52K
F——7.5K 1-1.6
10.1 K
— 144K
247K —-2.0
—473K
—097.7K B ” a
—297.8K
1 1 1 1 1 1 1 _2.4
0 3 6 9 12 150 3 6 9 12 15
B (T) B (T)

FIG. 3. Magnetic field dependencies of the Hall resistivity in CeAlSi: (a) Hall resistivity (o,,) as a function of Bat T = 5.4 K (black line);
(b) Hall resistivity (p.,) as a function of B at T = 1.7 K (black line). Red dashes lines in (a) and (b) represent the high-field (B > 3 T) linear
fits. (c¢) Anomalous contribution to the Hall resistivity (p;fx) extracted from p,,(B) for several temperatures. (d) Anomalous contribution to the

Hall resistivity (pg.) extracted from p,,(B) for several temperatures.

topologically nontrivial material. Here, the total Nernst signal
is similar to the Hall resistivity and is divided into a normal
(S),) and an anomalous (S},) part:

Sy = Sh + Sh. ?3)

where their field dependencies are expressed as

S{V :SNL’ 4
" 1+ (uBy @

Sy, = S, tanh (B/By), 3)

u is the mobility, and By is the saturation field at which the
plateau of the anomalous signal is reached. Apparently, the
field dependencies of Sy, cannot be described only by the con-
ventional Nernst contributions [Eq. (4)] (see Fig. S1 in the
SM [26]), but they are very well approximated when the
anomalous component [Eq. (5)] is taken into consideration
[see Fig. 4(b)]. The temperature dependence of the normal-
ized (divided by temperature) S7 is displayed in the inset
of Fig. 5(b). In the FM phase S A /T steeply increases with
decreasing the temperature (reachmg SA ~ —0.1 uVK~2 at
2.5 K), but also in the PM phase there is a nonvanishing

anomalous contribution (in the order of Sfx ~ —0.02 uVK?)
slowly decreasing with temperature.

IV. DISCUSSION

The anomalous Hall (a{}) and transverse thermoelectric
(a;;) conductivities can be calculated as [45-47]

A
IO“
0{} = _,217 (6)
Pii

S i0ii —SiiO';;, (7)

it pi > pﬁ». The resulting temperature dependencies of
o (T) and o, /T (T) are presented in Fig. 5. Two temperature
regions can be distinguished: (i) 7 < T¢ (FM phase) and (ii)
T > Tc (PM phase).

(1) In the ferromagnetic phase ofy gradually increases with
decreasing temperature reaching ~550 Q' ecm™! at T =
5.4 K [Fig. 5(a)]. The loop Hall effect (LHE) was reported
to occur in CeAlSi in the FM phase with B||c field orientation
[21], but the appearance of this phenomenon changes from
sample to sample depending on a slight off-stoichiometry
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FIG. 4. Magnetic field dependence of the Seebeck (a) and Nernst
(b) signal in CeAlSi for various temperatures. Insets show low-
temperature field dependencies of the respective coefficients. The
black dashed lines in (a) and (b) show fits prepared using Egs. (2)
and (4).

of Si and Al [21]. In this material class, the Weyl nodes
are generated due to the lack of inversion symmetry in the
noncollinear phase [21,22], while for the ferromagnetic phase
Weyl points can be generated also by the breaking of time-
reversal symmetry [42]. A recent study on CeAlSi suggested
a nontrivial = Berry phase that has been experimentally re-
ported in the FM regime for the magnetic field oriented along
the ¢ axis [23].

Similarly to (I;‘V, we also determined the T dependence
of cryAZ for the magnetic field oriented along the easy axis.
oy*;(T) is presented in the inset of Fig. 5(a). We found oyAZ ~
—380 Q7! ecm~' at 7 = 1.7 K, a magnitude that is consistent
with the previous reports [21]. Differences in values of ofy and
o{} can be attributed to the anisotropic electronic structure of
CeAlSi, while the observed sign change may be relevant for
the detection of topological features in the AHE. Its occur-
rence, for example, was recently associated with the presence
of humplike features in p,(B) [19,48]. A physical origin of
this anomaly is under strong debate, but it could derive from
topological effects in the k space and/or in the real space. In
CeAlSi the appearance of the analogous loop Hall effect ap-
pears to be dependent on the position of the Fermi level [21].
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FIG. 5. The temperature dependencies of the anomalous Hall
conductivity (af‘,) (a) and the anomalous Nernst conductivity (b)
for Bl||c in CeAlSi. Inset in the upper panel shows temperature
dependent anomalous conductivity (Jj‘z) for B||a; inset in the lower
panel presents the temperature dependence of normalized anomalous
Nernst effect for B||c. Blue solid lines in both panels present the
o;‘y and a;‘y /T T emperature dependencies calculated in arbitrary
units using Eqs. (8) and (9). Vertical dark yellow areas in all panels
represent the FM regime.

We study the magnetic configurations with spins along the
a and the ¢ axis (x and z, respectively) in addition to the
noncollinear magnetic configuration that is the ground state.
Using density functional theory (DFT) and Wannierization
techniques, we perform the self-consistent and band structure
calculations for different magnetic configurations to investi-
gate the sign change of the AHE in the magnetic phase below
Tc =8.5K.

From the self-consistent calculation, we note that the mag-
netization is mostly coming from the 4 f electrons of Ce. The
local magnetic moment per Ce atom is approximatively con-
stant in all magnetic configurations. The magnetic moment for
the 4 f orbitals is 0.85-0.89 g where the lowest value is for
the noncollinear magnetic configuration and the highest is
for both collinear configurations. We have an intrinsic mag-
netic moment from 4f orbitals and an induced magnetic
moment on the 5d orbitals of Ce that is 0.03up within
DFT. The f electrons induce a ferromagnetic moment on
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FIG. 6. Magnetic configurations and associated band structures of the CeAlSi Weyl semimetal. (a) Collinear FM order with spins aligned
along the a axis. (b) Collinear FM order with spins aligned along the ¢ axis. (c) Noncollinear FM order. (d)—(f) represent the band structure of
CeAlSi along the high symmetry paths including spin-orbit coupling in the three mentioned configurations respectively. The vertical arrows
represent the band crossings at the Fermi surfaces between X-N and N-%;, while the horizontal arrows point at the minimum of the conduction

band between I' and X.

the d electrons of Ce in the same fashion as happens in
the EuTiO3/SrTiO; system [49]. The presence of magnetic f
electrons far from the Fermi level and d electrons at the Fermi
level makes it difficult to produce a simplified tight-binding
model containing both d and f orbitals. The bands associated
with the Weyl points mainly come from the d electrons of Ce
and the sp electrons of Al and Si as clearly visible in the local
density of states (see part E in the SM [26]).

We report in Figs. 6(a)-6(c) the magnetic configurations
with the Ce spins along the a axis, the ¢ axis, and with the
noncollinear configuration, respectively, where a and ¢ are
the lattice constants of the conventional unit cell shown in
the figure. The band structures associated with these mag-
netic configurations are in the respective bottom panels in
Figs. 6(d)—6(f). The main features of the three band structures
are the same, but the different magnetic configurations slightly
move the details of the low energy features and switch the
position of the Weyl points [50]. One relevant change for
the AHE appears along the high-symmetry path 2-N and
N-X; where we can see at the position of the vertical arrows
that the bands close to the Fermi level are slightly lower in
energy in the case of the magnetic configuration with spin
along the c axis shown in Fig. 6(e); as a consequence the
minimum of the conduction band along I'X goes higher in
energy in Fig. 6(e). Therefore, the AHE will be modified by an
energy shift approximatively equal to the difference between
the Weyl points for the case with spin along the ¢ axis (E;p)

and the a axis (Ey;p). Defined as AEwp = Egp — Egp > 0,
this shift will be reflected in the AHE calculations. Basically,
the different magnetic orderings influence the position of the
Fermi level and the energy position of the Weyl points, and
the anticrossing points close to the Fermi level.

It is known that close to the high-symmetry line I'X T here
are several Weyl points [42]. In CeAlSi, there are Weyl points
from the breaking of the inversion symmetry and Weyl points
from the breaking of the time-reversal symmetry. The Weyl
points from the breaking of the time reversal present along
I'X are expected to be more sensitive to the orientation of
the magnetic order, therefore strong changes in the AHE are
expected.

Given the three band structures in Figs. 6(d)-6(f), we
extracted the Wannier tight-binding model (see the SM for
details [26]) and calculated the anomalous Hall effect for the
three magnetic configurations shown in Fig. 7. We report o,
for the magnetic configuration with spin along the ¢ axis (hard
axis), and oy, for the configurations with spins along the a
axis (easy axis) and the noncollinear phase. In the calculated
energy range between —0.5 and 0.5 eV, the calculated AHC
is always positive except for a negative spike present for all
configurations. While for in-plane magnetic configuration this
spike is at the Fermi level, for the out-of-plane magnetic con-
figuration this negative spike is shifted by the quantity AEwp
deriving from the band structure effects. This implies that the
change of the magnetization from the a to the ¢ axis plays a
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FIG. 7. Calculated intrinsic anomalous Hall conductivity for the
collinear ferromagnetic configuration with spins along the a axis
(green with circle points), along the ¢ axis (red with square points),
and in the noncollinear magnetic configuration (blue with triangle
points). The energy range is between —1 and +1 eV. The Fermi level
is set to zero for all three magnetic configurations.

role in inverting the sign of the anomalous Hall conductivity.
The AHC is positive for the out-of-plane magnetic field and
negative for the in-plane magnetic field in agreement with the
experimental results reported in Fig. 5(a). The presence of
consecutive and negative large values of the Berry curvature
is a signature of the Weyl points; indeed, in a simplified Weyl
points model, the Berry curvature goes from being strongly
positive to strongly negative when you go from below to above
the Weyl points [51] (see part D of the SM [26]). Hence, the
sign change of AHE comes directly from the presence of the
k-space topology (Weyl points) close to the Fermi level.

Our theoretical results developed at low temperatures could
be qualitatively valid also above T¢, where the magnetization
rotates from the easy axis towards the axis of the applied
strong magnetic field. Since the Weyl points at the Fermi level
do not come from 4 f-electron bands, we expect that AHE
is weakly dependent if the induced magnetic moment on 5d
electrons comes from the 4 f-Ce intrinsic magnetic moment or
from the external magnetic field. Therefore, the AHE above
Curie temperature can be large too and AHE below and above
Tc can be of the same order of magnitude. Therefore, the
large AHE in the paramagnetic phase emerges due to the pres-
ence of the k-space topology (Weyl points) close to the Fermi
level. Indeed, the Weyl points are close to the Fermi level
giving a large contribution even in the presence of the external
magnetic field.

(i) In the paramagnetic phase, the anomalous Hall con-
ductivity for Bl|a (o7 ») decreases with increasing temperature
and practically vanishes at room temperature. On the contrary,
the anomalous Hall conductivity for B||c (afy) goes through a
maximum at 7 &~ 170 K [see Fig. 5(a)], and reaches higher
values than in the FM phase The corresponding anomalous
Nernst conductivity (ANC, o ,/T) slowly decreases with in-
creasing temperature [see Flg 5(b)]

It is worth noting here that a sizeable anomalous response
was already reported in other nonmagnetic topological mate-
rials [52,53]. The lack of correlation between magnetization
and the ANE was even used to indicate that the observed

phenomenon is due to nonzero Berry curvature [44]. In topo-
logical semimetals the AHE as well as the ANE originate
from large Berry curvature generated by Weyl nodes and their
presence in the paramagnetic phase of CeAlSi was recently
confirmed experimentally [22]. In the presence of a finite
Berry curvature, o 4 and a y can be calculated as [53,54]

d’k
:_Z/ (27_[)3 xyfnv (8)
____Z/(Z )3 /\)’|:

+kgT In (1 + exp—(En ]: ?V))}, )
—kp

tl )Cy

EF )fn

where f, is the Fermi-Dirac distribution, Er represents the
Fermi energy, Q7 is the Berry curvature, and E, are the
eigenenergies for eigenstates n. From the above equations, a
general form of ANC and AHC can be written as [51]

Ay = — Z/ 2y —— QL wi(E, — Ep) with A = 0, a.

10)

Hence, both anomalous conductivities are basically the

product of 27 and weighting factor (w), where the latter reads
as [51]

wa(En - EF) - fnT(En - EF)» (11)
1 T
wa(En - EF) = _€_T|:(En - EF)f;l

+ kgT In <1 + exp%)}. (12)
— KB

Here f! is the Fermi-Dirac distribution function at a given
temperature. To model the temperature dependencies of o

and o in the PM phase, we introduce a single-band toy
model including a nonzero Berry curvature in the vicinity of
the Weyl points. €2,,(E) is simplistically assumed to change
linearly at the Weyl node from positive to negative (see in
Fig. S4 in the SM [26]). To match the experimental results,
we restricted the energy range of nonzero €2,, to F £ 25 meV,
which is similar to the range reported in Ref. [51]. As for the
energy distance between the Fermi level and a Weyl node, the
electronic structure calculations reported by [21] for CeAlSi
indicate two sets W; and W, present close to Er, which are
expected to dominate the low energy physics of this mate-
rial [21]. Each set contains different Weyl points defined as
W11’2’3’4 nd W1 34 In our model, the Weyl node is placed
—20 meV away from the Er, which is consistent with the
position of the W, nodes [21]. The calculated energy depen-
dencies of AHC, ANC, and w at room temperature are shown
in Fig S4 of the SM [26]. The temperature dependencies of
and oz / T calculated using Eqgs. (8) and (9) are presented
in Fig 5 as solid lines along with the experimental data. They
appear to be governed by a broadening of the Fermi function
with temperature, which allows states further away from the
Er to be included in the integration [44,52,53].
Apparently, this crude approach reproduces the char-
acteristics of the experimental data quite well, reflecting
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differences between energy dependencies of weighting factors
for the anomalous Hall and Nernst effects. Namely, the cal-
culated U)ﬁ, increases up to 7' ~ 170 K, reaches a maximum,
and then decreases, while a;‘y /T slowly decreases with the
increasing temperature at a rate similar to the one observed
in the experiment. Moreover, the signs of both o7, and ) /T
also match the experimental data.

V. CONCLUSION

We studied the anomalous Hall and Nernst effects in the
noncollinear Weyl semimetal CeAlSi from room to low tem-
perature. In the ferromagnetic phase, the anomalous Hall
conductivity turns out to be positive for the magnetic field ap-
plied along the magnetically hard axis (Gfv > () and negative

for B parallel to the easy axis (ayAZ < 0). Density functional
theory calculations attributed the different signs of the AHE
to a shift of Weyl points along the I'-X direction and this shift
is induced by the reconstructions in the band structure driven
by the magnetic configuration. In the paramagnetic phase,
o}f‘z significantly decreases, whereas crfy reaches values even
higher than at the low-temperature limit. The temperature
dependence of afy as well as the respective Nernst conduc-

tivity (“?y) can be well approximated using a simple model
assuming the presence of a Weyl point in the vicinity of the

Fermi level. Properties of the anomalous Hall and Nernst
effects appear to be dominated by k-space topology at both
low and high temperatures.

Note added. After submission of this paper, we became
aware of a very recent work that also reports on the anomalous
Hall and Nernst effect in CeAlSi [55].
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A: Non-anomalous fits of the magnetic field dependences
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Figure S1. (a & b) Magnetic field dependences of the longitudinal resistivity (p,,) and Hall
resistivity (p,,) for T = 199 K (magenta) and 300.9 K (blue) for CeAlSi. The black dashed

lines indicate the best simultaneous fits using the semi-classical two band approximation [1].

There is an apparent discrepancy between the experimental data and the model. (c) Nernst

signal (S,,) as a function of B. Black dashed lines represent fits to: S}, = S§ £

1+(uB)? (see

main text), which poorly matches the experimental data.



B: Scaling of anomalous Hall resistivity
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Figure S2. (a) The anomalous Hall resistivity (pz)) in ferromagnetic phase of CeAlSi plotted
versus longitudinal resistivity (p,,,) for B || a. Inset shows the anomalous Hall conductivity
(ayAZ) as a function of the square of the longitudinal conductivity (oy,) (b) p;*y Vs p,,, for B ||
a in paramagnetic phase. (c) The anomalous Hall resistivity (p;j‘x) versus the longitudinal
resistivity (p,,) for B || ¢, in paramagnetic phase.

C: Magnetic measurements
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Figure S3. (a) Magnetic field dependences of the longitudinal magnetic moments in
ferromagnetic phase of CeAlSi. Inset shows long magnetic moment as a function of B in the
paramagnetic phase. (b) Temperature dependence of the magnetic susceptibility (y') with the
ferromagnetic region marked in dark yellow. Inset shows y' vs T (red points) in the

paramagnetic phase fitted to the Curie-Weiss law (solid blue line).



D: Anomalous Hall and Nernst conductivities in presence of non-zero Berry curvature
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Figure S4. (a) Imaginary Berry curvature (7, in arbitrary units plotted versus energy near
the Fermi level. (b) Weighting function (w) for the anomalous Hall conductivity (red) and the
transverse thermoelectrical conductivity (blue) as a function of energy at T =300 K. (c)
Energy dependences of the anomalous Hall conductivity at T = 300 K, calculated as a product
of QF,, and weighting function w,. (d) Anomalous Nernst conductivity as a function of energy

T =300 K calculated as a product of Q7,, and weighting function w,.



E: Computational details for Density functional theory

First-principles calculations were conducted and the projector-augmented-wave (PAW)
method was applied. The generalized gradient approximation of the Perdew-Burke-
Ernzerhof(PBE) form was used to treat the exchange-correlation energy (GGA), as
implemented in the Vienna ab-initio simulation package (VASP) in the frame of the density
functional theory [2,3]. The cut-off energies for the plane-wave basis set that were used to
expand the Kohn-Sham orbitals were chosen to be 450 eV. All calculations include the spin-
orbit coupling. The Monkhorst-Pack scheme was used for the I'-centered10x10x%10 k-point
sampling. The calculations are performed using the experimental lattice parameters of CeAlsi
(a = 4.252 A; ¢ = 14.5801 A) [4]. In order to conduct the effect of strongly correlated
electrons in the 4f-shell of Ce, we applied the GGA+U method within the self-consistent DFT
cycle [5]. The on-site Coulomb interaction strength U applied to the Ce 4f states is 7 eV and
the intra-atomic exchange interaction strength Ju was taken as zero. Our ab-initio results were
utilized to obtain the Wannier tight-binding Hamiltonian using the VASP2WANNIER90
interface [6]. The Anomalous Hall Effect was calculated subsequently after applying the
technique of Wannier interpolation [7] using a k-grid of 100 x 100 x 100 with an adaptive grid
of 5 x 5 x 5. The AHE calculations were verified with a k-grid of 300 x 300 x 300 that
reproduce the same results with negligible differences. The calculations were performed on
three different spin configurations of the CeAlSi unit cell; a collinear FM phase with the spins
aligned along the x-axis direction, a collinear FM phase with the spins aligned along the z-
axis direction, and a non-collinear FM ordering. All the AHE calculations reproduce a
minimum and a maximum close to the Fermi level, therefore the AHE results are robust

respect to the wannierization of the three different magnetic configurations.

For better analysis of the electronic structure of CeAlSi, the atom-resolved local

density of states (LDOS) was also calculated for the non-collinear ferromagnetic

5



configuration with spin-orbit coupling (SOC) and presented in Figure 8. DOS for other
magnetic configurations are qualitatively similar. The sp-bands of Al and Si are present both
below and above the Fermi level. One band of the Ce 4f-states is present at -3 eV from the
Fermi level, while the other Ce 4f-states are above 2 eV from the Fermi level. The sp-orbitals
of Ce are less relevant, while close to the Fermi level, the only relevant contribution from the

Ce atoms comes from the 5d-states.

The oxidation states of atoms is zero in this compound. The electronic configuration for Ce
reported in textbooks is [Xe]4f'5d'6s?> in the ionic approximation, this electronic
configuration can change depending on the structural phases and crystal fields. In CeAlsi, the
electronic configuration changes to be something more similar to 4f'5d%6s® in the ionic
approximation according to our local DOS. Indeed, due to the crystal field effect of the
surrounding atoms that act differently on d-electrons and on s-electrons, the s-electrons of Ce
are pushed to higher energies. Since we are only interested in the electronic properties at the
Fermi level, we have approximated the Ce atom as [Xe]4f'5d%6s° considering that only the 5d
electrons are relevant for the wannierization and excluding the 4f electrons from our tight-
binding model. For this reason, the wannierization was performed taking into consideration
the sp-electrons of Al , sp-electrons of Si and the d-electrons of Ce as tight-binding basis.
Within its simplicity, this approximation brings us to a quite good result of the
wannierization. We have chosen the frozen window around the Fermi level excluding the 4f
states in both conduction and valence band. Our wannierization is in agreement with that

reported in the literature [8].
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Figure S5. Local density of states for the non-collinear magnetic configuration of CeAlSi.
The 4f-levels of Ce are extremely localized and their DOS goes beyond the maximum of the

y-range. The Fermi level is set to zero.
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Chapter 3: Articles comprising the thesis

3.1.3 ARTICLE IlI: Chiral anomaly

The electronic structure of topological Dirac semimetals contains fourfold degenerate
Dirac cones, which can be split into a pair of Weyl cones by breaking either the SI or the
TRS. An exotic phenomenon known as chiral anomaly can occur in these materials when a
parallel electric field or thermal gradient is applied along with the magnetic field [32,53]. This
should manifest macroscopically as an additional electrical current but its detection by
electrical measurements has been a cause for concern. This is due to possible contributions
from extrinsic phenomena such as the current jetting effect [77]. On the contrary,
thermoelectric measurements offer the possibility to study the aforementioned phenomena
free from artefacts [53]. In this study, we have chosen a topological Dirac semimetal a-Sn in
a form of a strained thin film, whose electronic structure contains a pair of Dirac cones that
are protected by fourfold rotational and time-reversal symmetries [28]. The latter can be
broken by the application of a magnetic field, making a-Sn a Weyl semimetal that is a
suitable candidate for the observation of the aforementioned quantum anomaly. The expected
consequences of its appearance include a negative magnetoresistance or a negative slope of
the magneto-thermopower in the presence of a magnetic field parallel to the electric current or
thermal gradient. Indeed, we have observed both characteristics in a-Sn at low temperatures.
The anomalous behavior is expected to disappear rapidly when the magnetic field is tilted
away from the applied current or thermal gradient, and we have again confirmed this by angle
dependent measurements. The calculated ratio of the intervalley relaxation time to the Drude

scattering time indicates that a-Sn at low temperature is in fact in the chiral regime.
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Quantum transport properties of the topological Dirac Semimetal a-Sn
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We report measurements of the electrical resistivity (p) and thermoelectric power (S)
in a thin film of strained single-crystalline a-Sn grown by molecular beam epitaxy on an
insulating substrate. The temperature (7) dependence of the resistivity of a-Sn can be
divided into two regions: below T* = 135 K p(T) shows a metallic-like behaviour, while above
this temperature an increasing contribution from thermally excited holes to electrical
transport is observed. However, it is still dominated by highly mobile electrons, resulting in a
negative sign of the Seebeck coefficient above T =47 K. In the presence of the magnetic field
(B) applied along an electric field or thermal gradient, we note a negative magnetoresistance
or a negative slope of S(B), respectively. The theoretical prediction for the former (calculated
using density functional theory) agrees well with the experiment. However, these
characteristics quickly disappear when the magnetic field is deviated from an orientation
parallel to the electrical field or the thermal gradient. We indicate that the behaviour of the
electrical resistivity and thermoelectric power can be explained in terms of the chiral current
arising from the topologically non-trivial electronic structure of a-Sn. Its decay at high
temperature is a consequence of the decreasing ratio between the intervalley Weyl

relaxation time to the Drude scattering time.
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1. Introduction

Over the past two decades, topological quantum materials have gained significant
attention due to their nontrivial momentum-space topology [1-4]. For example, the Dirac
semimetals, which could be considered three-dimensional analogues to the graphene, host
four-fold-degenerate Dirac points protected by topological constraints [5-7]. Dirac nodes
split into two chirally distinct Weyl nodes when at least one of the symmetries protecting
the Dirac cone gets broken [8-10]. Dirac semimetals exhibit unique and exciting features
such as ultra-high mobility [11], large magnetoresistance [11,12], chiral magnetic
effect [13,14], etc. These exotic phenomena have been experimentally reported in a number
of topological Dirac semimetals, namely Na3Bi[15,16], Cd,As3 [11,17,18], ZrTes [19,20], Biy.

Sby [21], YbMnBI, [22], TIBiSSe [12].

Recently, grey tin, or a-Sn, a zero-gap semiconductor emerges as an exciting material
due to its nontrivial band topology [23-25]. It is the elemental candidate showing many
topological phases, that can be tailored by various conditions, such as changing the
thickness, imposing the strain, and applying the electric and magnetic fields [26,27]. The
application of the in-plane tensile strain transforms a-Sn into a robust three-dimensional
topological insulator with a large topological gap [24] and a high Fermi velocity [28] ,
whereas in-plane compressive strain makes it a topological Dirac semimetal protected by
four-fold rotational symmetry [26,27]. The in-plane compressive strain, which modifies the
electronic structure of a-Sn, can be obtained experimentally by epitaxially growing a thin
film on a substrate with lattice constants that do not exactly match those of grey tin. To
obtain the Dirac semimetal phase, the desired mismatch is achieved by selecting the

appropriate  substrates, such as InSb(111)[29], InSb(001)[30], CdTe(111) [31],



GaAs(001) [32]. The degeneracy of the Dirac cones is lifted in the presence of an external
magnetic field, turning a-Sn into a Weyl semimetal. The presence of a pair of Weyl points in
momentum space can lead to appearance of a peculiar phenomenon when the electric and
magnetic fields are applied parallel to each other. It is known as a chiral anomaly and, can be
observed as a positive magneto-conductivity in real crystalline materials suggested by
Nielsen-Ninomiya in 1983 [33]. Its origin is the charge pumping between Weyl points (WPs)
of opposite chirality that occurs in a Weyl semimetal (WSM) subjected to the electric and
magnetic fields applied in parallel along the direction of the WPs separation [13]. Such
negative magnetoresistance has been reported by various groups in topological Dirac and
Weyl semimetals [14,15,20,34,35], but there exist other mechanisms that could underlie this
effect without involving charge pumping between the Weyl nodes [36—38]. In this regard,
measurements of the thermoelectric effects offer an opportunity to complement to
electrical measurements and gain valuable insight into electronic transport properties [39—

42].

In this work, we investigate the electrical and thermoelectrical properties of the a-Sn
thin film, which is a topological Dirac semimetal when deposited on a CdTe/GaAs (001)
substrate. To ensure the best-quality, the sample was grown using molecular beam epitaxy
(MBE). We report on the quadratic variation in the field dependencies of the electrical
conductivity and thermopower, which can be explained as a consequence of the chiral
anomaly. We also calculated the ratio of intervalley scattering time to mean free time, which
indicates the role of chiral Weyl fermions in the emergence of the negative longitudinal

magnetoresistance and the negative slope of thermopower at the high magnetic field.



2. Materials and methods

Epitaxial film of 200 nm thickness a-Sn was grown by the molecular beam epitaxy
(MBE) on (001) GaAs substrate with a 4 um CdTe buffer layer. CdTe buffer provides the
necessary ~0.1 % compressive in-plane strain to induce the Dirac semimetal phase in grey
tin. Extensive structural characterization confirmed the high quality of the obtained film
without any inclusions of the metallic B-Sn phase, as well as the value of the strains. More
details about the growth procedure, as well as the structural characterization of the studied

film can be found in Reference [32].

To perform the electric transport measurements, we cut the sample with a length (a-
axis) of 2.2 mm and a width (b-axis) of 0.6 mm. This reasonable aspect ratio of the sample
was chosen to minimize the geometric effects on our experimental data. We measured the
resistivity using the standard four probe method. The electrical contacts were made with 25
pm thick gold wires and DuPont 4929 silver paint. The current contacts were made along the
entire width of a sample to minimize the possibility of the current jetting effect
occurrence [43]. The dc electrical current was applied using a Keithley 6221 current source

and voltages along the sample were measured with a Keithley 2182A nanovoltmeter.

To measure the thermoelectric properties, the sample was mounted between the
two phosphor bronze clamps with two Cernox thermometers attached. These were used to
determine the thermal gradient along the sample generated by a Micro-Measurements
strain gage heater (10 kQ resistance), which was connected to Keithley 6221 current source.
Thermoelectric voltage data were collected by an EM Electronics A20a DC sub-nanovolt

amplifier working in conjunction with a Keithley 2182A nanovoltmeter. The temperature



dependence of thermoelectric power was measured with the heater off and on method,

while for the magnetic field (+ 14.5 T) sweeps the heater was continuously turned on.

The electronic structure calculations were carried out with the projector augmented
wave approach within the density functional theory framework, utilizing the VASP
package [44]. A plane-wave energy cut-off of 650 eV was employed in the study. We have
performed the calculation using a meta-GGA approach, which is based on the modified
Becke-Johnson (MBJ) exchange potential together with local density approximation for the
correlation potential scheme with the parameter CMBJ = 1.215 in order to get the
experimental band ordering [45]. The calculations of electronic structures were performed
with a 12 x12 x10 Monkhorst-Pack k-mesh [46], incorporating the spin-orbit coupling self-
consistently. The VASPWANNIER90 interface was employed in our study and we utilized s
and p orbitals of Sn atoms to generate ab initio tight-binding Hamiltonian without
performing the procedure for maximizing localization [47,48]. The calculation of the surface
state was performed using the semi-infinite Green’s function approach incorporated in the

Wanniertools [49,50].

3. Results and Discussions

The thermoelectric power (S) and electrical resistivity (o) were measured respectively
with the thermal gradient (VT) or electrical current (j) applied along a-axis of the a-Sn thin
film. Figure 1 presents the temperature dependence of resistivity in zero magnetic field (B)
measured in the temperature range 2 - 300 K. The entire p(T) dependence can be divided
into two temperature regions, namely, for T= 135 K we observe a semiconducting
behaviour that can be attributed to the increasing with temperature contribution to

electrical transport from thermally excited holes [51]. Those holes originate from the



thermally driven transitions between valence and conduction parts of the g, band as well
as from the indirect transition L, — I'g,. found in the calculated electronic structure of a-
Sn [52]. In the latter, the magnitude of the band gap in the epitaxially stretched a-Sn thin
film is temperature dependent and becomes larger as the temperature decreases [53]. In
consequence, thermal hole excitation is prevented for T < 135 K and p(7) behaves in a metallic-
like manner. This is due to the electrons in the vicinity of I'- bands dominating the transport
features of a-Sn at low temperatures [51]. Interestingly, even at a very low temperature,

some contribution to the electronic transport from hole-like charge carriers is still

present [32].

It appears that the temperature dependence of the thermopower is also affected by
the presence of two types of charge carriers. In almost the entire temperature range the
thermopower is negative reflecting a dominating role of highly mobile electrons. The
absolute value of S reaches its maximum of 22.5 pV/K at T= 150 K. The upturn in S(T) above
this temperature likely reflects the discussed above increasing contribution from the
thermally excited holes. For a multiband conductor, the total thermoelectric power is a sum
of individual band contributions weighted by the respective conductivities. Within the two-
band model this can be expressed as S = (S. 0. + S, 0r)/0, where o = o, + 05, Where subscripts
e and h denote contributions from electrons and holes, respectively. Therefore, at high
temperatures the increasing positive participation from thermally excited holes will result in
a decreasing absolute value of negative S dominated by electrons. Below T = 50 K the
Seebeck coefficient gets smaller than 1 pV/K and attains a positive value in the low
temperature limit (see inset of the Fig. 1.), which can be also seen in the S(B) dependences
presented in Fig. 2b. This may be due to phonon-drag, but also due to contribution from the

low-mobility holes, which were recently reported to be present at low temperatures in a-Sn



thin films [32]. For the former S(T) should exhibit a maximum at the temperature of about
6p/5 [54], where 6p is the Debye temperature. In grey tin 8p = 260 K [55], but the maximum
we observe is at the temperature somewhat lower than the expected T = 50 K. However, this
is only an estimated position, which may be also effectively shifted by contribution from
diffusive thermopower. Nevertheless, this positive contribution appears to be weakly
dependent on the magnetic field, so does not affect our analysis.

The magnetoresistance of a-Sn was measured at different temperatures in the
parallel configuration of the electrical current and magnetic field (j || B), the results are
presented in Fig. 2a. Below T = 100 K, a Landau quantization occurs, leading to the
appearance of pronounced Shubnikov de Haas (SdH) effect in high magnetic field. The
resulting strong oscillations in p(B) are shown in Fig. S1(a) in Supplemental Material (SM)
after subtraction of slowly varying background (3rcl order polynomial). The fast Fourier
transform (FFT) spectrum (see Fig. S1(b)) reveals a single slow frequency F~ 12 T, that can be
assigned to a bulk Dirac point near the fermi level of a-Sn, in agreement with the previous

study [1]. The SdH oscillations can be described by the Lifshitz - Kosevich theory [56]:

Ap < RyRpRg cos [271 (g—%+,8 + 6)], (1)

X
sinh(y)’

The three damping factors are: the thermal reduction factor Ry = the Dingle

damping factor R, = exp (—)(T?D) (Tp is the Dingle temperature) and the spin splitting term

2m2kgTm*/me

_ where k; = 1.381x 10 2 JK ! is the
ehB

Rgs = cos (p—nﬂ). The parameter y =
2 me

Boltzman constant, e = 1.602 X 107 C, m, = 9.108 X 1073 kg are the electron charge
and mass, h = 1.054 x 10734 Js is reduced Planck’s constant, and m* is the cyclotron mass
of the charge carrier. Within the Rg term, g is the Landé factor, p is the harmonic order.

Under cosine function in Egn. 1, F is the frequency of quantum oscillations (QO), 2n8 is the



Berry phase, § = += is the phase shift related to the dimensionality of the electronic

@ | =

structure of a 3D system.

The effective mass can be calculated from the temperature dependence of the
amplitude of the oscillations described by the thermal reduction factor R, (see Fig. S1(c) in
the SM) and the resulting small effective mass m* ~0.01 m. is close to that previously

reported [32]. The frequency of the quantum oscillations is directly related to the Fermi

. . . h . .
surface cross section area via the Onsager relation: F = (E) Ap, where Ap is the Fermi

. . . A
surface cross section area. Since the Fermi momentum kp = ’;F , we have deduced the

. . hk . . .
Fermi velocity v; = — and the Fermi energy Ex = m*v% under the assumption that charge

m*
carriers have linear energy dispersion [57]. The estimated vy and Ep are about 2.2x10° m/s
and 277 meV respectively. Fig. S1(d) in SM shows that the experimental data can be well
modelled with Eqn. 1 from which another parameter that can be obtained from the analysis

of QO is the Dingle temperature, which was estimated to be Tp = 11 K at 9.9 K temperature,

again in good agreement with results reported in Ref. [32]. From the Dingle temperature, we

can calculate the quantum life time 7, = and quantum mobility u, = inﬁ [58], which

2nkgTp
are iy~ 1x10" s and Hg =~ 5900 cm?V''s™, respectively. Such a high value of Ugq confirms the

excellent transport properties of a-Sn.

Next, we will focus on a non-oscillatory component in p(B) of a-Sn, which, forj || B,
exhibits a large negative longitudinal magnetoresistance (NLMR) at the high field and low
temperature. With increasing temperature, NLMR decreases and vanishes above T = 200 K.
Intriguingly, the presence of NLMR for j || B was also reported in early studies of quantum

oscillations in the bulk single crystals of a-Sn [59]. Furthermore, the authors observed an



additional 1/8 phase shift of the SdH oscillation, which is the expected result for the extra
Berry phase of carriers from 3D band with linear dispersion [60]. These experimental facts
initially remained uninterpreted, but have recently been linked to the presence of Dirac
cones [26]. This is interesting because a-Sn in its pristine form should be, as mentioned
above, a semiconductor with conduction and valence bands touching each other at the
vertices. Perhaps even a small perturbation, such a presence of an internal strain, or a strain
applied unwillingly during the experiment, can slightly shift the electronic bands, creating a
non-trivial electron structure in the bulk sample [61].

The appearance of NLMR was reported for a large number of Dirac and Weyl
semimetals [15,20,34,35,62] and it has been ascribed to pumping of the chiral charge
between the Weyl nodes. On the other hand, questions were also raised as to whether the
effect could be due to extrinsic mechanisms [36,38]. In particular, the current jetting
contribution in highly mobile Weyl semimetals caused concerns about the detection of the
chiral current in electrical measurements [43]. Therefore, the complementary
measurements of other phenomena, such as the thermoelectric power, can provide a
unigue opportunity to investigate the effects of the chiral anomaly without current jetting

artefact [41,43].

Figure 2b presents the magnetic field dependences of the thermopower (with B | |
VT) for selected temperatures. As mentioned above, in addition to the negative
thermopower attributable to electrons, we also observe a roughly field independent positive
contribution to the Seebeck coefficient. This appears in S(B) data in Fig. 2b as a temperature
dependent vertical shift that does not affect the field dependent part. At a low magnetic
field, S initially increases with B — such a dependence was also observed in other topological

Dirac semimetals and it was attributed to the process of Weyl nodes creation [43,63]. Below



T = 50 K we see a small peak in S(B) at B= 5.2 T, which can be attributed to the quantum
oscillations. For the frequency obtained from the SdH effect (F = 12 T), the next peak in S(B)
is expected at B=8.8T, which coincides with the maximum that occurs at B=9T. The
contribution from QO to the total value of S at the maximum can be calculated using the
Lifshitz — Kosevich formula and is presented in Fig. S2 in the SM. At T = 30 K, the peak value
of the QO from the baseline is = 0.026 pVK~2, which is = 33 % of the total weight of S at
B=9T. However, the calculated contribution from QO significantly decreases with
increasing temperature. For example, this becomes approximately 8 % at T = 50 K and
vanishes completely above T = 55 K, while the peak of S(B) linked to formations of Weyl
points is still present in the data. The maximum in S(B) shifts to higher magnetic fields and at
B=12Tis clearly visible even at T = 150 K (see Fig. 2b). Thus, it is unlikely that the negative
slope of S(B) observed at high magnetic field originates from quantum oscillations and,
alternatively, this type of anomalous field dependence was indicated as a manifestation of
the chiral anomaly in several Dirac and Weyl semimetals [43].

To support our experimental observation, we have performed first-principles
calculations using VASP [44] and Wannier90 [47]. Fig. 3(a) shows electronic band structure in
the presence of spin orbit coupling (SOC), where the most of electronic bands are
contributed by s and p orbital of Sn atoms. We observe a four-fold degenerate band crossing
along I — Z direction with a camel back features [64,65](see Fig. 3(b)). The Dirac points are
located 9 meV above the Fermi level Epjqc = Ef — 0.009 eV at (0, O, tk,), where k,= 0.398 A
although it should be mentioned that density functional theory calculations can over- or
underestimate the Fermi energy.

The pair of Dirac point can be shown in the electronic band structure in the 2D plane

shown in Fig. 3(d). The application of magnetic field gives rise to a negative magneto-



resistance demonstrated in the calculations when 6 = 0° as shown in Fig. 3(e), which is
consistent with experimental observation. Furthermore, we demonstrate the Dirac
semimetal phase by investigating the band structure projected in Fig. S3 of the SM, (a) along
the (100) direction and (b) along the (001) direction. The presence of topological surface
state is evident with a bulk band crossing points. In addition, we calculate the Fermi surface
projected on (100) and (001) surface in the bottom panel of Fig. S3. The Fermi surface along
(100) shows the presence of close topological Fermi arc ky-k, plane. These are Cq4, rotational
symmetry-protected Dirac nodes that are against gap formation. In the presence of a finite
Zeeman field that breaks time-reversal symmetry, each Dirac node separates into two Weyl
nodes with the opposite chirality. Notably, these paired Weyl nodes are still aligned with the
high symmetry direction protected by the crystal symmetry C4,. The development of the
chiral anomaly is facilitated by the combination of this property and the chiral nature of their
lowest Landau [27,43].

If the negative slopes of p(B) and S(B) in the high field are in fact signs of the chiral
anomaly, they should disappear when the magnetic field is tilted away from being parallel to
j or VT, respectively. The angular dependences of longitudinal transport coefficients at T =
60 K are presented in Fig. 4. In the measurement of the magnetoresistance (Fig. 4a) we
observed the maximal NLMR when 6, = 0° (6, is the angle between B and j), whereas rotation
of the magnetic field from in-plane to out-of-plane (from a- toward c-axis) quickly causes the
dip in p(B) to vanish. Similar behaviour has been previously observed in topological
semimetals, owing to the presence of a chiral current in the system [15,62,66]. The positive
magnetoresistance for §, = 2.5° is due to the vanishing of the chiral anomaly influence and
restoration of the orbital effect induced by the Lorentz force. Remarkably, the chiral

anomaly appears to affect the magneto-thermopower (Fig. 4b) in a similar manner. Namely,



the negative slope of S(B) that occurs at a high magnetic field when & = 0° (& is the angle
between B and VT) becomes positive when B is away from VT. The threshold for &, which is
about 10°, is larger than that of 6, possibly because the relative contribution from out-of-

plane positive magneto-thermopower is not as large as that from orbital magnetoresistance.

The magnetic field breaks the time reversal symmetry, leading to the formation of
Weyl nodes in a-Sn through the degeneracy of the Dirac nodes. In the presence of parallel
electric and magnetic fields, the imbalance in the number of Weyl fermions of different
chirality leads to the generation of an additional current that contributes to the total

electrical conductivity. In the semi-classical regime, this can be expressed as [67,68]:

a(B) = 6(0) + a(0) * lﬂ— (2)

T B¢’

2

where ¢(0) is the Drude conductivity, B, is the quantum magnetic field, and Lis the

2E
SehvZ -
ratio of intervalley scattering time to the mean free time of charge carriers. The
corresponding influence of the chiral anomaly on the thermoelectric power can be
calculated using the Mott relation, which should obeyed if the chemical potential is larger

than kgT and the scattering is dominated by elastic processes [41]. If the mean free time is

assumed to be independent of energy, the equation reads [67,68]:
S(B) = 5(0) — 5(0) 2 £ (3)
- 3185 ’

where S(0) is the background thermopower unrelated to the chiral anomaly. Since the
magnetic field can change the distance in k-space between Weyl cones, e.g. [69], the
intervalley scattering time can in principle be expected to be field dependent. On the other
hand, the model we used to describe the experimental data assumes t; to be field

independent, which appears to be a sufficient approximation in the high field limit.



Moreover, this is in agreement with optical studies of the Dirac semimetal CdsAs;, which
concluded that chiral relaxation shows little field dependence [70]. Equations 2 and 3
describe the behaviour of the non-oscillatory part of the respective signal, but this has
appeared to be difficult to extract from field dependences of conductivity at low
temperatures. This was done by simulating the SdH oscillations using Lifshitz - Kosevich
formula (see Fig. S4 in SM) up to B = 8 T and then extrapolating the oscillatory signal to
higher fields. Finally, we subtract the oscillations in order to obtain the non-oscillatory part
of 0(B), However, the results of extrapolation were not perfect below T = 100 K, hence we
have chosen to restrict the upper limit of the fit to 10 T. As shown in Fig. 5a, o(B) at this
intermediate field follows a quadratic dependence on B expected for the chiral
anomaly [41,67,68] and can be approximated with Egn. 2. Remarkably, the thermopower at
a high magnetic field also appears to be well described by the model involving the chiral
anomaly. Equation 3 predicts that the negative slope of the magneto-thermopower to be B?
dependent component, which in fact appears in S(B) dependences — see Fig. 5b. From the
fitting of the magnetoresistance and magneto-thermopower with Eqns. 2 and 3, we can

i

estimate the ratio of the intervalley lifetime to the transport lifetime T;, which is the
parameter that defines whether an electronic system is in fact in the chiral limit [71]. The
essential condition that must be met to observe the pumping of Weyl fermions from one
node to another is 7; > t. Figure 6 presents the temperature dependences of % calculated
from o(B) and S(B), the latter multiplied by a prefactor 3/2, the reason for that will be
discussed later. The agreement between these two independent experimental results is

good i.e. the ratio % decays with temperature, but both %(T) do not coincide exactly. Similar

behaviour was also reported for the topological Dirac semimetal ZrTes [67]. For a-Sn, the



relaxation time ratio from thermoelectric data is calculated with Egn. 3 is smaller than one
calculated from the electrical measurements. A likely reason for this discrepancy may be the
approximations made to derive Eqn. 3. The first assumption is the energy (E) independent of

carrier lifetime [67,68], which is usually not the case for real materials. The term in the Mott

. dl - I e .
relations I;—;(E) has significant contributions to the diffusion thermoelectric power [54]. For

example, for metals at high temperature, the relation is expected to be 7(E) « E% [72]. We
include 3/2 factor in the relaxation time ratio calculated from thermoelectric data but our
experimental results suggest even stronger energy dependence. This in fact was suggested
to be significantly enhanced in the Dirac material SnTe [73]. Another important assumption
in Egn.3 was the strict validity of the Mott relation [67]. Since, the thermopower is measured
under the condition of an imbalanced number, but possibly also energy, of chiral Weyl
fermions [74] some deviations from the Mott relation can be expected. An actual reason will

be an interesting subject of further investigation.

4. Conclusions

We studied the transport properties of the Dirac semimetal a-Sn in the configuration
where the magnetic field is non-orthogonal to the electric field or thermal gradient. At the
high field, we observed the negative longitudinal magnetoresistance and magneto-
thermopower, which also shows a negative slope. Both features, which vary with field like
B?, can be attributed to the chiral anomaly and disappear in high temperatures. Further, a
hint that we see manifestations of the chiral anomaly in a-Sn is a strong angular variation of
the thermopower and resistivity. The calculated ratio of the intervalley scattering time to the

mean free time satisfies the conditions for the chiral limit. We conclude that both the



electrical and thermoelectric data indicate the presence of a Weyl system, which forms the

chiral anomaly in the magnetic field.
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Figure 1. (Color online) Temperature dependences of the resistivity (p) and the
thermoelectric power (S) of 200 nm thick a-Sn thin film where the current (J) or thermal

gradient (VT) is applied parallel to a— axis. Inset shows low temperature thermoelectric

power data.
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Figure 2. (Color online) Panel a: Normalized magnetoresistance versus magnetic field of a-Sn
for selected temperatures when both magnetic field and current are applied parallel to a-
axis (B || j). Magnetothermopower of a-Sn measured with the configuration of applied
thermal gradient and magnetic field parallel to the a- axis (VT || B), panel b: at low

temperatures; panel c: at high temperatures.
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Figure 3. (Color online) a) The electronic band structure of a-Sn in the presence of spin-orbit
coupling using density functional theory (DFT) over the full Brillouin zone (BZ); the BZ is
shown in (c); the closer look of the along M—I'—Z is shown in (b) . (d) The 2D band structure
in the (k«k,) plane illustrates the position of two Dirac points at (0,0,tkz). (e)
Magnetoresistance at © = 0° magnetic field orientations, influenced by Fermi surface

topology.
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Figure 4. (Color online) Panel a: Resistivity (ox) in function of magnetic field (B) of Dirac
semimetal a-Sn for selected angles (6, where © is the angle between j and B ) at a constant
temperature 60 K. Panel b: Magnetothermopower (S,(B)) of a-Sn for selected angles (6,

where B is the angle between VT and B) at a constant temperature 60 K.
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Figure 5 . (Color online) Panel a: Conductivity (o) in function of square of magnetic field (B)
of a-Sn for several temperatures. For the sake of clarity, starting from o(B?) for T = 38 K,
the curves are successively shifted vertically by 10> Q~tcm™! each for sake of clarity. Panel
b: Normalized thermopower S(B) of a-Sn for selected temperatures. The dashed line in both

panels shows the fit as calculated from equations 2 and 3.
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Figure 6 . (Color online) The ratio of intervalley Weyl scattering time to Drude relaxation
time (ti/t) of a-Sn sample in function of temperatures with the current (j) or thermal

gradient (VT) along with the magnetic field applied parallel to a — axis.
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Figure S1 . (Color online) (a) Shubnikov de Hass oscillations after subtracting the smooth 3"
order polynomial background from p,(B) at different temperatures. (b) Fast Fourier
transform spectrum of a-Sn showing a single frequency at ~12 T, calculated from SdH
oscillations data, the effective field of oscillations taken between 1.5-8 T. (c) Amplitude of

the FFT spectrum of the ~ 12 T frequency plotted against temperatures. Red dashes lines



represent the fit to the thermal damping factor (Ry) from the Lifshitz-Kosevich formula. (d)
Shubnikov de Hass oscillations at 10 K temperature. Red dashes line presents the fit to the

Lifshitz-Kosevich formula (see equation 1 in the main text).
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Figure S2 . (Color online) Temperature dependence of the peak height of quantum
oscillations of the thermopower (AS/T) at 9 T. The peak height at 8.8 T with respect to the
peak height at 5.2 T from the baseline was calculated using the Dingle term (Rp) from the
Lifshitz-Kosevich formula. The Ty for the higher temperatures was estimated in a similar way

as for the 10 K temperature (see main text).
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Figure S3. (Color online) The electronic band structure of the surface is projected on (a)
(100) along M—I'—Z and (b) (001) along X—>I—Y . The isoenergic Fermi-surface contour

is displayed in the bottom panel, Dirac points are located with green circle.
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Chapter 4: Conclusions

CHAPTER 4

CONCLUSIONS

In summary, | have studied the transport phenomenon of topological semimetals using
electrical and thermoelectric transport measurements. Specifically, |1 explored quantum
oscillations in TaAs,, anomalous Hall and Nernst effects in CeAlSi and the chiral anomaly in
o-Sn. My studies concerned anomalous thermoelectrical transport phenomena in these
semimetals, with objective to discover fundamental aspects of their electronic structures. The
reported results, however, can also contribute to the search for new materials, which can be
used in advanced technologies.

For TaAs;, we investigated the Nernst and Shubnikov - de Hass oscillations in a
magnetic field applied along the [-201] direction. At low temperatures, we detected in the
Nernst signal two fundamental frequencies f,, ~ 105 T and f,; ~ 221 T and the second
harmonic of B frequency i.e. 2f,;~ 442 T. The temperature dependences of their amplitudes
was found to be unusual. We revealed that around T ~ 25 K, the fundamental 8 oscillation is
suppressed, while its second harmonic 23 reaches its peak amplitude. We recognized this
behavior as the temperature driven spin-zero effect. The temperature dependent g-factor can
be an origin of this phenomenon and we noticed that our estimated Landé g-factor at T = 25 K
is considerably different from the value found at T = 5.4 K. This may be associated with the
non-parabolic band energy dispersion or temperature evolution of the spin-orbit coupling. It is
worth noting that the possibility of changes in spin-orbit coupling is particularly intriguing in
the case of TaAs,, where it may affect the topological attributes of the material. This appears

to be an interesting topic for future research.
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For CeAlSi. we performed the measurements of the anomalous Hall effect for two
orientation of magnetic field, namely B || ¢ (hard axis) and B || a (easy axis), where a and ¢
represent crystallographic axes. We have also measured the complementary Nernst effect for
B || ¢ axis and all results indicated the anomalous transport properties of this recently
proposed ferromagnetic Weyl semimetal. Below Curie temperature (T < Tc¢), the anomalous
Hall conductivity signal showed a positive sign (o3, > 0) for B || ¢ axis and a negative sign
(a5, < 0) for B || a axis. The sign change of AHC in the ferromagnetic regime agrees well with
the theoretical DFT results and has been ascribed to the reconstruction of nontrivial electronic
structure of CeAlSi induced by the spins reorientation. In this temperature range, we also
detected a sizeable anomalous Nernst conductivity when magnetic field was applied B || ¢
axis. Noticeably, the anomalous contributions are also evident in the paramagnetic phase,
where ¢y, initially increases and peaks at T ~ 170 K and then decreases, whereas o,
successively decreases with increasing temperature. Additionally, the anomalous Nernst
conductivity ay, /T also significantly decreases above Tc. The temperature evolution of ¢, and
az,/T are well described by a single band toy model, in which we assume a finite Berry
curvature at the Fermi level with Weyl nodes 20 meV apart. We indicated that the topology of
Weyl fermionic excitations near the Fermi level plays a key role to determining the
anomalous Hall and anomalous Nernst effect in CeAlSi.

Very recently, we have also studied a strained thin film of topological Dirac semimetal
a-Sn, in which we performed the electrical resistivity and thermopower measurements. The
results were shown to strongly depend on the directional configuration of magnetic field with
respect to the electric field or thermal gradient. For the parallel orientations, we observed
negative magnetoresistance and negative slope of the thermopower which can be related to
the presence of an anomalous chiral current. The experimental observations are consistent

with the theoretical predictions provided by DFT calculations. The observed negative
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magnetoresistance and negative slope of the thermopower exhibit quadratic field dependences
indicating a chiral charge pumping that disappears at high temperatures. The detection of
chiral current was further confirmed by angle dependent measurements of resistivity and
thermopower. Namely, we observed that the negative magnetoresistance and the negative
slope of the thermopower disappeared when the magnetic field was tilted away from the
direction of the electric current or the thermal gradient, suggesting the restoration of
unbalanced chiral neutrality. The calculated ratio of the inter-Weyl node scattering time to

Drude scattering time was shown to be, as expected, greater than one at low temperatures.
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