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Abstract

Condensed matter physics has taken an exciting turn after the theoretical prediction
and experimental realization of two and three dimensional (2D/3D) topological quantum
materials, possessing a nontrivial bulk band structure characterized by topological invari-
ants. The discovery of these quantum materials has been inspired by the fundamental
concept of bulk boundary correspondence in quantum Hall effect, which is considered as
first topological state of matter. This new state of matter includes many variants such as,
topological insulators (TIs), Weyl and Dirac semimetals (DSMs/WSMs) and topological
superconductors (TSCs). Topological insulators(TI) exhibit insulating behaviour in the
bulk having conducting edge/surface states. The 2D dispersion of these Dirac states in
the bulk gap forms a cone on the surface and is known as surface Dirac cone. These
edge/surface states expected to be immune against scattering from non magnetic disorder
and hence could be useful for spintronics devices. Topological (Dirac or Weyl) semi-
metals (DSM, WSM), which possess bulk bands with linear electronic dispersions in all
three momentum directions, have attracted immense research interest, recently. In DSMs,
doubly degenerate Dirac cones (of opposite chirality) exist and they are protected by time
reversal (TRS) and inversion (IS) symmetry. If any of the above symmetries breaks that
will leads to a splitting of the Dirac cones into a pair of Weyl cones with opposite chi-
rality, thus transforming a DSM into a WSM. Topological semimetals (TSMs) are further
categorized as type-I and type-II TSMs. Type-I TSMw have linear and isotropic disper-
sion in momentum space, while dispersion relation in type-II semimetals is tilted in a
perticular momentum direction. These topological materials have been shown to exhibit
exotic physical properties like extremely large magnetoresistance (MR), high mobility,
small effective mass, small carrier density, negative magnetoresistance, a large value of
the anomalous Hall/thermal conductivity and a Berry phase of 7 . In addition to TSMs,
topological superconductors (TSCs) have been the focus of intense recent research due
to the possibility that these materials may host Majorana fermion excitations. These Ma-
jorana excitations are of fundamental as well as technological interest and can also be
utilized in fault-tolerant Quantum computation.

In this thesis, we present magnetotransport, high pressure and thermal property inves-
tigation of some topological materials. These materials include the topological insulator
Bi;_,Sb,, topological semimetals ATe, (A = Pt, Pd), XBi (X = La, Pr) and a topological
superconductor candidate Pd:Bi,Te;. Our work on these materials uncovers several in-
teresting results: (i) observation of a strong Weyl state in the TI regime in Bi;_,Sb,, (ii)
experimental evidence for DSM nature of ATe,, additionally, the planar Hall effect (PHE),
observed for PtTe; even though the Dirac node is 0.8 eV away from the Fermi level, (iii)

first experimental realization of the topologically nontrivial state in PrBi, (iv) our heat



capacity measurements strongly indicate that the superconductivity in PdTe; is conven-
tional in nature despite the presence of topologically nontrivial electrons contributing to
the transport, (v) evidence for unconventional superconductivity in topological supercon-
ductor candidate Pd:Bi;Tes.
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CHAPTER 1

General Introduction

1.1 Topology and Integer Quantum Hall Effect

Last decade has witnessed the theoretical prediction and experimental realization of
2D and 3D topological phases of matter [1, 2, 3]. These topological phases must be char-
acterized by topological invariants. In mathematics, topology deals with the properties
of geometrical objects that remains invariant under continuous deformation. For exam-
ple, a sphere can be continuously transformed into an ellipsoid, so they are topologically
equivalent. In a similar way, a coffee mug is topologically equivalent to a doughnut. But
a sphere and a doughnut belong to different topological class and can be distinguished by
a topological quantity known as genus (g). The genus of an object can be calculated by

Gauss-Bonnet’s theorem, |

E/SurfaceKdS:Z—Zg, (1.1)
here K is the Gaussian curvature. Gaussian curvature for a sphere of radius r can be
defined as, K = ﬁ, and this gives total curvature fsmface KdS = 4rn. This suggests
that for a sphere g is zero. A sphere can be continuously deform into an ellipsoid, and
the value of g remains the same. Therefore, g is invariant under small and continuous
transformation, and is known as topological invariant. Similar concepts apply to the band
structures of electronic states of matter.

Before the experimental realization of integer quantum Hall effect (IQHE) in 1980
[4], the states of matter in condensed matter physics could be categorized by the principle

of symmetry breaking. For example, according to Landau-Ginzburg theory [5], crys-

1
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Figure 1.1: (a) Schematic of a 2D electron gas when magnetic field is applied normal
to the plane of the material. (b) The emergence of Landau level and variation of the
density of states across the Fermi level with the change in the magnetic field. (c) The
skipping cyclotron orbit at the interface of trivial insulator and quantum Hall state. (d) A
single chiral edge state which connects the valence band to the conduction band. (c), (d)
Reprinted from Rev. Mod. Phys. 82, 3045 (2010).

talline solids breaks translational symmetry, a ferromagnet breaks rotational symmetry
and a superconductor breaks guage symmetry. The symmetry breaking leads to the order
parameter, which has finite value only for ordered state. IQHE can be considered as the
first example of topological insulator realized without spontaneous symmetry breaking.
The quantum Hall (QH) effect occurs, when an out of plane magnetic field is applied to
a two dimensional electron gas. At low temperature the electrons orbit get quantized,
which leads to Landau levels with energy E, = (n+ 1/2) ho,, as shown in Figure 1.1
(b), here m, = eB/m* is known as cyclotron frequency and m* is called effective mass of
carriers. The N and (N + 1)/ Landau levels are separated by energy .. Let us assume
that N Landau levels are completely filled and others are empty. If chemical potential
u lies in between the filled and empty Landau level this condition is similar to that of
an insulator. However, charge carriers at the edge of the sample form skipping orbits, as

shown in figure 1.1 (a). This chiral flow of electrons at the edges lead to the finite value
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of Hall conductivity (0yy) and for N filled Landau levels o,, gets quantized given by the

expression,

&2

Gy =N (12)

Interestingly, the quantization in 0Oy, can be measured to an accuracy of 1 part in 10°.

The concept of the Berry phase [6] is very essential in the discussion of topological
states of matter. It is a geometric phase acquired by a quantum state during an adiabatic
cyclic process. The Bloch states | u,, (k) >, which are eigen states of Bloch Hamiltonian
H(k) are invariant under the transformation, | u,,(k) > — €'®)| u,, (k) >, where k is crys-
tal momentum in reciprocal space. This transformation calls a quantity which resembles
to the electromagnetic vector potential and known as Berry connection, A, = -1 < u, (k)
| Vi |u(k) >. Under gauge transformation A,, transform as A,, — A,, + Vi ¢(k), similar
to electromagnetic vector potential. It also invites a gauge invariant quantity similar to
magnetic flux given by F,, = V. X A,,, known as Berry curvature. Now for a closed loop

C, Berry phase in momentum space is defined as,

Y = ?{Am.dk = /(Vk X Ap).d*k = /Fm.dzk. (1.3)
C N S

The Berry has some important properties. First, Berry phase is gauge invariant quantity
which makes it physically observable quantity. Second, the Berry phase for a gapless

Dirac band structure is a fixed number of 7. Third, it a geometric phase.

The topological perspective of QHE was explained by Thouless, Kohmoto, Nightin-
gale and den Nijs (TKNN) [7]. TKNN realized that if we integrate the Berry curvature of

a band over the Brillouin zone the result will be an integer number,

Fp.d’k = nyy, (1.4)
B.Z.

and this integer is called first Chern number. The total Chern number determined by
summing the Chern number of all occupied bands is given by, n = Z%Zl ny, € Z (where Z
represents integers). The Chern number n is a topological invariant quantity also known
as TKNN invariant. TKNN calculated that n is the same integer as was observed in Hall
resistance, Oy, = n%. It is not possible to change topological invariant quantity n under
smooth deformation of a Hamiltonian. The edge states appear at the interface of QH state
and a trivial band insulator (Figure 1.1 (c)) is a fundamental consequence of topological
classification of the gapped band structure. These sates are chiral because they flow in
one direction along a particular edge. Chiral edge states are immune to disorder due to
absence of states required for backscattering and that’s why Hall resistivity is precisely

quantized. Topological classification separates a quantum Hall state (n = 1) from a trivial
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insulator state (n = 0). In order to change the topological invariant (n), the gap has to
close somewhere between a TI and trivial insulator. Therefore smooth transformation
of Hamiltonian from topologically trivial to non trivial state is not possible. The bulk-
boundary correspondence relates the no. of edge channel to the change in Chern number

across the interface of two different topological materials, N = An [1].

1.2 Quantum Spin Hall effect/2D Topological Insulators

2D topological
insulator

(a)

‘_// ]‘ down spin 7_)/’
v
Y
E Conduction Band
Conventional
V=0
Insulator
b
(b) Ee
- g
NN
Chuanturm spin
Hall insulator v=1 Valence Band
1

—mia O k —mia

Figure 1.2: (a) Schematic representation of a QSH insulator as a superposition of two QH
states. (a) Reprinted from G. Tkachov, Topological insulators: The physics of spin
helicity in quantum transport (Pan Stanford, 2015). (b) Edge states at the interface
between QSH insulator and a conventional insulator. (c) The edge state dispersion, in
which up (blue arrow) and down spins(green arrow) moves in opposite directions. (b), (c)
Reprinted from Rev. Mod. Phys. 82, 3045 (2010).

The dissipation-less edge states realized in QHE required high magnetic field and
low temperature, which limit its potential applications. Is this possible to obtain such
dissipation-less edge states at room temperature without applying external magnetic field?
Kane, Mele in 2005 and Bernevig, Zhang in 2006 independently proposed that such states

can be realized in some theoretical models with high spin orbit coupling [8, 9]. The spin
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orbit coupling in QSH system plays an analogous role to the magnetic field played in QH
system. The intrinsic Spin orbit coupling can be considered as an effective magnetic field
B.rs which acts in the opposite direction for up and down spin. Thus a QSH state can
be considered as a superposition of two QH state with up and down spins, as shown in
figure 1.2 (a). The edge dispersion of spin non degenerate states moving in the opposite
direction is shown in figure 1.2 (c). The net flow of charge in QSH insulator is zero,
however, there is finite spin current. QSH insulators are also known as 2D topological
insulators (TIs). The spin non degenerate edge states appear in QSH insulator are immune
to non magnetic impurity. These states are protected from backscattering by time reversal

symmetry. A QSH edge state can be represented by
H = hv;0yky, (1.5)

where v is Fermi velocity, oy is x component of the Pauli spin matrices and k, is re-
ciprocal lattice vector. Time reversal operator does two things, first, it flip the up spin
to down spin and vice-versa. Second, it changes the sign of k vector. The Hamiltonian
(eqn.1.5) of a QSH edge state remain invariant under the action of time reversal operator.
The insensitivity of edge states towards non magnetic impurity can be explained by fol-
lowing way. Let us consider that an electron in QSH edge state encounters an impurity, it
can take clockwise or counterclockwise turn around an impurity, and this turn rotates its
spin by an angle 7 or -7 in reverse direction. Now according to time reversal symmetry,
these two paths are differed by 7 - (-7) = 27. According to quantum mechanics, the wave
function of spin 1/2 particle acquired a -ve sign after a 27 rotation (i.e. Y changes to
- y). Therefore two backscatter path interfere destructively, hence perfect transmission.
However, time reversal symmetry is not preserved for magnetic impurities and two paths

will no longer interfere destructively [10].

The TKNN invariant for QSH insulator is zero because it is equal and opposite for
up and down spin (n T = - n }). For QSH insulator, a new topological invariant (V) was
introduced by Fu and Mele and others [11, 12]. This invariant can be either O or 1 and thus
named as ’Z, topological invariant’. For an antisymmetric matrix @(I;), where I;—; 23 4

are high symmetry points in the Brillouin zone of two dimensional electronic system one
Pflo(Ia)]

Pflo(I;)]
A can be defined as Pf(A)? = det(A). The topological invariant v can be calculated by the

can define a quantity &, = = £ 1. Pfaffian for any skew symmetric matrix

expression,

4

(1Y =] - (1.6)

a=1
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v =0 represents a topological trivial state or a conventional insulator, and v = 1 represents
a topological non trivial state or a QSH insulator, as shown in figure 1.2 (b). Experimen-

tally QSH state was first realized in HgCdTe quantum well structures [13].

1.3 3D Topological Insulators

After the discovery of QSH insulator (or 2D TI), its 3D analogue was predicted and
named as three dimensional topological insulator (3D TI) [14, 15, 16]. 3D TIs exhibit
insulating behavior in bulk, but have conducting surface states. These surface states dis-
perse linearly in the bulk bend gap, forming a 2D surface Dirac cone. This is shown in
figure 1.3 (b). The most peculiar property of surface sates is their spin momentum lock-
ing, which is called helical spin polarization. They are helical in the sense that spin of the
electron is locked perpendicular to the momentum vector. The real space picture of spin
momentum locked surface states are shown in figure 1.3 (a). The helical surface states

can be represented by a effective Hamiltonian,
H = hvy(ok, — oyky). (1.7)

The gapless nature of 2D surface states are protected by TRS. In real materials 3D
TIs are initially predicted in Bi;_,Sb, and strained HgTe [17]. Experimentally it was first
realized in Bi;_,Sby [18]. However, it was realized that this material is not very suitable
for detailed study of the helical surface state due to its complex band structure. The
Second generation of 3D TIs including Bi;Ses, Bi;Tes and Sb,Tes having a single Dirac
cone on the surface has been predicted and verified experimentally [19, 20, 21, 22, 23].

.. Helical spin
-polarization

2D Dirac cone

N /‘:\ S

(a)

Figure 1.3: (a) Schematic representation of spin momentum locked surface states of 3D TI
in real space. (b) Energy dispersion of surface states forming a 2D Dirac cone. Reprinted
from Journal of the Physical Society of Japan 82, 102001 (2013).

3D TIs are characterized by four Z, topological invariants (Vo,viV,Vv3). Where v,
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represent strong topological index and vy Vv,Vv3 are weak topological indices. If all four
invariants are zero ( Vo,viVv2Vv3 = 0, 000), then the system behaves like a conventional
band insulator. If the strong topological index vy = 0 and one or more weak indices are
non zero (V| + v, + v3 # 0) then the system is known as a weak topological insulator. A
weak TI can be constructed by stacking the layers of 2D TIs. The indices v;V,V3, can be
interpreted as Miller indices to indicate the orientation of layers. The strong topological
invariant is defined as

(=D =T 8 (1.8)

a=1

where "a" represents the TRIM points in 3D reciprocal space. For strong 3D TIs the value
of vy is found to be one. The bulk band structure of strong TI is consist of odd number of

Dirac cones.

1.4 Topological Semimetals

Successful prediction and realization of TIs and band structure of graphene have mo-
tivated the search for other topological phases of matter. In graphene and TIs, the charge
carriers are restricted to move in two dimensions. Graphene is considered to be a topo-
logically trivial material due to presence of even number of Dirac cone. Graphene can be
gapped, or charge carrier can be localized by small disorder or perturbation. The Recent
discovery of topological semimetals (TSM), also known as 3D analog of graphene, has
reinforced the search for this state of matter in various magnetic and nonmagnetic stoi-
chiometric materials [2, 24, 25, 26, 27]. Dirac/Weyl semimetals (DSM/WSM) are TSMs
having linear bulk band dispersion in all three-momentum directions. Due to their unique
bulk band structure, these TSMs have been shown to exhibit exotic physical properties
like such as extremely high magnetoresistance, non-Ohmic transport, Fermi arc surface
states, high mobility, negative magnetoresistance, nonlocal conduction and a Berry phase
of 7 [28, 29, 30].

1.4.1 Dirac Semimetals

A 3D DSM state was predicted and realized at a quantum critical between a band
insulator and a TI [17, 31, 32]. Figure 1.4 (a) illustrates the band inversion mechanism,
which provides a simple route to observe a DSM state. A topological insulator state can
be tuned by doping and by strain. These parameters change the spin-orbit coupling in
the system and may change the parity of conduction and valence band. At a quantum
critical point, the gap between conduction and valence band closes, and massless DSM

state is realized. The quantum critical point at which these two band touches is known as
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Dirac node. The dynamics of massless quasiparticle ( known as Dirac Fermions) can be

described by a Hamiltonian,

hVFG.k 0
Hy = . 1.9
v ( 0 —thG.k> v (1.9)

Where vr, ¢ and k represent Fermi velocity, Pauli matrices and momentum vector

respectively. Since Pauli matrices are 2 x 2 matrices, H in equation 1.9 is a 4 X 4 martrix.

Fine-tuning (topo . trivial) Dirac semimetal

Trivial Dirac at Topological SOC
insulator critical point insulator

Figure 1.4: A 3D Dirac semimetal state can be realized by tunning a system to the critical
point between a trivial insulator and topological insulator. Reprinted from Science 347,
294 (2015).

Experimentally a 3D DSM state at a quantum critical point is realized in the num-
ber of compounds such as BiTI(Sy 5Seq 5)2, (Big.g4lng gs)2Ses, Big.gsSbo.os [18, 33, 34].
However, Dirac point in these type of semimetal is unstable because a small variation of
external parameter away from the critical point will open a gap. It has been predicted
that If rotational symmetry along with time reversal and inversion symmetry is taken into
account, it can cause stable Dirac point [2, 26, 35]. Following the theoretical prediction,
stable 3D DSM state has been realized in Na3Bi and CdsAs, [24, 36]. In these com-

pounds, 3D Dirac points are stabilized by C3 and C4 rotational symmetry, respectively.

1.4.2 Weyl semimetals
In 1929, Hermann Weyl solved massless Dirac equation (1.9) by reducing it from four
component to two components equation: [37],
Hy = +c06.py, (1.10)

above equation describes the two types of fermions with opposite chiralities, denoted by

=+ c. The particles known as Weyl fermions have definite spin-momentum projection. The
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helicity operator h = 6.5 /| p| defines the projection of spin to momentum vector, have two
eigen values £ 1. For massless fermions, helicity is same as the chirality. WSMs are class
of a TSMs whose low energy quasiparticle excitations are Weyl fermions [38, 39]. Fig. 1.5
(a) and (b) shows that a DSM can be transformed into a WSM by breaking time reversal
or inversion symmetry (IS). TRS can be broken by either applying a magnetic field or by
introducing magnetic impurities in the system. If IS is preserved and TRS is broken, min-
imal number (two) of Weyl nodes of opposite chirality are allowed. On the other hand, If
TRS is preserved and IS is broken then the total number of Weyl points must be in a mul-
tiple of four. WSMs are topological in nature in the sense that Weyl nodes are immune to
small disorder and may only vanish by annihilation with other Weyl node of opposite chi-
rality. Another important feature of the WSM state is the presence of the disjoint surface
Fermi arcs, connecting the two Weyl nodes. The first theoretical prediction of the WSMs
was reported in TaAs, TaP, NbAs, and NbP [27, 40] and subsequently experimentally real-
ized in TaAs family of materials [41, 42] by Angle-resolved photoemission spectroscopy
(ARPES). TSMs are further categorized into type-I or type-II DSMs/WSMs, depending
on the nature of the bulk Dirac dispersion relation. While type-I has linear and isotropic
dispersion relation in the momentum space, the dispersion relation in the type-1I TSMs is
tilted. This occurs when kinetic energy term (T(k)) becomes greater than potential energy
term (U(k)) in certain momentum direction, a tilt appears in Dirac/Weyl cone. The tilted
nature of Dirac/Weyl cone has been predicted and experimentally verified in large number
of materials such as in PdTe;, PtTe,, MoTe, and TalrTe,4 [43, 44, 45, 46, 47, 48]. Types-11
WSMs are known to exhibit some special properties which includes Klein tunneling, field

dependent chiral anomaly and anomalous Hall conductivity [49, 50, 51].

@ 7{ "

u ll

Figure 1.5: (a) Dirac semimetal with degenerate positive and negative chiralities fermions.
(b) Weyl semimetal with positive and negative chiralities fermions are at different posi-
tions in k - space. Reprinted from Topological Insulators (Springer, 2017).
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1.5 Quantum Transport in Topological Semimetals

1.5.1 Fermi arc surface states

Surface states are generally associated with insulators. However, surface states can
also be defined for gapless systems (WSMs/DSMs). The surface state of WSM is different
from close contour surface states of 3D TI (figure 1.6 (a)). The Fermi surface of WSM
is half of the usual Fermi circle which lies on one surface, with another half lies on the
opposite surface (figure 1.6 (c)). The Fermi arc surface states observed on the surface
of a WSM is a direct manifestation of the fact that Weyl nodes of opposite chirality are
source and sink of Berry curvature in momentum space. If we consider Weyl nodes at
=+ ko then energy gap closes at these points, but in the region of -ky < k < +ko, system
behave as a quantum Hall insulator whereas outside this region, such a system can be
well described as a trivial insulator. The Fermi arc surface states appear in QH phase
and become ill defined at two Weyl nodes(+ ko). These Fermi arc surface state has
been directly observed in TaAs family of compounds by angle dependent angle resolved

photoemission spectroscopy (ARPES) and scanning tunneling microscopy (STM) studies.

Tl DSM WSM

(a) - | O 2= | ©f <
2 X [T X

Figure 1.6: (a) Schematic diagram of the Z, protected two dimensional spin-polarized
Dirac states on a boundary of a 3D TI. The spin polarization of surface states is indicated
by the blue arrow. Fig.(b) depicts electronic structure of a DSM with spin-polarized sur-
face Fermi arcs connecting two bulk Dirac nodes traversing through the three dimensional
bulk Dirac cone. (c) In a WSM spin-polarized Fermi arcs are disjoint in nature, unlike
closed ones in the DSM, connecting the Weyl nodes of opposite chirality in the bulk.
Reprinted from Reprinted from Phys. Rev. Lett. 115, 217601 (2015).

The surface state realized in DSMs NazBi and CdsAs; is called double Fermi arc
[42, 52]. These Fermi arc states play a crucial role in the the dynamics of Dirac/Weyl
fermions under applied magnetic field. It has been theoretically predicted that under ex-
ternal magnetic field electron can move in a cyclotron orbit which can connect one Fermi

arc to the opposite Fermi arc through bulk nodes. Such a cyclotron orbit manifest itself by
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an extra frequency in quantum oscillations, whose 2D character can be determined by the
angle dependence of oscillations frequency (F o< 1/cos(8)). To realize such a cyclotron
orbit (or Weyl orbit), it is essential to reduce the size of the sample to reduce the con-
tribution of the bulk states. These orbits have been experimentally observed in Cd3As,
nanostructure and WTe, [53, 54].

1.5.2 Large transverse magnetoresistance and high mobility

Dirac and Weyl semimetals usually exhibit extremely large magnetoresistance (XMR),
when the magnetic field is applied normal to the direction of the current. Magnetoresis-
tance (MR) is defined as a change of resistivity under magnetic field normalized by zero
field resistivity (MR = [p(B) - p(0)]/p(0)). It has been observed that MR can reach upto
10 % at low temperature (0.3 - 2 K) and high magnetic fields [55, 56]. MR in TSMs
usually shows power law field dependence (MR o B") with n ranging from one to two.
Some mechanisms are proposed to explain XMR in TSMs. One of these mechanism is
electron - hole compensation i.e. number of electrons (n,) is equal to the number of holes
(ny). As electron - hole compensation is found in multiband semimetals, simplified two

band model is widely used to describe the longitudinal resistivity given by,

B (mp iy +nelle) + (neflefty + nppiy g ) B>
e (nh.uh "‘”e.ue)z + (nh - ne)z(.uh.ue)sz ‘

Pxx = (L.11)

Where n,, U, and nj, y, are carrier density and mobility of electrons and holes re-
spectively. When n, = n;, and mobility is high, equation (1.11) results in non saturating
quadratic field depended XMR (MR o B?). A large linear MR could also be observed
in TSMs and other materials. Two mechanisms are proposed to explain linear MR. First,
linear MR could arise due to mobility fluctuation which has been observed in disordered
Agr.sSe and Ag,sTe [57]. Second mechanism is the Abrikosov theory [58]. A Lin-
ear MR is expected in linear band touching materials when the lowest Landau level is
partially field, and others are empty. TSMs are known to show very high mobility. The
high mobility in TSMs can be understood by its relation with relaxation time 7 and ef-
fective mass m* by u = er/m*. Effective mass in TSMs can be calculated by quantum
oscillations. It has been observed that effective mass (m*) is very small for TSMs. Such
massless behaviour is expected for Dirac fermions due to linear band dispersion. It is also
observed that backscattering of the Dirac fermions in topological systems is suppressed
by non trivial band topology, which leads in large relaxation time (7). Therefore a small

effective mass and large relaxation time favour high mobility in TSMs.
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1.5.3 Chiral anomaly

Chiral anomaly is the most intriguing property of the WSMs. The chiral anomaly
in condensed matter physics is analog of Adler-Bell-Jackiw anomaly in particle physics
[59, 60]. Chiral anomaly is defined as nonconservation of chiral charge. In the presence of
electric field (E) and magnetic field (B) the number of charge carriers in the neighborhood

of Weyl nodes of opposite chirality is modified via the equation

d 3D 2
V;IifL - i%E.B. (1.12)

This equation suggest that carrier density at an individual Weyl node is not conserved,
which leads to non conservation of chiral electric charge. This imbalance of charge car-
riers at individual Weyl nodes causes extra flow of current in the direction of the applied
electric field and results in negative longitudinal magnetoresistance (NMR). This chiral
anomaly induced NMR is very sensitive to angle between E and B. The NMR is ex-
pected to exhibit largest amplitude when B || E and is suppressed as angle between B and
E increases. The NMR induced by chiral anomaly was first observed Dirac semimetal
Bip.97Sbg.03 [61]. When the magnetic field is applied, a DSMs is transformed into a
WSMs. Chiral anomaly has been observed in several WSMs/DSMs such as TaAs, NbP,
CdsAsy, NazBi [29, 62, 63, 64]. Observation of chiral anomaly induced NMR can be con-
sidered as a smoking gun signature of a Weyl state. However, NMR may also appear due
to a classical effect known as current jetting. In this effect, current mainly flows in high
conductance direction. This effect is strong in the materials that own large field induced
conductance anisotropy. The current jetting effect can be minimized by using a perfect
bar shape single crystal with collinear and well separated voltage contacts. In addition to
NMR, the chiral anomaly may also lead to an unconventional version of the Hall effect,
known as planar Hall effect (PHE) [65].

1.6 Topological Superconductors

Topological superconductors (TSCs) have been the focus of intense recent research
[3]. TSCs are interesting because of the possibility that they may host Majorana fermion
excitations [66, 67]. These Majorana excitations are of fundamental as well as techno-
logical interest and can also be utilized in fault-tolerant Quantum computation. Majorana
fermion, theoretically predicted in 1937 [68], remain elusive as an elementary particle.
These exotic chargeless particles are their own antiparticles. Initially, the neutrino was
considered to be a Majorana fermion. If the neutrino is a Majorana fermion, neutrinoless

double beta decay should occur but it was never observed. So, a neutrino can not be a
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Majorana fermion. Several routes have been proposed to realize Majorana fermion. It has
been predicted that Majorana fermion could emerge as a collective excitation of some el-
ementary particles in certain condensed matter systems. These collective excitations have
zero energy and therefor known as zero energy Majorana modes. Superconductors can
host Majorana fermion because particle- hole symmetry is preserved in these materials.
The Bogoliubov-de Gennes (BdG) quasiparticle excitations in the superconductors can
be represented by the superposition of particles and holes. In condensed matter physics
hole can be treated as an antiparticle. Let us consider a system where a single particle
fermionic state is represented by A, where A can be spin, momentum, position etc. The
creation operator c; create an electron in quantum state A and the annihilation operator
c, annihilate it from that state. In other words, c; can be defined as a creation operator
for antifermion. Now in superconductors a new creation (annihilation) operator }/jl (Y2)
can be defined by equal superposition of a particle and a holes. The two such possible
superpositions are Yy o< ¢, + le and y; o< 1(cy, - c;). For these superpositions y; = y;,
and hence these particles are their own antiparticle. This specific type of superposition
is not observed in all superconductors. In a s-wave superconductor, the cooper pairs are
made up of electrons of opposite spin. So the quasiparticle in conventionals s-wave su-
perconductors are made up of equal superposition of electrons and holes having opposite
spins. Due to this, " # 7, and therefore conventional superconductors will not satisfy
a condition to observe Majorana fermions. This problem can be avoided in spin triplet
px + 1 py (p-wave) superconductors [69]. In a p-wave superconductor, it has been shown
that the vortex of superconductor contains a quasiparticle with zero energy [70]. This
quasiparticle is known as Majorana fermion. Some materials are proposed to host triplet
p-wave pairing, and among them Sr,RuQy is the most promising material [71]. However,

the topological nature of this material is still unclear.

Fu and Kane proposed that effective p-wave superconductivity can be realized by
combining surface states of 3D TIs with a conventional s-wave superconductor [72]. The
newly engineered superconductor is called topological superconductor which can host
Majorana fermion excitations. The non trivial topology of such proximity induced su-
perconducting state is inherited from TIs. The proximity induced superconducting state
has been confirmed in several reports [73, 74]. To achieve a TSC phase, various other
attempts have been made, such as doping [75, 76, 77] or pressurizing [78] a parent topo-
logical material. Several routes have been proposed to detect Majorana fermions such as
the 47-Josephson effect [79], nonlocal tunneling [80], zero bias conductance peak [81],

thermal metal-insulator transition [82] etc.
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1.7 Structure of Thesis

Chapter 2 gives a brief description of sample synthesis and crystal growth techniques
and their characterization by energy dispersive X-ray spectroscopy (EDX) and powder
X-ray diffraction method. The experimental setups used to measure various physical

properties (magnetotransport, heat capacity, dc magnetization) have been discussed.

In Chapter 3 we present a detailed magnetotransport study on high quality single
crystals of Bi;_,Sby, (0 < x < .16). Bi is known to be a trivial semimetal. As Sb is in-
troduced, a band inversion occurs at x ~ (.04 signaling a topological phase transition into
a TI state beyond x = 0.04. At the Topological transition point x ~ 0.04, the material is
a DSM which changes to a WSM state on the application of a magnetic field. Very re-
cently, the Sb rich side of Bi;_,Sb, has been investigated theoretically and two new WSM
phases have been predicted at large Sb doping of x = 0.5 and x = 0.83 . This suggests that
new surprises are yet to be discovered even in this well studied system. We observe the
chiral anomaly for our x = 0.03 crystals in agreement with previous report. Unexpectedly,
we also find strong evidence of a WSM state for the x = 0.16 sample, which is close to
the end of the TI state. The negative LMR is strongly suppressed with increasing angle
between B and 1. Additionally we observe a non-linear I-V for B || I but not for B L 1.
A weaker but clearly observable negative LMR is also found for the x = 0.075 sample.
These observations strongly indicate that in addition to x = 0.03, a WSM state exists for

x =0.075, 0.16 materials expected to be deep in the TI state.

In Chapter 4 we present a detailed magnetotransport and dHvA quantum oscillations
study on high quality single crystals of AT, (A =Pd, Pt) for both out-of-plane B || ¢ and in
plane B || ab. The number and positions of the frequencies observed in fast Fourier trans-
form (FFT) spectra of quantum oscillations suggest different band structures for PdTe,
and PtTe,. Extracted transport parameters for PtTe, reveal a strong anisotropy which
might be related to the tilted nature of the Dirac cone. Using a Landau level fan diagram
analysis we find at least one Fermi surface orbit with a Berry phase of 7 consistent with
Dirac electrons for both PtTe, and PdTe,. The light effective mass and high mobility are
also consistent with Dirac electrons in PtTe,. Our results therefore suggest that similar to
PdTe,, PtTe, might also be a three-dimensional Dirac semimetal.

We also report experimental observation of the Planar Hall effect (PHE) in PtTe,. Re-
markably, the PHE in PtTe, can be observed up to temperatures near room temperature
which indicates the robustness of the effect. The observation of this effect in nonmagnetic

PtTe, suggests that PHE is a distinct and reliable signature of the chiral character in Dirac
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and Weyl semimetals.

Chapter 5 contains a detailed magnetotransport study on single crystals of XBi (X
= La, Pr). Last member of Lanthanum monopnictides series LaBi has the largest spin-
orbit coupling, which reverts the bulk band order to form multiple Dirac cones in the bulk
band structure. ARPES measurements on LaBi have shown the presence of multiple odd
number of Dirac cone making this system more interesting for further study. The Fermi
surface properties of LaBi have been analyzed by pronounced dHvA oscillations. We
confirm the Dirac nature of the charge carriers in LaBi by extracting a Berry phase of ©
by fitting the quantum oscillations by full Lifshitz-Kosevich formula.

PrBi is a novel material in which the presence of f electrons, in addition to the possi-
ble topological band structure found in ARPES, raises the prospect of realizing a strongly
correlated version of topological semimetals. We observe a magnetic-field-induced metal-
insulator-like transition below T ~ 20 K and a very large magnetoresistance (~ 4.4 x
10*%) at low temperatures (T = 2 K) . We have also probed the Fermi surface topology
by de Haas—van Alphen and Shubnikov—de Haas quantum oscillation measurements com-
plimented with density functional theory (DFT) calculations of the band structure and the
Fermi surface. Angle dependent measurements of the Shubnikov—de Haas oscillations
suggest that the transport is dominated by bulk bands. A Lifshitz-Kosevich fitting of the
quantum oscillation data as well as a Landau fan diagram analysis gave a Berry phase

close to 7, suggesting the presence of Dirac fermions in PrBi.

In Chapter 6 we examined the nature of superconductivity in PdTe, and Pd:Bi,Tes.
PdTe, is an exciting material where a superconducting and topological state coexist. Our
heat capacity measurements confirm bulk superconductivity at 7. = 1.7 K and show that
the anomaly at 7 is characterized by the ratio AC /YT, ~ 1.5. This value is close to 1.43
which is expected for a weak-coupling, single-band BCS superconductor. The electronic
contribution to the heat capacity C,; at the lowest temperatures shows an exponential T
dependence, which points to a gapped s-wave superconductivity. From H dependent C(T)
measurements, we find C,;/ T ~ H, in contrast with behavior expected for nodal super-
conductivity. Additionally, the critical field versus temperature phase diagram shows a
behavior expected for a conventional superconductor. Thus, our measurements strongly
indicate that the superconductivity in PdTe, is conventional in nature despite the presence
of topologically nontrivial electrons contributing to the transport.

This chapter also includes the study of magnetic field vs. temperature (H-T) and pres-
sure vs. temperature (P-T ) phase diagrams of the 7, ~ 5.5 K superconducting phase in
PdBi;Tes; (x ~ 1). From high pressure magnetic measurements, we found that 7 is sup-

pressed to lower temperatures approximately linearly with pressure P at a rate d7,./dP ~
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-0.28 K/GPa. The H-T and P-T phase diagrams give seemingly conflicting results about

the nature (conventional or unconventional) of superconductivity in PdBi,Tes.

In Chapter 7, I will summarize the main results carried out in this thesis work.



CHAPTER 2

Experimental Details

In this chapter we gives a brief description of sample synthesis and crystal growth
techniques and their characterization by energy-dispersive X-ray spectroscopy (EDX) and
powder X-ray diffraction method. The experimental setups used to measure various phys-

ical properties (magnetotransport, heat capacity, dc magnetization) have been discussed.

2.1 Sample Preparation

We have grown single crystals of the Bi;_,Sb, (0 < x <.16), XBi (X = La, Pr), ATe,
(A = Pd, Pt) and Pd,BiyTes (x =~ 1). The techniques used to grow these crystals are
described below. The techniques used to grow these crystals are described below and

schematic details of the heat treatment are given in Fig. ??.

2.1.1 Modified Bridgman technique

The single crystals of Bi;_,Sb, (0 < x < .16), PdTe; and Pd,Bi,Te; were grown by
this technique. In this technique the material to be grown is taken into a vertical cylinder
(quartz tube) and placed into a suitable furnace for complete melting. For crystal growth,
the material is slowly cooled which leads into the single crystals, oriented along some
preferred direction. Muffle furnaces have been used for the heat treatment of samples

(shown in Fig. 2.1).
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Figure 2.1: Tabletop muffle furnaces used for heat treatments of the samples.

Bi;_,Sb,

For single crystals of Bij_,Sb, (0 < x < .16), stoichiometric amounts of Bi (5N) and
Sb (5N) were ground, palletized and thereafter sealed in a quartz tube under vacuum. The
quartz tube was placed vertically in a box furnace and heated to 650 °C in 15 hrs, kept
there for 8 hrs, and then slowly cooled to 270 °C over a period of five days for crystal
growth. The crystals are kept at 270 °C for seven days for annealing and homogenization.
Large shiny crystals could be cleaved from the resulting boul. It was found that there was
a concentration gradient from top to bottom in the quartz tube and crystals of different

concentration could be cleaved from same boule.

PdTe;

For single crystals of PdTe,, the starting elements, Pd powder (99.99% purity) and Te
shots (99.9999%), were weighed in the atomic ratio 1 : 2.2 and sealed in an evacuated
quartz tube. The 10% extra Te was taken to compensate for Te loss due to its high vapor
pressure. For crystal growth, the tube with the starting materials was heated to 790 °C,
kept there for 48 h, and then slowly cooled to 500 °C over seven days. The tube was then
annealed at 500 °C for five days before cooling naturally to room temperature. The shiny

crystals of millimeter size thus obtained could be cleaved easily from the as-grown boule.

deBizTe3

For single crystals of Pd,Bi;Tes (x ~ 1), Stoichiometric amounts of Pd (4N), Bi (5N),
and Te (5N) were ground together, pelletized and sealed in a quartz tube under partial Ar
pressure. For crystal growth the tube was placed vertically in a box furnace and heated to
900° C in 8 hrs, kept there for 10 hrs, then slowly cooled at a rate of 2° C/hr to 650° C
after which the furnace was switched off and allowed to cool to ambient temperature. For

polycrystalline samples, two heat treatments at 900° C for 24 hrs each with a regrind and
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pelletizing step in between, were used.

2.1.2 Flux growth technique

The flux growth technique is widely used to synthesizes the single crystals of material
which melts incongruently. In this method the matrials to be crystallized are dissolved
into a suitable solvent. The crystallization process starts when solution becomes supersat-
urated. The supersaturation can be attained by lowering the temperature of solution or by
evaporation of solvent. This technique is particular useful for crystals growth of oxides
material having high melting point and the material whose phase transition temperature
lies below the melting point. The key points which should be satisfied for crystal growth
using flux growth method are [83]:

(1) The solute must be the only stable solid phase at growth conditions.

(i1) The melting point of flux should be low and its solubility should decrease with tem-
perature.

(ii1) The flux should have low viscosity and vapor pressure.

(iv) The flux should not react with the crucible.

(v) The flux should easily seprated from crystals

Following are the single crystals grown by this technique.

PtTe,
The single crystals of PtTe, were grown by self-flux method, where Te act as a flux.

For PtTe, crystals, the starting elements Pt powder (99.9 %, Alfa Aesar) and Te lump
(99.9999%, Alfa Aesar) were taken in the molar ratio 2 : 98 and sealed in an evacuated
quartz tube. The tube was heated to 790 °C in 15 h, kept at this temperature for 48 h in
order to homogenize the solution and then slowly cooled to 500 °C at a rate of 2.5 °C/hr.
The excess Te liquid was decanted isothermally for 2 days. Finally, the tube was allowed
to cool down to room temperature by shutting off the furnace. Plate-like hexagonal shaped

crystals were obtained after breaking open the tube at room temperature.

XBi (X =La, Pr)

High quality single crystals of XBi (X = La, Pr) were grown by using Indium flux.
The purity of rare earth metals La and Pr was 99.9 % whereas the purity of Bi and In was
99.999 %. The starting elements La, Bi and In (for LaBi) and Pr, Bi and In (for PrBi)
were taken in molar ratio of 1: 1 : 20. The elements were put into an alumina crucible and
sealed into a evacuated quartz tube. The sealed quartz tube was heated to a temperature
of 1050 °C in 10 h, kept at this temperature for 5 h and then slowly cooled to 700 °C at a

rate of 2.1 °C/hr. At this temperature excess In was removed by a centrifuge. The typical
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size for LaBi crystal was 2 x 1 x 1 mm and for PrBi crystal it was 3.5 x 2 x 1 mm. The

pictograms of heat treatment are shown in Fig. 2.2.
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Figure 2.2: Schematic details of the heat treatment of different materials.
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2.2 Sample Characterization

2.2.1 Energy dispersive spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is a standard technique, used to deter-
mine the chemical composition of a sample. This technique relies on the fact that each
element has unique atomic structure which emits unique energy characteristic X-ray, stim-
ulated by high energy electron beam. The generation of characteristic X-ray in EDS can
be explained in two steps. In first step, high energy electron beam is bombarded on the
sample. This energy beam transfer part of its energy to the atom of specimen and, elec-
tron inside the atom can use this energy to jump to high energy level or can be kicked-out
from the atom. In such a scenario, a vacancy is created in place of electron. In second
step, electron from higher energy level fills this vacancy and energy difference between
two levels can emitted in the form an X-ray. Each element has unique characteristic X-ray
spectrum and can be used to determine elemental composition of the sample. This two
step process is shown in Fig. 2.3, where a primary electron beam hit the electron and cre-
ate a vacancy at position 1 and this vacancy is filled by transition of electron from position

2 to 1 by emitting characteristic X-ray.

primary e- beam

chara cteris‘Ei: X-rays
.
H

Figure 2.3: Schematic diagram showing the emission of characteristic X-ray by the inter-
action of elecrton beam to the sample.

2.2.2 Powder X-ray

Powder X-ray diffraction (PXRD) technique is widely used to characterize the crystal

structure the materials. After synthesizing desired single crystals, we have first confirmed
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their crystal structure and phase purity. The wavelength of X-ray is of the order of 1 A,
which is comparable to interatomic spacing in crystalline materials. Laue, suggest that
a crystal could serve as a natural grating and therefore should exhibit diffraction pattern
[84].

W.L Bragg gave simple interpretion of diffraction pattern. According to his theory a
crystal consists of various sets of equally spaced parallel planes. When atoms are exposed
to X-rays, the incident light get reflected and results in constructive interference. The

condition for observing Bragg’s reflection is given by a metamathematical relation,

2dsin® = nl. 2.1

This is called Bragg’s law. Here d is the interplanar spacing of planes, 0 is the angle
between incident ray and plane of reflection, n stands for order of reflection, A is the
wavelength of incident X-ray. In a PXRD experiment one could observe Bragg’s reflec-
tion at all angles, where Bragg’s condition (Equ. 2.1) is satisfied. Hence for fixed A,
by measuring 20 at which reflection occur, one can determine interplanar spacing. The
position and intensity of Bragg’s peaks are directly related with unit cell parameters and
arrangement of atoms inside a unit cell.

A few crystals of synthesized materials, were crushed into powder for PXRD measure-
ments done using Rigaku high-resolution X-ray diffractometer. The powder diffraction
pattern were recored in 20 range from 10° to 90° at a step of 0.02°. After obtaining
experimental data the crystal structure were analyzed by Rietveld method using General

structure analysis software [85]. The phase purity and lattice parameter were determined.

2.3 Physical Properties Measurements

After confirming chemical composition and phase purity of the samples, various phys-
ical properties were measured by quantum-design physical property measurement system
(QD-PPMS) shown in Fig. 2.4.

2.3.1 Electrical resistivity

The temperature dependence of AC and DC resistivity of the samples were measured
by standard four probe technique. In this technique four ohmic contacts were made on
bar shaped sample, using very small diameter gold wires and highly conducting silver
paint or epoxy. Out of these four wires, the two outer wires were used to supply current
(1 to 5 mA) and two inner wire were used to measure voltage. The accuracy of four wire

measurement technique is higher than two wire because it reduces the contribution of
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Figure 2.5: Sample mounted on a (a) DC resistivity and (b) AC resistivity puck.

lead resistance. For a sample of cross section area A, the resistivity p can be calculated
by measuring voltage (v) using Ohm’s law:
VA

P=r (2.2)
where 1 is the distance between two voltage leads and I is the constant current supplied to
the system. The DC and AC resistivity were measured in the temperature from 300 K to
2 K and in a magnetic field upto 9 T. On DC resistivity puck (shown in Fig. 2.5 (a)), one
can mount three sample at a time and can adjust current excitation upto + 5 mA.

The AC measurement has greater sensitivity than DC measurement and mainly used
for highly conducting samples. The ACT option supports various transport measurements
such resistivity, Hall coefficient, I-V curve and critical current. The typical picture of DC
and AC resistivity puck with samples are shown in Fig. 2.5.

The electrical resistivity down to 0.4 K were measured using the He3 option of QD-
PPMS. The angle dependent magnetoresistance measurements were carried out on some

of the single crystals. For this purpose Horizontal Rotator option of QD-PPMS was used
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Pressure cell

Quartz paddle
- sample holder

N
¥ Linear motor

Rick-unifll i Brass trough
(a) (b) () sample holder

Figure 2.6: VSM linear motor used for vibrating the sample (b) pickup coil for magnetic
flux detection (c) the quartz tube and brass tube sample holders (d) Cu-Be pressure cell
and Al sample rod adoptar.

which allow to rotate the sample around a perpendicular axis to the magnetic field. The

range of sample rotation is -10° to 370°.

2.3.2 DC magnetization

The DC magnetization measurements between 2 K and 300 K and isothermal magne-
tization measurements in field upto 9 T were performed using Quantum Design Vibrating
Sample Magnetometer (VSM). The VSM option consist of linear motor used to vibrate
the sample, pick-up coils for signal detection and electronics to derive the linear motor
(shown in Fig. 2.6 (a) and (b)). The sample was stuck to the brass and glass sample
holder tube with the help of GE varnish (shown in Fig. 2.6 (¢)). The VSM works on the
basic principal that a vibrating sample will induce a voltage in the pick-up coil. The time

dependent voltage (V) induced in the pick-up coil is given by the following equation:

coil — 62_(5 = %%; (2.3)

where ¢ is the magnetic flux enclosed by the pickup coil, z is the vertical position of
the sample with respect to the coil, and t is time. The VSM linear motor is designed to
operate upto 40 Hz frequency and can resolve magnetization changes of less than 107°

emu at a data rate of 1 Hz.

Magnetic susceptibility y(7) at various pressures P < 1.3 GPa were measured using
a Cu-Be pressure (shown in Fig. 2.6 (d)) cell with the VSM option of a Quantum Design

PPMS. Sn was used to get a proper estimate of pressure on the sample at low temperature.
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Figure 2.7: Heat capacity sample puck and schematic of thermal connections to Sample
and Sample Platform.

2.3.3 Heat capacity

Heat capacity is the heat required to raise the temperature of material by one unit.
Heat capacity measurement provide important information about magnetic and structural
phase transitions in materials. Zero field and field dependent heat capacity down to 0.4 K
were measured using the He3 option of a QD-PPMS. QD-PPMS measure heat capacity

at constant pressure and uses relaxation technique of measurement.

In this technique, sample is placed on the on a platform which is connected with a
weak thermal link to a constant temperature bath (puck), at a temperature To. A small
amount of heat is supplied which raises the sample temperature by AT (typically AT/T =
1%). After switching off the heater the temperature of sample starts decaying exponen-

tially. The exponentially decaying temperature T is given by:
Ty = To+ ATexp(—t/7) (2.4)

where t is the time and 7 is the sample to bath relaxation time constant. The heat capacity
C is calculated by measurement of 7 and the known thermal conductivity x of the weak

thermal link as:

C =r1k. (2.5

The heat capacity sample puck and schematic of thermal connections to sample and

sample platform are shown in Fig. 2.7. A heater and a thermometer are attached to the



26 Chapter 2. Experimental Details

bottom of the sample platform. Apiezon-N grease was used to stick the sample to the plat-
form, which also provide thermal contacts between platform and sample. The adiabatic
condition required for heat capacity measurement is obtained by creating high vacuum

(107%) inside the sample chamber using PPMS cryopump high-vacuum option.



CHAPTER 3

Evolution of Berry phase and observation of chiral character in

Bi;_Sbhy

3.1 Introduction

The Bismuth-Antimony (Bi-Sb) alloy system Bi;_,Sb, is an ideal system to study the
transition from a topologically trivial to a non-trivial phase as a function of x. Pure Bi is
a topologically trivial semimetal with A7 type rhombohedral structure [86]. The substi-
tution of Bismuth with antimony changes the band structure of Bismuth as summarized
in Figure 3.1 [17, 87]. As the Antimony substitution in Bismuth increases the band gap
between L, and L, bands decreases. At x ~ 0.04 the gap between these two bands closes
and a Dirac point is observed. As the x is further increased, the band gap reopens with an
inverted ordering. "Also the the top of the valence band at T comes down in energy and
crosses the bottom of the conduction band at x = 0.07. At x = 0.09 the T valence band
clears the L valence band, and the alloy is a direct gap semiconductor at the L points.
As x is increased further, the gap increases until its maximum value of order 30 meV at
x = 0.18. At that point, the valence band at H crosses the Ly valence band. For x = 0.22

the H band crosses the L, conduction band, and the alloy is again a semimetal" [17].

At the topological transition point x ~ 0.04, the material is a Dirac Semimetal (DSM)
which changes to a Weyl semimetal (WSM) on the application of a magnetic field. Indeed
the chiral anomaly in the B || E configuration with a strongly angle dependent negative
longitudinal magnetoresistance (LMR) has been observed for x = 0.03 material [61]. Ad-

ditionally, a violation of the Ohm’s law has been observed for x = 0.05 material which

27
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Figure 3.1: Schematic representation of band structure evolution of Bi;_,Sb, as a function
of x at T = 0 K. Reproduced from Journal of Physics and Chemistry of Solids 57, 89
(1996).

also lie close to the topological phase transition into a TI state, and has been argued to be
a consequence of the chiral anomaly. This study also concluded that no negative LMR
was observed for samples far away x > 0.05 from the topological transition [88]. Thus,
Bi;_,Sb, alloys host a TI state in an extended range x = 0.03 — 0.22, a DSM state at
x~0.04, and a WSM state for x ~ 0.04 when TRS is broken by the application of a mag-
netic field. Very recently, the Sb rich side of Bi;_,Sb, has been investigated theoretically
and two new WSM phases have been predicted at large Sb doping of x = 0.5 and x = 0.83
[89]. This suggests that new surprises are yet to be discovered in this well studied system.

In this chapter, we report a detailed magnetotransport study on some high quality

single crystals of Bi;_,Sb,, covering the large TI range x = 0 — 0.16.

3.2 Experimental Details

Single crystals of Bij_,Sb, (0 <x < .16) were grown using a modified Bridgman tech-

nique as described in detail in chapter 2. The actual composition of the grown crystals
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were checked by chemical analysis using energy dispersive X-ray spectroscopy (EDX).
Some crystals of each composition were ground into powder for X-ray diffraction (PXRD)
measurements. The PXRD patterns for all crystals were found to be single phase and crys-
tallizing in the expected structure. Rietveld refinement technique was used to refine the
structural parameters from the PXRD patterns. A typical PXRD pattern and the results
of a refinement of the data for Bi;_,Sb, with x = 0.04 are shown in Figure 3.2 and con-
firmed the formation of crystals with the Bi structure with lattice parameters a = 4.528
A, c =11.818 A which as expected, are smaller than those of pure Bi (a = 4.546 A, c=
11.862 A). Lattice parameter and unit cell volume was found to monotonically decreases
with antimony doping, consistent with previous reports [1]. The goodness of fit (x%) value
obtained after Rietveld refinement for Bi;_,Sb, was 5. Electrical and magnetic transport

was measured using a Quantum Design Physical Property Measurement System (PPMS).
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Figure 3.2: Powder X-ray diffraction pattern of Bi;_,Sb, (x = 0.04) sample and its rietveld
refined data are shown.

3.3 Results

Figure 3.3 (a) and (b) show the electrical resistivity p versus temperature T for crystals
of Bi;_,Sb, (0 <x <.16) from 2 to 305 K measured in zero applied magnetic field B and
a current I = 2 mA. Figure 3.3 (a) shows the p(T) for Bij_,Sb, crystals for x smaller

than the critical concentration for transition to a topological insulator phase. These data
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are typical of (semi-)metals where the electrical resistivity decreases with decrease in

temperature.
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Figure 3.3: (a) and (b) Resistivity p vs temperature 7" for Bi;_,Sb,. (c) The carrier density
n versus T for x = 0.032, 0.16 samples. (d) Transverse magneto resistance MR vs B at T
=2 K for Bi;_,Sb,. The MR for all x is positive and linear at high B.

Figure 3.3 (b) shows the p(T) data for Bi;_,Sb, with x > = 0.032. For all these
materials the qualitative T dependence is similar. There is a weak metallic behaviour
at high temperatures before a minimum in p(T) is observed around T = 100 — 150 K .
For lower T the p(T) increases as T decreases. Finally the p(T) passes over a maximum
and shows metallic behaviour for lower temperatures. Such a p(T) is expected for a
topological insulator where the charge gap in the bulk band structure suppresses bulk
conduction below some T and p increases below this T. For sufficiently low T where
the bulk conductivity becomes too small,conduction through surface states takes over and
p(T) stops increasing. The competition between surface and bulk conductivity influences
the position of maxima and minima in p(T).

Figure 3.3 (c) shows the carrier density n estimated from Hall measurements, as a

function of T for the x = 0.032, 0.16 samples. The n drops by about two orders of mag-
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nitude on cooling from 300 K to 2 K indicating the gapped nature of the crystals. Large
conventional transverse magnetoresistance with magnetic field perpendicular to the cur-
rent direction has been reported in the TI state. Transverse magnetoresistance (MR) for
B | Iis shown in Figure 3.3 (d). We observe large non-saturating positive MR for all sam-
ples which is linear up to the largest B, consistent with previous observations on samples
close to x = 0.04 [90]. Thus our samples show behaviour consistent with them being in
the TI state. We note that the MR is largest for the x = 0.16 sample and is much larger than

reported previously for the x = 0.04 samples close to the trivial to topological insulator

transition.
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Figure 3.4: Inset (a) shows the SAH oscillations at T = 2 K for Bi gsgSbh g32. Inset (b)
shows the Fast Fourier transform (FFT) of SdH oscillation measured at 2 K. Main plot
show Landau fan diagram, extracted from quantum oscillation. The extrapolated intercept
is close to what is expected (0) for a topologically trivial system.

To explore the low temperature metallic behaviour and Fermi surface properties of
Bi;_,Sb,, we measure the SAH oscillations in Bi 98Sb 37 and Bi 955b ¢75. In real sam-
ples of topological insulators, it is challenging to separate bulk and surface conductivity
due to residual carriers in the bulk [91, 92]. At low temperature both p,, and py, shows
oscillations with magnetic field. Derivative of py, with magnetic field vs. 1/B shown in
inset of figure 3.4 (a) and figure 3.5 (a), clearly shows the SdH oscillations at 2 K. The Fast

Fourier transform (FFT) of these oscillations gives a single oscillations frequency at F =
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Figure 3.5: Inset (a) shows the SAH oscillations at T = 2 K for Bi 9p55b ¢75. Inset (b)
shows the Fast Fourier transform (FFT) of SdH oscillation measured at 2 K. Main plot
show Landau fan diagram, extracted from quantum oscillation. The extrapolated intercept
is close to what is expected (0.5) for a topologically nontrivial system.

424 T and F = 5.83 T for Bi 9o55b ¢75 and Bi 963Sb 32 respectively. The oscillation fre-
quency (F) is related to the Fermi surface area (Ar) in momentum space via the Onsager
relation F = (h/2me)AFr [93]. The calculated Fermi surface area for these frequencies are
40.45 x 10" m~2 and 56 x 10> m~2. The Fermi wave vector can be calculated by rela-
tion kr = (Ap/m) 1/2 and 2D charge carrier density nyp by k%/47r. We find kr as 0.0113
A’l, 0.013 A~! which corresponds to nyp of 1.02 x 10" em=2 and 1.34 x 10 em 2 for
Bi 955D 75 and Bi 9635b 032 respectively.

In a topological insulator the surface electron modes are arranged in a single Dirac
cone with vortex like spin arrangement. The spin direction rotates as one goes around
the Dirac cone causing the electronic wave function to acquire a Berry’s phase (®p) of @
[94]. In order to calculate Berry phase we plot the Landau Fan diagram which is plot of n
(Lamdau level index) vs 1/B where integer n + 1/4 corresponds to minima and n + 3/4 cor-
responds to maxima of SdH oscillations. The landau level index is related with the Fermi
surface area via Lifshitz-Onsager quantization rule Aphi/eB =2nx(n+1/2+ B +9) [95].
Here, 273 is the Berry’s phase and 270 is phase shift (0 = +1/8) for a three dimension-

ality of Fermi surface [96]. The Fermi wave vector and 2D carrier density of Bi 9255b 75
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calculated by Landau Fan diagram is 0.0118 A~! and 1.1 x 10''em 2 respectively. We
got similar value for the Fermi wave vector and 2D carrier density from frequency of os-
cillations and Landau Fan diagram. Linear fitting of index gives finite intercept of 0.42 +
0.01 (corroseponding to ®p = .84 4 0.02 7) and 0 4= 0.047 (corroseponding to =0 7 )
for Bi 9255b 75 and Bi 96g3Sb 32 respectively. The calculated value of (®p) for Bi 9r55b 75
is close to expected value of 7 for non trivial topology. Departure of extracted ®p from 7
for Dirac fermion has been highlighted by many groups [97, 98, 99]. One possible expla-
nation is that topological trivial bands contribute towards SdH oscillations i.e deviation

from ideal linear dispersion relation for Dirac fermions [100].

We now show evidence for the chiral anomaly in the whole TI region. Figure 3.6 (a)
shows the resistivity p vs magnetic field B measured at temperature 7 = 2 K with the mag-
netic field B applied parallel to the electrical current / for Bi;_,Sby (x =3.2,7.5,16%).
These three samples are located at (i) the transition from the normal insulator to a TI
(x = 0.032), (ii) in the middle of the x range in which a TI has been shown to exist
(x=0.075), and (iii) near the end of the range of the TI state (x =0.16). For the x = 0.032
sample, we observe that after the initial increase in p at small B most likely arising from
3D weak anti-localization (WAL), the p turns down and starts decreasing upto the high-
est B measured. This is the negative longitudinal (B || /) magnetoresistance (NLMR) or
the chiral anomaly. For x = 0.032 the Bi;_,Sb, is situated close to the Dirac semi-metal
state and the application of a magnetic field leads to time-reversal symmetry breaking
and hence the Dirac cone is expected to split into a pair of Weyl nodes and so the chiral
anomaly (NLMR) for this composition is expected and has been observed previously as

well for Big 096Sbg.04 [61] and Big g95Sbg o5 [88] samples.

What is surprising is that we observe a chiral anomaly even for samples far away from
x = 0.032. Figure 3.6 (a) also shows the p vs B data for x = 0.075 and x = 0.16. The
x = 0.075 sample shows a weak negative LMR above B ~ 4 T, suggesting a Weyl state for
this x too. However, the p data for x = 0.16 shows the strongest negative LMR compared
to even the x = 0.032 sample, which is our main focus in this study. The NLMR keeps
increasing and remains unsaturated up to the highest magnetic fields measured B =9 T.
This strongly suggests that a WSM state exists for x = 0.16 as well. A crucial signature
of the chiral anomaly is the strong dependence of the NLMR on the angle between B and
1. Figure 3.6 (b) shows the angle dependence of the NLMR for the x = 0.16 sample. We
observe that for angle = 0 (B || 1), the NLMR is the largest and as the angle between B
and [ is increased, the magnetoresistance quickly increases and changes to completely
positive MR for angle > 8 °. This strong sensitivity of the NLMR to the angle between
B and [ is strong evidence of the chiral anomaly for the x = 0.16 sample and points to it
being in the WSM state.
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Figure 3.6: (a) Resistivity p vs magnetic field B at T = 2 K with B || I for Bi;_,Sb, (x =
3.2,7.5,16 %). (b) p vs B at T =2 K for the x = 16% sample with B applied at various
angles to the current I. The negative LMR seen clearly for B || I is rapidly suppressed as

the angle between B and I increases. Temperature dependence of the negative LMR for
the (¢) x =0.032 and (d) x = 0.16 samples.

We have also measured the 7' dependence of the LMR for the x = 3.2 and 16% samples
as shown in Figure 3.6 (c) and (d), respectively. The negative contribution to the LMR
shows a strong T dependence and is suppressed for higher 7. The NLMR is no longer
observed for T > 50 K for x = 0.032 and x = 0.16.

Further confirmation of anomalous transport behaviour expected for a WSM is ob-
tained for the x = 0.16 sample from the observation of a violation of the Ohm’s law.
Figure 3.7 shows the I —V curve for the x = 0.16 sample measured at 7 =2 Kin B=0
and in B=9 T for B || I. The B = 0 data are completely linear as expected in conventional
metals. The I —V data at B=9 T with B L I were also measured (not shown) and were
found to be completely linear. For B || I, the LMR configuration, a clear non-linearity
can be seen in the I —V curves. To highlight the non-linearity, we have subtracted the

linear part of the / — V curve obtained by a fit to the / <2 mA data. The resulting I —V
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curve obtained at 9 T is shown in Fig. 3.7 inset and clearly shows a non-linear behaviour.
This clear violation of the Ohm’s law has previously been reported only for the x = 0.05

samples close to the topological transition boundary [88].

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
V (mV)

Figure 3.7: I-V curve for the x = 0.16 sample measured at T=2KinB=0andin B =9
TforB || L.

3.4 Summary and Discussion

We have studied the detailed magneto-transport properties of Bij_,Sb, (0 < x < .16)
across the trivial semimetal to topological insulator transition around x ~ 0.04. Giant
magnetoresistance upto 1.6 x 10° % was observed at temperature T = 2.2 K in a magnetic
field of H = 9 T, without any sign of saturation. We observed Shubnikov de Haas (SdH)
oscillations in magneto-transport measurement for the doped crystals indicating their high
quality. From a Landau fan diagram analysis of the quantum oscillation data we track the
evolution of the Berry phase across the topological transition around x ~ 0.04. We find a
non trivial Berry phase of for Big g9255bg ¢75, indicating the topological nature of the sur-
face states. Big 0963Sbo.032 on the other hand shows a trivial Berry phase. The transition

from trivial insulator to a TT occurs at x ~ 0.03. Samples at this topological phase tran-
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sition are Dirac semi-metals (DSM) and the application of a magnetic field breaks time
reversal symmetry and hence splits the Dirac cone into two opposite chirality Weyl cones
displaced in momentum space along the field direction turning the material into a Weyl
semimetal (WSM). A smoking gun signature of a WSM state is the observation of a chiral
anomaly i.e. a negative longitudinal magnetoresistance (LMR) when a magnetic field B
is applied along the current I direction. This negative LMR is expected to be strongly
suppressed as the angle between B and I is increased. Additionally, a non-linear I — V
has been reported for the WSM state at x = 0.05. We indeed observe the chiral anomaly
for our x = 0.03 crystals in agreement with previous reports on samples with x = 0.04
and 0.05. Unexpectedly, we also find strong evidence of a WSM state for the x = 0.16
sample, which is close to the end of the TI state. In particular, we find a negative LMR
even stronger than the x = 0.032 sample. The negative LMR is strongly suppressed with
increasing angle between B and I. Additionally we observe a non-linear I-V for B || I but
not for B L I. A weaker but clearly observable negative LMR is also found for the x =
0.075 sample. These observations strongly indicate that in addition to x = 0.03, a WSM
state exists for x = 0.075, 0.16 materials expected to be deep in the TI state. Sometimes
current jetting may also cause the negative LMR signal. The issues of the current jetting
and the crystal inhomogeneity has been ruled out in this study and the observations are in-
deed intrinsic. In order to avoid any contribution from current jetting to the negative LMR
the contacts on the single crystals were made by high quality silver paint in a collinear
geometry as shown in upper half of Fig. 3.7. Previous STM and ARPES results have
shown a complex band structure in the bulk of these alloys for the compositions studied
here. Our results suggest that these bulk bands host Weyl nodes which are responsible for
the observation of the anomalous longitudinal magneto-transport properties including the

chiral anomaly and violation of Ohm’s law.



CHAPTER 4

Quantum oscillations and non trivial topological state in

type-ll Dirac semimetals ATe, (A = Pd, Pt).

4.1 Introduction

Recently, a new family of transition-metal dichalcogenide materials ATe, (A = Pd,
Pt) were theoretically predicted to be type-II Dirac materials and subsequently experi-
mentally confirmed by the ARPES. [25, 43, 46, 101, 102]. These semimetals are termed
as type-II, because, unlike type-I TSM having isotropic linear E-K dispersion, the E-K
dispersion in type-II TSMs is strongly tilted in one k-direction.This follows the discovery
of type-II Weyl materials [40, 47, 103]. The general Hamiltonian (H(k)) for Dirac/Weyl
semimetals can be written as a sum of potential energy term (U(k)) and a kinetic energy
term T(k) which is given by H(k) = U(k) 4= T(k). The type-I and type-II nature of Dirac
and Weyl semimetals can be classify by relative magnitude of U(k) and T(k). For Lorentz
invariance type-I DSMs/WSMs, U(k) > T(k) , and has linear and isotropic dispersion in
the momentum space. On the contrary when U(k) < T(k) along particular direction in
momentum space, tilted Dirac cone is expected to appears at special symmetry points.
The resulting electronic band structure consist of overlapping electron and hole pockets
at Fermi level. The schematic of type-I and type-II TSMs is shown in Fig. 4.1 (a) and
(b). Recent theoretical calculations combined with ARPES results provide the evidence
that PdTe; and PtTe, can host type-II Dirac fermion lies at k = (0, 0, £ 0.4c*) and k =
(0, 0, & 0.35c*) respectively, where c* = 2m/c [45, 46]. The experimentally measured

dispersion as a function of out of plane momentum (k;) in PtTe, is shown in Fig. 4.1

37
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(c), where a tilted Dirac cone was revealed at k; = 0.35¢* [46]. Both the type-II Weyl
and Dirac fermions break Lorentz invariance and are therefore fundamentally different
quasiparticles compared to the normal type-I Dirac and Weyl fermions discovered earlier.
Type —II Dirac/Weyl semimetals are predicted to have some unique properties such as
field dependent NMR and Klein tunneling [49, 50]. Both PdTe, and PtTe, are crystallize
in a layered CdI, type crystal structure with P3m1 (164) space group, which is shown in
Fig. 4.2 (a) and (b). The crystal structure of these compound hold inversion symmetry
and therefore bands are Kramers degenerate. The study of the properties of these type-II
topological materials are therefore of immense fundamental interest and could lead to im-
portant technological applications. The linear Dirac dispersion in the bulk band structure

can be probed by studying quantum
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Figure 4.1: (a) and (b) Schematic of electronic structure of type-1 and type-II Dirac
semimetals. Fig(b) shows the tilted nature of the Dirac band. (c) Tilted Dirac cone mea-
sured by angle resolved photoemmission spectroscopy. The red dotted lines are theoreti-
cally calculated dispersions for comparison. Reproduced from Nature communications
8, 257 (2017).

oscillations in transport experiments as has been demonstrated for graphene, topolog-
ical insulators and recently in the Dirac and Weyl semimetals [30]. Previous quantum
oscillation studies on Weyl and Dirac semimetals have demonstrated a connection be-
tween band topology and the phase acquired by the charge carriers. The wave function of
a relativistic quasi-particle acquires a nontrivial geometric phase of 7 along the cyclotron
orbits in a magnetic field, (also known as the 7 Berry phase), which can be calculated from
the quantum oscillations in resistivity and magnetization measurements [30]. In the tran-
sition metal di-telluride family experimental work focusing on demonstrating the Type-II
DSM nature has been mainly on PtSe;, and Pd/PtSeTe compounds [101, 104, 105]. How-
ever, experimental evidence for the DSM nature of PdTe, and PtTe, are missing. There
are some photoemission spectroscopy reports regarding tilted nature of the Dirac cone

in PtTe, and PdTe,, but detailed quantum oscillation studies on these compound are still
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missing, which can help establish the three dimensional Dirac character of these com-

pounds.

(b) .; .; .; : :

E—'D .,\.,\.,\.,\O,\.

Figure 4.2: (a) and (b) Crystallographic structure of PdTe, and PtTe; via the atomic
arrangements observed within the ab and bc planes, respectively. Here, the Pt/Pd and Te
atoms are represented by red and blue spheres, respectively. Reproduced from Phys.
Rev. B 97, 235154 (2018).

In this chapter We present our detailed magneto-transport and quantum oscillations

study on high quality single crystals of the transition metal di-tellurides PtTe; and PdTe,.

4.2 Experimental Details

Single crystals of PdTe, were synthesized using a modified Bridgeman method. A
typical crystal is shown on a millimeter grid in the inset of Fig. 4.11. High quality sin-
gle crystals of PtTe, were grown by self flux method. The details of synthesis process
has been provided in chapter 2. A typical crystal of PtTe, is shown on a millimetre
grid in the inset of Fig. 4.4. The powder X-ray diffraction pattern obtained on crushed
crystals of PdTe; and PtTe, confirms the phase purity and Cdl, type crystal structure
with P3m1 (164) space group for both materials. The chemical composition and unifor-
mity of stoichiometry for crystals of both compounds was confirmed by energy dispersive
spectroscopy at several spots on the crystals used for the measurements reported in this

work. The results of chemical analysis and powder x-ray diffraction for ATe, are shown
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in Fig. 6.5. The goodness of fit (y?) values obtained after Rietveld refinement for PdTe,
and PtTe; are 7 and 15 respectively. In the Rietveld refinement of PtTe, some unreacted
peaks are obseved at approx. 28°, 33° and 38°. These unreacted lines are identified due to
excess Te in PtTe, sample.This could be due the fact that the single crystals of PtTe, were
grown by self-flux method, where Te act as a flux. The electrical transport and magnetic

measurements (0-14 T) were performed on a physical property measurement system by

Quantum Design (QD-PPMS).
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Figure 4.3: Results of chemical analysis (al) and (a2) and powder x-ray diffraction (b1)
and (b2) on PdTe; and PtTe,, respectively.

4.3 Results

4.3.1 PtTe;

Figure 4.4 shows electrical resistivity p versus temperature 7 for a single crystal of
PtTe, measured with an ac current of amplitude / = 2 mA applied within the ab-plane
of the crystal. Metallic behaviour is observed in the whole T range (1.8 K to 300 K) of
measurements. The residual resistivity ratio RRR = p(300 K)/p (1.8 K) ~ 96 indicates



Chapter 4. Quantum oscillations and non trivial topological state in type-II Dirac
semimetals ATe, (A = Pd, Pt). 41

PtTe2

80 |
70 |
60 L RRR =96
50 |
a0 |

30

p (n0hm-cm)

20
10

150 200 250 300
T (K)

0] 50 100

Figure 4.4: Temperature dependent electrical resistivity of PtTe; single crystal. A current
I =2 mA is applied in the crystallographic ab plane. Upper inset shows an optical image
of a PtTe; crystal placed on a millimeter grid.

the high quality of the crystal. A high RRR has been regarded as an indication of relativis-
tic charge carriers in three dimensional Dirac semimetals such as Cd3zAs;, NbAs, PdTe,,
NbP etc. [41, 106, 107, 108]. The top inset shows an optical image of an as-grown PtTe,

crystal showing the hexagonal morphology of the underlying crystal structure.

Figure 4.5 shows the magneto resistance (MR) data on the PtTe; crystal. The main
panel shows the magnetic field B dependence of the MR measured at 7 = 2 K as a function
of the angle between B < 9 T and the direction of the electrical current /, which was
always applied in the same direction within the ab-plane of the crystal. The MR for all
angles increases monotonically and tends to a linear in B behaviour. The magnitude of
MR reaches about 200% which is smaller than observed for other DSMs. We specifically
point out that no negative contribution to the MR was observed for B || I indicating the
absence of the Chiral anomaly. The MR as a function of B L [ at various temperatures 7'
is shown in the inset of Figure 4.5 and shows that the magnitude of MR has a strong T

dependence.

The isothermal magnetization M data for PtTe, plotted as dM /dB versus 1/B at dif-
ferent temperatures for magnetic fields B < 14 T applied along the c-axis (B || ¢) and
applied within the ab-plane (B || ab) are shown in Figs. 4.6 (al) and (b1), respectively.
The raw M vs B data for the two field directions are shown in the insets. The magnetiza-
tion data reveal pronounced dHVA oscillations starting from 4 T. The low onset field value

of the quantum oscillations also point to the high quality of the PtTe, crystal. Pronounced
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Figure 4.5: Magnetoresistance (MR) for PtTe; as a function of the magnetic field B<9T
applied at various angles to the direction of the current / which was always applied within
the ab-plane. Inset shows the MR measured at various 7 with B 1 [ for B < 14 T.

periodic oscillations as a function of 1/B are clearly visible up to 10 K in both field orien-
tations. Multiple frequencies for both field orientations were observed in the fast Fourier
transform (FFT) spectra of the quantum oscillations as shown in Figs. 4.6 (a2) and (b2).
The multiple frequencies in the FFT spectra indicates the presence of multiple Fermi sur-
face pockets at the Fermi level. Additionally, the presence of dHVA oscillations for both
B || ¢ and B || ab directions, confirms the presence of a three dimensional Fermi surface
in PtTe;. From the temperature dependent FFT spectra, we find four main frequencies for
both B || ¢ and B || ab as shown in Figs. 4.6 (a2) and (b2). The main frequencies for the
B || ¢ are labeled as o(93.3 T), a2(108.9 T), a3(241 T) and 0t4(459 T). The main fre-
quencies for B || ab are labelled B;(116.6 T), ,(140.6 T), B3(194.5 T) and B4(225.6 T).
The information regarding the Fermi surface area corresponding to these frequencies can
be determined by the Onsager relation F = Ar(¢/27%), where ¢ = h/e, is the magnetic
flux quantum and A is the Fermi surface area. The calculated Fermi surface area for the
frequencies extracted for the two field orientations are listed in Table 5.4.

A quantitative analysis of the dHvA oscillations can be made using the Lifshitz-
Kosevich (LK) equation which gives the oscillatory contribution to the magnetization

as:

AM o —RTRDsin(27r[% - (% — o)) @.1)

where, Rp = exp(—ATp) is the Dingle factor, Tp = 7i/2nKp7 is the Dingle temper-



Chapter 4. Quantum oscillations and non trivial topological state in type-II Dirac

semimetals ATe, (A = Pd, Pt). 43
1.5 T T T T T T T T
(al) H_Z 12 '(32) _ 10
~ 10} PtTey U"%_‘t . ' %0.8
~ 53 1.0 =l
S 05 Bllc = 5 Zos
5 308 g
® 0.0 ® 06 044 6 8 10
S z T '
o 05 = 04 a; ]
g 1.0} 5 0.2} A
S —5K \p.v/".p{\ . Q‘“A{
1.5 : ' ' . 0.0 TN NS WL AN
0.08 0.10 0.12_1 0.14 0.16
1/B (T
Biblptre, =
£ 10r Bllab g-m
3 315 =
GE) 5-« A 46 8 10 12 14 &
T
> ol lh AaAAA @
a :v\ 'l' '% v A"""«o v g
o -51 ' — 18K =
o
3 — 3K £
=-10} — 5K <
° —38K
-15t 10K
0.08 0.10 0.12 0.14 0.16 0.18
1/B (T'l)
12 T T T T T T T
(Cl) 3 (02) -1.5
5, 25F Soo .
10+ < <15
o1 &
c 20F <=3 o - ]
8F o TD; 32'7 'f) > ois 45 0?10 Zoiglo.14 0.
| 002 . 15 1/B'(T-1) |
- c
41 10+ _
2t - St 1
Intercept = 0.42 Intrecept = 0.12
0 ' ' ' 0 ' ' ' '
0.00 0.03 0.06 1 0.09 0.12 0.00 0.03 0.06 1 0.09 0.12
1B (T7) 1B (T )

Figure 4.6: (al and bl)Isothermal magnetization oscillation data for PtTe, in the two
directions B || ¢ and B || ab, at various temperatures.Inset shows row magnetization data
at 1.8 K. (a2 and b2) shows the temperature dependence of FFT spectra and fitting of the
temperature dependent amplitude is shown in the inset for the two cases. (c1 and c2) The
landau level fan diagrams for the two cases. Inset shows the Dingle fitting.

ature, and the temperature dependent damping of the oscillations is accounted for by
the factor Ry = AT /sinh(AT), with A = (2n2Kpm* /heB) and m* the effective cyclotron
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Table 4.1: Fermi surface parameters for PtTe, obtained from the dHvA data shown in
Figs. 4.6 (a2) and (b2)

Compound | F (1) | A;()(102) [ K,( D102 | m'jm | vym/5)(10%) | Ef(meV)
PtTey,Blc | 93.3 0.89 5.3 0.15 £ 0.004 4.1 +£0.1 143+ 5
108.9 1 5.7 — — —
241 2.3 8.6 — — —
459 4.4 11.8 — — —
PtTer,B || ab | 116.6 1.1 5.96 0.21 £0.01 3.27+0.2 127.5+9
140.6 1.3 6.54 0.26 £ 0.01 2.9+0.1 124 +9
194.5 1.9 7.7 — — —
225.6 2.1 8.3 0.32 £0.01 3+0.1 163.6 =11

mass. The phase ¢ = ¢p/2w — §, where @p is the Berry phase and 0 is an extra phase
factor. The value of this additional phase shift 6 depends on the dimensionality of the
Fermi surface and takes the value 0 or +-1/8 (— for electron like and + for the hole like)
for two and three dimension, respectively [107, 109, 110].

The damping factors R7 and Rp can be used to calculate important band parameters
such m*, quantum life time 7 and quantum mobility u of the carriers. The values of 7
(corresponding to Dingle temperature 7p ) extracted from fitting of the B dependence (see
inset of Figs. 4.6 (c1) and (c2)) of the oscillation amplitude are given in the Table 5.5. For
B|| ¢ the value of T =7.7 x 10~'* s, and for B || ab, T = 6.0 x 1013 5. The corresponding
quantum mobility u = et/m* in the two directions are estimated to be 902.0 cm?/Vs
and 3296 ¢m?/Vs, respectively. These values of u are comparable to values reported
previously for some Dirac semimetals [46, 107, 109, 110, 111, 112]. The large difference
in the mobility (more than a factor of three) in the two crystal orientations suggests that
the dynamics of carriers in PtTe; is highly anisotropic with carriers in the c-axis direction
being less mobile than in the ab-plane. This would be consistent with a tilted Dirac cone
as a tilting of the cone in one momentum direction might result in strong anisotropy in the

transport properties as observed above for PtTe,.

The value of the effective mass for the two field orientations is found from the fitting
of the temperature dependence of the amplitudes of the frequencies identified in the FFT
spectra of the dHVA oscillations. The fitting shown in the insets of Figs. 4.6 (a2) and (b2)
was successful only for certain frequencies as the amplitude dropped too rapidly with T
for some frequencies. The effective masses thus obtained are listed in the Table 5.4. For
B || ¢ the value of the effective mass m* corresponding to the frequency oy = 93.3 T is
0.15. The low value of m™* for this frequency suggests the presence of relativistic charge
carriers, which can further be confirmed by the Landau level fan diagram analysis which

we present later. The values of m* corresponding to frequencies in the B || ab orientation
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Table 4.2: Parameters obtained from a Dingle fitting of the dHvA data shown in Fig. 4.6

Compound | Tp(K) | ©(10~Fs) 1(nm) | w(ecm?®/V —s)
PtTey,Bllc | 16 1 | 0.77+£0.06 | 32+4 902 £ 87
PtTey,B | ab | 2 +£0.1 6+04 180 £21 | 3296 + 386

are relatively larger in magnitude as listed in Table 5.4.

We now present a Landau fan diagram analysis to estimate the Berry phase. The
presence of multiple frequencies (from multiple Fermi surface orbits) in the quantum os-
cillations makes it difficult to isolate contributions to the Berry phase from individual
orbits. We therefore take in to account the frequencies with the largest FFT amplitudes
(a1 =93.3 T for the B || ¢ and B4 = 225.6 T in case of B || ab) as shown in the Figs. 4.6
(a2) and (b2). To construct the Landau level fan diagram we assign the landau index
n— 1/4 to the minima of quantum oscillations. We are able to reach the 7 landau level
in the B || ¢ and 16'" landau level for the B || ab configuration as shown in the Figs. 4.6 (c1)
and (c2). The extrapolated value of the intercept (= ¢p/27 4 6) on the n axis is found to
be 0.42(2) and 0.12(3) for B || c and B || ab, respectively. The slopes obtained from the fits
are 94.7 T and 228.2 T for the two directions. These slopes are very close to the frequen-
cies of the a; and 34 orbits, proving that we are analysing these orbits in the Landau level
fan diagram [30]. From the value of the intercepts found above the estimated Berry phase
for B || ¢ and B || ab directions are 1.08(4)x [or 0.59(4)x] and 0.49(6)x [or —0.01(6) 7],
respectively. The value ¢p = 1.08(4)7 for the a; orbit in B || ¢ direction is very close to
the value 7 expected for Dirac electrons. Whereas, the value ¢p = O for B || ab suggests
that the orbit B4 is trivial. A possible reason for the trivial character of bands in the B || ab
direction can be the nonlinear nature of the bands owing to the Fermi level being away
from the Dirac point. We will discuss the validity of these numbers in our discussion

section later.

Owing to the deeply rooted Dirac points below the Fermi level in the PtTe, (0.8eV),
we could not observe chiral anomaly induced negative MR, however, the Dirac nature is
confirmed by the extracted Berry phase of 7 in the transport experiments. In the following
we present the observation of planar Hall effect (PHE) in PtTe; single crystals.

The appearance of the transverse voltage in the conductors and semiconductors in the
presence of a external magnetic field applied perpendicular to the plane is well understood
in terms of the Lorentz force acting on the charge carriers, and is a versatile tool for de-
termining the nature and density of the carriers in a specimen. This effect is known as the
ordinary Hall effect, and the origin and physics of this effect is well understood. Another

version of the ordinary Hall effect, the quantum Hall effect and (quantum) anomalous Hall
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effect (does not require magnetic field) can not be understood in the same framework as
driven by the Lorentz force only [113, 114]. These quantization effects are not sensitive to
the local details of the sample, material type and more importantly the disorder strength.
These properties of the quantum Hall/anomalous effect, observed in various classes of
the materials, led to the discovery of the new classification scheme of the insulators, su-
perconductors and metals based on the quantized topological invariants of the bulk band
structure [2, 115].

Recently an unconventional version of the Hall effect, known as planar Hall effect
(PHE) has been theoretically proposed as a signature of the chiral anomaly in topological
semimetals, the origin of which is the large Berry curvature between a pair of Weyl node
[29, 61, 64, 116, 117]. The Berry curvature in the energy-momentum space for TSMs
acts like an intrinsic magnetic field, which in turn affects the charge carrier dynamics in
an unusual way. Unlike ordinary Hall effect, the PHE does not require a perpendicular
magnetic field, and a transverse voltage is generated by the application of a magnetic
field, applied in the plane of the sample/current. While a small PHE has been reported for
ferromagnetic semiconductors and semimetals, PHE has recently been experimentally ob-
served in several classes of magnetic and nonmagnetic Dirac and Weyl semimetals (DSM
and WSM) [118, 119, 120, 121, 122, 123, 124, 125, 126]. The origin of PHE effect
in these ferromagnets has been attributed to several microscopic phenomenon, including
spin Hall magnetoresistance, anisotropic scattering by the impurities and non-spherical
Fermi surface. On the other hand PHE in topological materials has its origin in the fi-
nite Berry curvature of the nontrivial bands in the bulk. The PHE could be an intrinsic
and universal effect like anomalous Hall effect. Experimental observation of the all three
effects, chiral anomaly driven negative MR, anomalous Hall effect and PHE, in nonmag-
netic topological semimetal ZrTes, strongly suggests a common and intrinsic origin of
these phenomena [122, 127, 128].

The chiral anomaly induced NMR character in TSMs may appears due to many other
extrinsic effects. These effects include primarily current jetting and chemical inhomo-
geneity in the crystals with a very high mobility such as frequently observed in the topo-
logical semimetals. For instance, the NMR in the coplanar and collinear current and
magnetic fields (chiral anomaly) has been observed, despite the fact that the chirality of
the band structure is not well defined, i.e, the chemical potential is very far away from the
Weyl nodes [64, 117, 129, 130, 131]. Therefore the signature of chiral anomaly by nega-
tive longitudinal MR is still under debate. These experimental complexities, on the other
hand, do not affect the signature of the PHE in a topological semimetal and the response
of the topological bands has been detected by this effect [132]. This led us to believe that

topological bands could manage to contribute in transport measurements, even in cases
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Figure 4.7: (a) and (b) Schematic diagram for the normal and PHE measurements respec-
tively. In normal Hall effect B changes direction from in plane to out of plane during 6
rotation while in PHE, B always remain in plane, during ¢ rotation.

when the Dirac or Weyl node is located slightly away from the Fermi energy. For ex-
ample, in metallic topological insulators quantum oscillation are observed from surface
Dirac states although the chemical potential lies in the bulk conduction/valance bands
[133, 134, 135].

0] 90 180 270 360
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Figure 4.8: Measured planar Hall resistivity at two opposite field (14 & -14 T) at 2 K and
their averaged value.

The measurement geometry and the field configuration for the normal Hall effect and
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PHE is shown in the figure 4.7 (a) and (b) respectively. The magnetic field B is applied
in the plane of the current I and the angle between B and I is controlled by rotating the
sample in the plane made by B and I as shown in figure 4.7 (b). The planar Hall resistivity
(p)f;H ) and the planar anisotropic MR (p,,) are measured simultaneously. Contributions
from the normal Hall effect can arise due to a small misalignment of the sample plane
with respect to the magnetic field. The measurements of the two resistivities is performed
in both negative and positive magnetic field polarities and is subsequently averaged and
thus any stray contribution from the normal Hall resistivity is removed. A typical raw
data in negative and positive magnetic field polarity and the averaged data as a function of
the in plane angle (between the coplanar magnetic field and the current) at 14 T is shown

in figure 4.8.
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Figure 4.9: (a) and (b)In plane angular dependence of symmeterized planar hall
resistivity(ng ) and longitudinal resistivity(p,,) at different field at 2 K. These curves
are fitted by equation 4.2 and equation 4.2, as shown by red curves. (¢) & (d) Extracted
values of Appnirar and p | plotted vs magnetic field respectively. The data is fitted with
power law.
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The field dependent pfyH and py, at 2 K is shown in the figure 4.9 (a) & (b). It is
clear from the data in the figure 4.9 (a) that pffl has distinct minima and maxima at the
in plane angular positions ¢ = 45°and 135°, respectively. On the other hand the variation
of the anisotropic MR p,, as a function of ¢, shows characteristic maxima and minima

at 90°and 180°as expected theoretically. Moreover, a phase difference of 45°between the
PH
p)Cy
consistent with the previously observed PHE data on the ferromagnetic semiconductors
and other Dirac and Weyl semimetals, such as ZrTes, GdPtBi, Cd3As,, VAl3, MoTe,
and Co3Sn,S, [118, 119, 120, 121, 122, 123, 124, 125, 126]. The value of the ng

increases with increasing magnetic fields up to 14 T, and reaches value of 1.61uOhm-

- ¢ and py, - ¢ curves is consistent with theoretical predictions. This observation is

cm. This value is quite large in comparison to the values calculated in the ferromagnets,
and comparable to the values found in the recent experiments on some of the DSMs and
WSMs [118, 124]. However, this value is relatively smaller in comparison to the ng
values found in GdPtBi and ZrTes [121, 122], which could be due to the fact that the
chemical potential lies near to the Dirac point in these topological semimetals. On the
other hand Dirac point in PtTe; is located 0.8eV below the Fermi level, which could be
lowered by Ir doping.

In order ot estimate the chiral anomaly contribution Ap i, in the measured ¢ de-
pendent pfyH and p,, data, we fit the data with the theoretically derived semiclassical

expressions of the two resistivities which are given as: [65]

pol = —Apchiralsin ¢ cos ¢ +bcos® ¢ + ¢ (4.2)

pxx — PJ_ _ Apchiral COSZ q) (43)

The first term in equation 4.2 represents the contribution to pffl

from the chiral anomaly.
The AP chiral = P 1 - p|» with p, and p being the resistivities in the plane transverse
(¢ =90°) and parallel (¢ = 0°) magnetic fields, respectively. The second term in the
equation 4.2 takes into account the possible contribution of the anisotropic MR which
might arises from misalignment effects in the measurements and the third term ¢ accounts
for the constant Hall resistivity resulting from the nonuniform thickness of the sample
[122]. The fitting by the above equations to the pfyH - ¢ and pyy - ¢ curves at different
fields is shown as the solid curves through the data in figure 4.9 (a) & (b). The extracted
value of the Ap e and the transverse resistivity p |, from the fits is plotted as a function
of the magnetic field in the figure 4.9 (¢) & (d), respectively. As expected, the value of the
AP eniral and p | increases with increasing magnetic field. The value of the Ap cpipq at 2

K, and in 14 T is found to be 2.688 pOhm-cm. To quantify the variation of Ap . and
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p 1 with magnetic field we have fitted these data by power-law dependence. On fitting
the AP epirar data with the power law function (AP pirar = B™) [123], we find the value
of n = 1.9(2) which is close to a quadratic field dependence. This is consistent with
theoretical expectations. Similar values of the power law coefficient n has been found in
many other DSM and WSM. On the other hand the value of the coefficient n in the case
of p | vs magnetic field is not near to n = 2, and varies linearly. The possible reason for

this variation are not known yet, and similar dependence has been observed in some of
the other WSMs.
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Figure 4.10: (a) & (b) Angular dependence of unsymmeterized planer hall resistivity
(pfyH )and longitudinal resistivity (py,) at different temperature at magnetic field 14 T. (c)
& (d)The symmeterized pfyH and p,, at 2 K.

We next investigate the robustness and the intrinsic nature of the PHE, by taking the

temperature dependent pfyH - ¢ and p,, - ¢ data at maximum applied magnetic field of

14 T. It is clear from the data shown in the figure 4.10 (a) that PHE survives up to a room
temperature, whereas the magnitude of p,, - ¢ decreases rapidly with T as can be seen

from figure 4.10 (b). The periodic nature of the pfyH - ¢ curves is nearly maintained up



Chapter 4. Quantum oscillations and non trivial topological state in type-II Dirac
semimetals ATe, (A = Pd, Pt). 51

to room temperature and is not destroyed by the electron -phonon scattering. This is due
to the fact that the topological and the chiral nature of the Dirac/Weyl electrons makes
them immune to the backscattering from the defects and the other electron-electron and
electron-phonon scattering mechanism. This is also why such topological systems show
very large mobility and MR. The observation of PHE up to high temperature thus confirms
the intrinsic nature of this effect which is driven by the large Berry curvature between the
Weyl nodes. Recent observation of the chiral anomaly induced negative MR, anomalous
Hall effect and PHE in GdPtBi, Co3Sn,S, and nonmagnetic ZrTes, strongly suggest that
all three phenomena have a common, intrinsic origin. Moreover, it is a direct indication
that the PHE does not require the ferromagnetic nature of the sample and previously
observed PHE in semiconducting and metallic ferromagnets might have the origin from
the Berry curvature effect.

Figure 4.10 (c) & (d) show the magnetic field dependence of the two in plane resistiv-
ities measured at various fixed angles ¢ and at temperature of 2 K. On varying the angle
from 0°to 90°, the magnitude of the p)f;H first increases and then decreases, which is a
hallmark signature of the PHE as expected theoretically. The in plane anisotropic nature
of the p,, is evident from the field dependent measurements at various in plane ¢, as
shown in the figure 4.10 (d). On the other hand, we could not resolve the negative MR
in the coplanar and collinear current and magnetic fields configuration. This can be seen

from the figure 4.10 (d).

4.3.2 PdTe,

In order to compare the Dirac nature of the bands in PtTe, with that in PdTe;, we have
performed similar magneto-transport measurements and analysis on PdTe; single crystals.
Figure 4.11 shows electrical resistivity p versus temperature 7' for a single crystal of
PdTe, measured with an ac current of amplitude / = 2 mA applied within the ab-plane
of the crystal. Metallic behaviour is observed in the whole T range (1.8 K to 300 K) of
measurements. The residual resistivity ratio RRR = p (300 K)/p(1.8 K) ~ 238 indicates
the high quality of the crystal. The top inset shows an optical image of an as-grown PdTe,
crystal.

Figure 4.12 shows the magneto resistance (MR) data on a PdTe; crystal. The main
panel in Fig. 4.12 shows the magnetic field dependence of the MR measured at 7 =2 K
as a function of the angle between B < 9 T and the direction of the electrical current /,
which was always applied in the same direction within the ab-plane of the crystal. The
MR for all angles increases monotonically with B. The magnitude of MR reaches large
values of about 600% for B | I. As for PtTe;, no negative contribution to the MR was
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Figure 4.11: Temperature dependent electrical resistivity of PtTe, single crystal. A cur-
rent I =2 mA is applied in the crystallographic ab plane. Upper inset shows an optical
image of a PtTe; crystal placed on a millimeter grid.

observed for B || I indicating the absence of the Chiral anomaly. The MR as a function
of B L I at various temperatures 7" is shown in the inset of Figure 4.5 and shows that the
magnitude of MR has a very strong 7" dependence dropping drastically as one increases
T from 2 K.

Figure 4.13 shows the magnetic field dependence of the magnetization data for PdTe,
for both B || ¢ and B || ab directions, measured at different temperatures. Figures 4.13 (al)
and (bl) show the pronounced dHvA oscillations for both directions of magnetic field.
It should be noted that the amplitude of the quantum oscillations in PdTe; is relatively
larger than in PtTe; single crystals and persist up to a temperature more than 30 K. The
presence of the multiple frequencies in the two field orientations indicates an even more
complex bulk band structure for PdTe, consisting of multiple Fermi pockets at the Fermi
level. The FFT of the oscillations are shown in Figs. 4.13 (a2) and (b2) and reveal six
main frequencies for B || ¢ which we label as x1(9.13 T), x2(112.7 T), x3(231.5 T),
x4(456.9 T), x5(913.9 T), and (2568 T), and 3 major frequencies for B || ab which we
label as 11(435.8 T), 112(889 T), and 13(1030.5 T) respectively. The calculated effective
masses for the different frequencies for B || ¢ are listed in Table 4.3 and lie in the range
0.14-0.43. The value of the cross sectional area calculated using the Onsager relation

for the lowest effective mass Fermi orbit y; comes out to be 0.87 x 1073, which is very
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Figure 4.12: Magnetoresistance (MR) for a PdTe; single crystal as a function of the mag-
netic field B <9 T applied at various angles to the direction of the current / which was
always applied within the ab-plane. Inset shows the MR measured at various 7 with B 1 1
forB<14T.

small compared to the area for other orbits observed for B || ¢. The value of the lowest
effective mass for the B || ab direction is found to be 0.26 which is higher than estimated
for B || ¢ direction. Despite the difference in the effective masses in the two directions, the
mobility calculated from a Dingle fitting for the two directions are very similar as shown
in Table 4.4, in sharp contrast to the case of PtTe,. These results are consistent with a
recent magnetization and ARPES study on the PdTe; single crystals [44].

The Landau level fan diagrams for the two directions are given in Figs. 4.13 (c1) and
(c2). The intercepts are 0.36(2) and 0.48(2) for B || ¢ and B || ab, respectively. The
corresponding values of the Berry phase are ¢p = 0.97(4)7 [or 0.47(4)x] and 1.21(4)7
[or0.71(4)] for B || c and B || ab. The value ¢p for B || ¢ is very close to . The Berry phase
for B || ab deviates from the value 7. We note that the Fermi level in PdTe,, like in PtTe,,
is too far above from the 3D Dirac point which is observed in the ARPES measurements
[44, 45, 46, 104].
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Figure 4.13: (al and b1) Similar set of magnetization data for PdTe,. Magnetization os-
cillation data for PdTe; in the two directions B || ¢ and B || ab, at various temperatures.
Inset shows row magnetization data at 1.8 K. (a2 and b2) shows the temperature depen-
dence of FFT spectra and fitting of the temperature dependent amplitude is shown in the
inset for the two cases. (cl and c2) The landau level fan diagrams for the two cases. Inset
shows the Dingle fitting.
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Table 4.3: Fermi surface parameters for PdTe, obtained from the dHvA frequencies
shown in Figs. 4.13 (a2) and (b2)

Compound | F(T) [ A(7?)(107%) | Kp("1)(1072) m* /m vr(m/s)(10°) | Ej(meV)
PdTey,Blc | 9.13 0.087 1.7 0.14 +0.01 1.4+0.1 1558 + 1
112.7 1.1 5.84 0.18 +0.01 3.7+0.1 139.97 +7
228.7 2.2 8.4 0.22 +0.01 44402 | 241.9+15
456.9 4.37 11.8 0.27 +0.01 5402 383.4+ 19
913.9 8.75 16.7 0.41 +0.01 47402 514427
2568 24.6 28 0.43 +0.02 75403 [1373.9+73
PdTe,B || ab | 435.8 4.17 6.5 0.26 +0.0098 | 2.9 +0.1095 | 124 + 7.003
889 8.5 16.5 — — —
1035.5 9.8 17.7 0.46 + 0.02 44402 | 505.8+32

Table 4.4: Parameters obtained from a Dingle fitting to the dHvA data shown in Fig. 4.13

Compound Tp(K) 7(10~Bs) 1 (nm) w(cm?®/V —ys)
PdTe,,B || ¢ | 437 £0.1796 | 2.8 £ 0.11507 | 103.6 £+ 7.883 | 2735 + 112.43
PdTe,,B | ab | 3.24+0.1704 | 3.8 £0.2024 110 £ 10.01 2570 £+ 233.9

4.4 Discussion and Conclusion

We have presented a detailed magneto-transport study on single crystals of the di-
Tellurides PtTe, and PdTe, with an emphasis on trying to ascertain the possible topolog-
ical nature of the bands contributing to the transport. Prominent dHvA quantum oscilla-
tions are observed for both materials in both directions of applied magnetic fields. From
an analysis of the magnetization data on the two materials, it is found that the Fermi sur-
face of both systems is highly anisotropic in nature which is evident from the different
number of the oscillation frequencies in the two field directions. Additionally for PtTe, a
very large difference in the value of the mobility (more than three times) in the two crystal
orientations is observed and would be consistent with expectations of highly anisotropic
transport resulting from the tilted nature of the Dirac cone in the PtTe;. The Berry phase
for PtTe; is close to & for B || ¢ while it deviates from 7« for B || ab. We speculate that
this could be due to a combination of the Fermi level being away from the Dirac point
and the presence of other topologically trivial bands at the Fermi level. This anisotropy
is almost absent in case of PdTe, as the calculated mobility in the two crystal orienta-
tions is of the same magnitude. The bands in PdTe, are indeed three dimensional Dirac
bands characterized by the Berry phase close to 7 in both in plane and out of plane crystal
orientations.

A word of caution is in order here. An unambiguous identification of the Berry phase
from quantum oscillations is complicated for systems with multiple bands making up the

Fermi surface resulting in multiple frequencies in the oscillation data. Each frequency
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will contribute to the phase. The analysis is further complicated if the Dirac node sits
away from the Fermi energy. Additionally, if one ends up with a large Landau band index
n in the Landau fan diagram analysis, then a larger extrapolation is required to reach the
quantum limit to determine the intercept and hence the phase. This results in a larger error

in the phase. For the ATe, materials, all these difficulties are present.

We have tried to circumvent the problem of multiple frequencies by analyzing the
frequency with the largest amplitude in the FFT data. The validity of this approach is
confirmed after the fact, when the slope in the Landau fan diagram equals the frequency of
the band we used to construct the Landau fan diagram. For PTe, we chose the frequencies
oy =93.3 T for the B || ¢ and B4 = 225.6 T in case of B || ab. The slopes obtained from the
fits of the Landau fan diagram are 94.7 and 228.2 T for the two directions. These values

are very close to the frequencies for o and 4 and hence validates our approach above.

We have estimated the Berry phase @p close to 7 for both PtTe, and PdTe, when
B || ¢. We point out that the Landau index n for these two cases is 7 and 8, respectively,
which is a reasonably small index. Therefore we believe that the extrapolation to estimate
the intercept can be trusted. Measurements at lower temperatures and higher magnetic
fields are desirable to reach even smaller Landau index so that the extrapolation to the
quantum limit has an even smaller error. We note that for PdTe, there have been SdH
measurements at T = 1.7 K for B || ¢ with fields up to 35 T and a Landau fan diagram was
constructed which reached n = 1 [44]. This study estimated a Berry phase of 7 from these
measurements which is consistent with what we conclude from our data even though we
start from a larger n. This gives us confidence that even for PtTe,, our conclusion of ¢p ~
7 could be valid although future experiments in higher fields can be used to confirm these
results. Our results therefore suggest that PtTe, like PdTe,, could also be a Type-II Dirac

semi-metal.

we have also observed the planar Hall effect in single crystals of the nonmagnetic
type-II Dirac semimetal PtTe;. The PHE is observable up to room temperature suggest-
ing the robustness of the relativistic carriers against the electron-phonon scattering. The
Dirac/Weyl node in PtTe; is known to lie about 0.8 eV below the Fermi level. We note
that recently PHE has also been reported in the iso-structural material PdTe, which is
also a Type-1I Weyl semi-metal. The Weyl node in PdTe; is also situated away from the
Fermi energy. Thus our observation of PHE for a system like PtTe, therefore suggests that
PHE can be used as a crucial transport diagnostic for topological character even for band
structures with Dirac nodes slightly away from the Fermi energy. Here this is worth em-
phasizing that this effect is generally observed in magnetic thin films having anisotropic
magnetization. However, here this effect is observed in a nonmagnetic semimetal with

a Fermi level too high from Dirac node (0.8 eV). Currently the possible origin of planar
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Hall effect in these nonmagnetic Dirac semimetals is not completely understood and fur-
ther systematic experimental and theoretical efforts are required to pinpoint the correct
origin of this effect.

In addition to this we would like to discuss Landau level fan diagram analysis of another
quantum oscillation study on ATe; (A = Pt, Pd) in Ref. [136]. In this work also the
authors have reported a low carrier effective masses and high mobilities for the two mate-
rials. Their Landau level fan diagram analysis however, is different. In order to obtain the
contribution from an individual orbit out of the multi-frequency quantum oscillation data,
they have used a low-pass filter of 50 T, to get the contribution from the lowest frequency
orbit 8 T for PdTe,, in the B || ¢ direction. From the Landau level fan diagram obtained

from this analysis, they conclude that the Berry phase for this orbit is different from 7.

We point out that by applying a low-pass filter, one can not get a unique Landau level
diagram as the location of the maxima and minima in the oscillation data obtained after
applying the filter depend on the type of filter has been applied. In Fig. 4.14 we show the
result of applying different low pass filters to the dHvA data for PdTe; for B || c. It is clear
that different filters give oscillations with slightly different locations of the maxima and
minima, which are used to construct the Landau level fan diagram. This suggests that the
Landau fan diagram and any numbers obtained from an analysis of the same will strongly

depend on the filter applied.
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Figure 4.14: Oscillatory signal obtained after applying various low-pass filters to the
dHvA data for PdTe; in the B || ¢ direction. The oscillations clearly depend on what filter
is applied.



CHAPTER b

Fermi surface topology and large magnetoresistance in the

topological semimetal candidate XBi (X = La, Pr)

5.1 Introduction

A topic of immense current interest is trying to combine topological character with
strong electronic correlations. The rare-earth monopnictides RA (R = rare earth; A =
Sb, Bi) are candidate materials for hosting correlated electrons with topological prop-
erties. All of these materials except YbBI, crystallize in a rock-salt type structure but
exhibit different magnetic properties [137, 138]. Similar to the TSMs, rare earth based
monopnictides have been found to exhibit XMR and very high mobility [139, 140, 141,
142, 143, 144]. But the topological character of the bands participating in the transport
is still intensely debated, due to some contrasting reports. For instance, the electronic
band structure of LaBi is regarded as topologically nontrivial, consisting of two Dirac
cones at the X point, whereas other groups claim observation of only one Dirac cone at
the X point in the ARPES experimental studies. Some other groups have shown that the
bands near X point have a Dirac nodal line in character instead of Dirac cone [145, 146].
Other compounds in this series, such as LaAs, LaSb, PrSb, ScSb, YSb,TmSb, LuBi
[139, 143, 147, 148, 149, 150, 151], show similar transport properties as LaBi, despite
the fact that all of them are reported to be topologically trivial. Among Lanthanum based
monopnictides LaBi has the largest spin-orbit coupling, which inverts the bulk band order
to form multiple Dirac cones band structure,, making this system more interesting for fur-

ther study. Further, it would be interesting to study the RX materials with a magnetic rare
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earth since the 4 f-correlated electrons might influence the topological properties [152].
Most of the magnetic RX materials, however, show long ranged magnetic order at low
temperatures [153], hindering a study of low-temperature magnetotransport properties.
PrBi is special in this context since it has a partially filled 4 f shell but does not order at
least down to 1.8 K [154]. A recent ARPES study on PrBi has revealed a nontrivial Z,
band structure topology in the bulk characterized by an odd number of Dirac cones [152].
On the other hand, the isostructural materials PrSb and ScSb are found to be topologically
trivial by band structure calculations, partly owing to the reduced spin-orbit coupling due
to replacement of Bi by Sb in these materials. PrBi is thus a novel material in which
the presence of f electrons, in addition to the possible topological band structure found
in ARPES, raises the prospect of realizing a strongly correlated version of topological
semimetals. In this chapter we present the detail low-temperature magnetotransport prop-

erties of single crystals of XBi (X = La, Pr).

5.2 Experimental Details

(a1) (b1) (b2)

Figure 5.1: (al) and (a2) shows the crystal structure of LaBi and PrBi. XBi (X La, Pr)
crystallize in simple rock salt type face centered cubic structure. (bl) and (b2) Single
crystal images of LaBi and PrBi respectively.

High quality single crystals of XBi (X = La, Pr) were grown by using the Indium
flux. The details of amount of flux and temperature profile has been provided in chapter
2. The resulting single crystals of XBi (X = La, Pr) are shown in Fig. 5.1 (bl) and (b2)
respectively. The typical size for LaBi crystal was 2 x 1 x 1 mm and for PrBi crystal
it was 3.5 X 2 x 1 mm. The chemical composition and uniformity of stoichiometry for
crystals of XBi (X = La, Pr) were confirmed by EDX taken at various spots on cystals.
Single crystal X-ray diffraction on these crystals confirmed the rock salt type structure
with Fm3m (225) space group (Fig. 5.1 (al) and (a2)). The x-ray diffraction pattern

did not show presence of any impurity phases. The Lattice parameters of XBi (X = La,
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Figure 5.2: Results of chemical analysis (al) and (a2) and PXRD pattern simulated from
SC XRD data using Mercury software (bl) and (b2) on LaBi and PrBi, respectively.

Table 5.1: Lattice constants of XBi (X = La, Pr)

] T T T

Compound | a(A) | b(A) | c(A) | V(A7)
LaBi 6.577 | 6.577 | 6.577 | 284.5
PrBi 6.47 | 647 | 6.47 | 270.84

Pr) deduced from single crystal XRD are listed in table 5.1. The lattice constants of
PrBi is smaller than LaBi which is expected due to Lanthanide contraction. The results of

chemical analysis and powder x-ray diffraction for XBi (X = La, Pr) are shown in Fig. 5.2.

5.3 Results and Discussion

5.3.1 LaBi

Fig. 5.3 (a) shows temperature dependent resistivity p(T) data of LaBi single crystals,

which in zero field exhibit a typical metallic character down to 2 K. A large residual re-
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Figure 5.3: (a) Temperature dependence of resistivity at various magnetic fields. (b)

Transverse magnetoresistance at various temperatures. Inset show the power law behavior
of MR at 5 K.

sistivity ratio RRR [p(300K)/ p(2K)] = 665, indicates the high quality of the measured
single crystal. At zero applied magnetic field these crystals display a saturation in p(T) at
low temperature regime. However, on application of a perpendicular magnetic field, re-
sistivity shows an unusual upturn before saturating at lower temperatures. This effect has
been generally attributed to the field induced metal to insulator transition (MIT) due to an
opening of a gap at the Dirac point by applied magnetic field [155, 156]. However, there
can be other mechanisms which can be possible in a highly mobile electronic system.
For instance, there are theoretical arguments that this field induced MIT may originate
from the exitonic gap formation in an applied magnetic field [157]. The true nature of
this MIT is still under debate and future experiments and theoretical efforts can shed light
on the correct physical mechanism. Our experimental observations shown in the Fig. 5.3
(a) clearly indicates that this is a field induced MIT, as the resistivity in a field of 9 T
surpasses the room temperature value of resistivity. Transverse MR measured at different
temperatures (5 K-300 K) is shown in the Fig. 5.3 (b). The nature of the weak field MR
at low temperatures can be fitted with the simple Kohler’s equation p(B) ~ aB”, where
B is magnetic field and n is an exponent. A value of n = 1.8 is extracted from the fit,
which is near to the quadratic field dependence of the MR, indicating a three dimensional
charge carrier transport in LaBi. MR at low temperatures shows a non-saturating linear
character which reaches to an extremely large value of 3.25 x 10° % at 2 K. This value of

MR is nearly one order of magnitude higher than the values reported previously for LaBi
[158, 159].

Fig. 5.4, shows the raw magnetization (M) versus magnetic field (B) data in the B || ¢

at T = 2 K. Pronounced dHVA oscillations can be observed which starts from field as
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Figure 5.4: Raw magnetization data for LaBi at temperature 2 K. Beautiful dHvVA oscil-
lation are observed starting from magnetic field close to 2 T

low as 2 T. From the Fig. 5.5 (a) clear large amplitude dHvVA oscillations after a linear
background subtraction which survive up to a temperature of 20 K can be seen. This is
suggestive of the highly mobile charge carriers in these crystals. In order to analyze the
Fermi surface properties of LaBi, we obtain a fast Fourier transform (FFT) spectrum of
these quantum oscillations, which is shown in Fig. 5.5 (b). From the FFT, we can clearly
identify the presence of two oscillation frequencies F(ct) = 273 T and F(f3) = 603 T. The
presence of these two frequencies indicates the presence of the two Fermi surface pockets
in the band structure of LaBi. The Fermi surface area of both Fermi pockets has been
calculated by the Onsager relation for frequency F = Ar(¢/27%), where ¢ = h/e, is the
flux quantum and other quantities have usual meaning unless specified. The calculated
Fermi surface area for both frequencies is listed in table 5.2.

The temperature and field dependence of the oscillations in the magnetization data is

given by the L-K formula,

AM o —RTRDsin(27r[% - (% — o)) 5.1)

where, Rp = exp(—ATp) is the Dingle factor, Tp = 7i/2nKp7 is the Dingle temper-
ature, and the temperature dependent damping of the oscillations is accounted for by
the factor Ry = AT /sinh(AT), with A = (2n?Kpm* /heB) and m* the effective cyclotron

mass. The two damping factors Ry and Rp are used to calculate important band parame-
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Figure 5.5: (a) dHVA oscillations at various temperature after background subtraction.
(b) FFT spectra at various temperatures. (c) Temperature dependence of FFT amplitude,
fitted with L-K formula. (d) The L-K fit to the dHVA data at 2 K.

ter such as effective mass m* and quantum mobility u of the charge carriers, respectively.
The effective mass has been calculated from fitting T dependence of FFT amplitude as
shown in figure Fig. 5.5. The effective mass and the quantum mobility thus calculated
for the two frequencies are also listed in table 5.2 and table 5.3. A low values of effec-
tive mass (0.19mg and 0.12m) along with high values of the quantum mobility (2450
cm?/V — s and 1772 ¢cm?/V — s) suggest the presence of relativistic charge carriers in
LaBi. It should be noted from the large difference in the values of the mobility for the
two Fermi pockets that the pocket alpha is Dirac type. We confirm this claim by fitting
the quantum oscillation data by the full L-K formula, given by equation 5.1. Fig. 5.5 (d)
shows the experimental magnetization data fitted with the two—band L-K formula. The
Berry phase (¢p) has been calculated using a relation ¢ = ¢p/27m — 6. Here, § is an addi-
tional phase shift which depends on the dimensionality of the Fermi surface and takes the

value 0 or 1/8 (— for electron like and + for the hole like) for two and three dimension,
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Table 5.2: Fermi surface parameters for LaBi obtained from the dHvA data shown in
Fig. 5.5

E(T) | Ar(A=2)(1072) | Kr(A~1)(1072) m* /m vi(m/s)(107) o5
273 2.6 9.1 0.19 +0.017 55 (- 0.77 £ 0.003)x
603 5.7 13.56 0.12 +0.017 13 (- 0.09 + 0.005)7

Table 5.3: Parameters obtained from Dingle temperature

Tp(K) 7(10-Bs) [ 1(nm) | p(cm?/V —s)
4.57 £0.10 2.65 145.7 2450
10 £0.17 1.21 157.3 1772
respectively. In our Berry phase calculations we have taken 6 = —1/8 for a pocket and &

= +1/8 for B pocket [160]. The value of Berry phase for a (electron pocket) and 3 (hole
pocket) Fermi pocket are (-0.77 £ 0.003)7 and (-0.09 + 0.005)x, respectively. Clearly,
the Berry phase for the o pocket is closer to a value of 7, which corresponds to the Dirac
bands. On the other hand, for the other pocket B we find a Berry phase ~ 0 which is
consistent with a topologically trivial band.

5.3.2 PrBi

Experimental results

In order to compare the Dirac nature of the bands in PrBi, a rare earth monopnic-
tide consisting of partially filled f -electron shells with those in LaBi, we have per-
formed similar magneto-transport measurements and analysis on PrBi single crystals. The
temperature-dependent resistivity (p(7')) at various field of the PrBi single crystals with
the magnetic field parallel (B || I) and perpendicular (B L T) to the current I are shown in
Fig. 5.6. A large value of the zero field residual resistivity ratio, p(300 K)/ p(2 K) =374,
indicates the high quality of the single crystals used in this study. The zero-field resistiv-
ity follows a linear T dependence from 300 K to 100 K, as can be seen in Fig. 5.6, (al).
Below T = 100 K, the resistivity falls rapidly and nearly saturates in the low temperature
regime T =10 K.

The application of magnetic fields drives a metal to insulator like transition (MIT)
at low temperatures for both perpendicular (B L I) and in-plane magnetic field (B || )
orientations, as can be seen from Fig. 5.6 (al) and (bl). This MIT-like feature in p(7)
is more prominent in the B L I configuration and exceeds the room temperature value of
resistivity in the low-T regime at a field of 9 T [see Fig. 5.6 (al)]. The p(7) in magnetic
field goes through a minimum at a temperature (T,, = 15 K), shows a sharp upturn below

T,,, before eventually saturating at lower temperatures. This low-temperature behavior of
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Figure 5.6: (al), (bl) Temperature dependence of p,, in the two configurations B L I
and B || I, at various magnetic fields. Upper inset of (al) shows the zero-field behavior of
Pxx at low temperature. Lower insets of (al) and (b1l) show enlarged view of p,, at low
temperature, at various fields.

p(T) in fields is highlighted in the lower insets of Fig. 5.6 (al) and (bl). The minimum
in p(T, H) can also be seen in the dp(7)/dT vs T plot shown in the inset of Fig. 5.6
(b2). Similar field-driven MIT features have been observed in the topological semimetals
WTe,, NbP, and TaAs [56, 161, 162].

Since the p(T) appears to have a larger response for B L I, we show the MR for
the B L I configuration at various temperatures in Fig. 5.7 (a2). The MR for B || T is
qualitatively similar but smaller in magnitude. The MR for temperatures above T, is
quite small. For lower temperatures, the MR increases dramatically. The MR at 2 K
in a field of 9 T reaches a very large value of ~ 4.2 x 10*%, which is comparable to

values observed in other monopnictide compounds [140, 143, 144]. The MR has a nearly
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parabolic B dependence and is nonsaturating up to 9 T. We successfully fit the MR with
a power-law dependence, o< B [inset of Fig. 5.7 (a2)], with an exponent m = 1.82. This
nearly quadratic behavior is a characteristic feature of three-dimensional charge transport
in multiband metals. Below 5 K, SdH quantum oscillations riding on top of the smooth
quadratic MR can be clearly observed at higher fields, and these oscillations become
stronger with decreasing temperature, as can be seen in Fig. 5.7 (a2).

The angular dependence of the MR at T =2 K is presented in Fig. 5.7 (b2), as the out of
plane angle between the magnetic field B and the current I is varied starting from B||I, for
which the angle is 0°. It can be seen that the MR for B||I is an order of magnitude smaller

than for B L I. The MR for all angles shows a quadratic B dependence. Additionally,
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quantum oscillations can be seen in the MR data at all angles.
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Figure 5.8: (a) Background subtracted SdH oscillations at various angles, at 2 K. (b) The
FFT spectra at different angles. (c) The angular dependence of the frequencies F (o) and
F(B). (d) Fitting of the temperature-dependent amplitude in the FFT spectra by the L-K
formula.

We next study the Fermi surface topography of PrBi by measuring the angle depen-
dence of the quantum oscillations in the MR data, taken at 2 K. In order to extract clear
oscillations, a polynomial background has been subtracted from the MR at each angle.
The resulting periodic oscillations at several angles are plotted against the inverse of the
magnetic field Fig. 5.8 (a). It is clear from these data that the oscillations do not vanish
and remain pronounced as we rotate the magnetic field from the B L I to the B || I config-
uration. This suggests that the charge carriers in PrBi are of three dimensional character.
A fast Fourier transform (FFT) of the quantum oscillation data in Fig. 5.8 (a) for each
angle was done and is shown in Fig. 5.8 (b). The FFTs shown in Fig. 5.8 (b) for different
angles are shifted by arbitrary amounts for clarity. From the FFT of the data we find two
fundamental frequencies, which for B L T are F (o) = 258.49 and F(f3) = 561.94 [inset
Fig. 5.8 (d)].

From Fig. 5.8 (b) the angular evolution of the two frequencies F (o) and F () can
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be seen. With increasing angle we observe a gradual shifting of the & frequency towards
higher values. In addition, a new frequency emerges as the tilt angle reaches 6 = 30°. This
frequency vanishes or merges into another frequency as we approach 8 = 50°. This type of
frequency shifting/splitting has been observed in other monopnictides such as TmSb and
CeSb, suggesting a similar Fermi surface [163, 164, 165]. This angular variation has been
proposed to result from the quasi two dimensional character of the Fermi surface in the
case of LaBi [160]. However, the observed variation in frequency can also result from an
likely the case here due to the o electron pockets at the X point in the Brillouin zone. We
have plotted the values of the two main frequencies as a function of the angle in Fig. 5.8
(c). From the angular variation, it can be seen that the frequency F () shows a monotonic
increase in value up to an angle 8 = 50°, and decreases thereafter reaching close to its 6
= 0° value at 8 = 90°. This behavior is consistent with an anisotropic elliptical Fermi
surface orbit for the o band. The other frequency F (f3) remains almost unchanged for the
entire variation in the tilt angle. This frequency corresponds to the hole pockets centered
at the y point in the first Brillouin zone. We thus conclude that the quantum oscillations
observed in the PrBi single crystals primarily originate from the three dimensional bands
instead of the two dimensional ones. In addition to this, we have measured the MR in
the longitudinal magnetic field configuration B || T to look for any signature of the chiral
anomaly induced negative MR. We did not detect any negative MR. We have also carried
out temperature and magnetic field dependent magnetization measurements on the same

PrBi crystal.

The temperature dependence of the magnetization measurement reveals the paramag-
netic nature of PrBi [see Fig. 5.9 (a)]. The plateau below 10 K is consistent with previous
reports [143, 166] and most likely arises from Van Vleck temperature independent para-
magnetism. We did not observe any signature of long-range ordering down to 2 K, and
by fitting the data above 160 K to a Curie Weiss law [inset of Fig. 5.9 (a)] we estimated
an effective magnetic moment s = 3.42 ug. This value is close to the previous report
[153] and suggest the trivalent nature of Pr atom. The high quality of our PrBi single
crystals allowed us to observe pronounced quantum oscillations (dHvA) in magnetization
measurements as well and are shown in Fig. 5.9 (b). The FFT of these oscillations reveals
three fundamental frequencies. The frequencies F (o) =264.4 T and F() =571.2 T are
close to the frequencies found from the SdH oscillation data presented above. An addi-
tional frequency [apart from F(28) = 1131.8 T, the second harmonic of the 8 band], F(y)
=1517.9 T, is also observed in the T = 2 K data and has a very small amplitude, which is
most likely the reason it was not observed in the SdH oscillations. For this reason we are

unable to track the temperature dependence of the frequency of the y band.

We next calculate the transport parameters corresponding to the two main frequencies
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Figure 5.9: (a) Temperature dependence of the magnetic moment of PrBi in an applied
field of 1 T. (b) The temperature-dependent dHVA oscillations obtained after background
subtraction. (c) Temperature dependence of the FFT spectra. (d) Fitting of temperature-
dependent FFT spectra using L-K formula

F(a) and F(f) found in the SAH and dHvVA oscillations. The area of the extremal or-
bits corresponding to these two frequencies can be calculated using the Onsager relation,
F=Ar(@/ 27r2), where @ = h/e, is flux quantum, Ar is Fermi surface area, h is plank
constant and e is the charge of the electron. By assuming a circular cross section of the
cyclotron orbits at the Fermi level, we have calculated the values of the Fermi momentum
ks and Fermi energy E . The calculated area of the Fermi surface for the two frequencies
extracted from SdH and dHvA oscillations is given in table 5.4. The area/carrier concen-
tration corresponding to the hole orbit (8 pockets) is much larger than the electron orbit
(o pockets), which implies the dominance of hole carriers in the low-temperature regime.
This is further confirmed by the Hall data, which we present later. The amplitude of the

quantum oscillations in resistivity and magnetization can be described by the equations

F 1
Ap o< —RTRDCOS(ZWJ[E — (5 +B+96)]) (5.2)
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where different symbols have their usual meaning as explained in the results section
of LaBi. The fitting of the SdH oscillations yields effective mass for the & pocket m* =
0.35myg, where my is the rest mass of electron. Almost similar value of the effective mass
m* = 0.32my, for the o pocket is obtained by fitting the dHvA oscillation amplitudes. In
addition, the effective mass for the 8 pocket is found to be 0.31my, which is comparable
to the effective mass corresponding to the & pocket. These values of the effective mass for
the two pockets are much higher (massive) than those observed in typical Dirac semimet-
als [161, 167] and are comparable to values found for other monopnictides in this series
[140, 143]. Our results suggest that it is unlikely that the conduction in PrBi is primarily
from the Dirac bands. This would be consistent with ARPES studies that find the Dirac
node to be located much below (= 0.35 eV) the Fermi level [152].

By fitting field-dependent damping of the oscillation amplitude (& pocket) with Rp =
exp(—ATp), we calculate a Dingle temperature of Tp = 2.62 K. The corresponding quan-
tum lifetime is calculated to be T = 4.6 x 10~ 135, and calculated quantum mobility is
p = 2310 cm?/Vs. A high value of carrier mobility has been suggested to be a signature
of the Dirac carriers in LaBi and related compounds, but our data on PrBi show that a high
mobility can also be possible from three-dimensional bands. Other parameters obtained

from a Dingle fitting of the quantum oscillation data are given in table 5.5.

In order to probe the possible topological nature of the bands in PrBi, we have con-
structed the Landau fan diagram from the quantum oscillation data as shown in Fig. 5.10
(a). To construct the Landau fan diagram, we assign an integer value to the minima in
the oscillation data of o,,. The extrapolated value of the intercept n = 0.54(2) is close
to the theoretical value (0.5) expected for a topologically nontrivial system.However, it
is worth mentioning that there will most likely be a large uncertainty in determining the
intercept on the n axis due to the large value of the Landau index (30) that we have to
extrapolate from. To get an alternate estimate of the Berry phase, we have performed a
multifrequency Lifshitz Kosevich (L-K) fit of the 2 K dHVA data shown in Fig. 5.10 (c).
To reduce the number of free parameters in equation 5.3, the values of effective masses
were fixed to the values estimated above and shown in table 5.4. The L-K fit is shown
in the Fig. 5.10 (c). From the fit we estimate a Berry phase for the o Fermi pocket to
be (0.95 £+ 0.01)x. This is consistent with the Landau faN diagram analysis described
above and strongly indicates the Dirac nature of fermions. Fig. 5.10 (d) shows the Hall
resistivity at various temperatures. At higher temperatures, the slope of the Hall resistivity
is negative and almost linear, indicating that the dominant carriers are electrons at high

temperature. As the temperature is decreased below 10 K, the slope of the Hall resistivity
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Figure 5.10: (a)Landau fan diagram extracted from the quantum oscillation data showing
the Landau band index n vs reciprocal of the field 1/B. The extrapolated intercept is close
to what is expected (0.5) for a topologically nontrivial system. (b) Dingle fitting at 2
K. (¢) The L-K fit to the dHvA data at 2 K. (d) The Hall resistivity vs field at various
temperatures. The solid curve through the data at T = 2 K is a fit by a two band model

changes to a positive value with a weak nonlinearity at the higher fields. The nonlinearity
becomes more pronounced at T =2 K, as shown in Fig. 5.10 (d). The change in the sign
of the Hall resistivity indicates that there is a change in the dominant carrier type from
electron to holes with decreasing temperature. The nonlinear nature of the Hall resistivity
also indicates that PrBi has contributions from two kinds of carriers. For a quantitative

analysis, the Hall resistivity data at T = 2 K were fitted by using a two-band model [168],

E (nh.uh2 - ne.uez) + (np —ne) (/’Lh.ue)sz
€ (nh.uh + ”e.ue)2 + (”h - ”e)z(uh“e)sz

Pox = (5.4)

Here ny, u, and n., y, are carrier density and mobility of holes and electrons re-
spectively. The fit, shown as the solid curve through the T = 2 K data in Fig. 5.10 (d),
indicates that the electron and hole carrier density are approximately the same, ~ ~ 0.45

x 10'"cm™3, indicating the nearly compensated semimetal nature of PrBi. The obtained
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Table 5.4: Fermi surface parameters for PrBi obtained from the SdH and dHvA data
shown in Fig. 5.8 and 5.9

F(T) | Ar(A=2)(1072) | Kr(A~T)(1072) m*/m vi(m/s)(10°) | Ep(meV) | n(cm=3)(10")
SdH | 258.49 2.474 8.876 0.35+0.007 | 2.93+0.06 | 170.21£10 2.36
561.94 5.378 13.08 - - - 7.56
dHvA | 264.40 2.530 8.980 0.324+0.018 | 3.244+0.18 | 190.70£32 2.40
571.19 5.466 13.20 0.31+£0.027 | 4.90+0.42 | 423.9+109 7.70
1517.9 14.52 21.50 - — — 33.6

Table 5.5: Parameters obtained from a Dingle fitting of the SdH data shown in Fig. 5.10
(b).

Tp(K)
2.624+0.1

7(10~By)
46+0.2

1 (nm)
133£38

H(emjV —s)
2310+ 148

mobilities of charge carriers are 3 x 10°cm?/V —s.

Computational details

We use density functional theory (DFT) to calculate the band structure and Fermi
surface of PrBi. The density functional theory calculations in the generalized gradient
approximation (GGA) framework were carried out using plane-wave and pseudopotential
methods as implemented in the Quantum Espresso package [169, 170]. A kinetic en-
ergy cutoff of 65 Ry was used for the plane-wave expansion of valence wave functions.
Electronic structure was determined with and without spin-orbit coupling. The Perdew-
Burke-Ernzerhof (PBE) [171] exchange-correlation functional was used with fully rel-
ativistic and scalar-relativistic ultrasoft pseudopotentials for spin-orbit interaction (SOI)
and nonspin- orbit interaction (non-SOI), respectively. For the selfconsistent calculations
a 24 x 24 x 24 k-point mesh was used to sample the reduced Brillouin zone (BZ). A
finer k-point mesh of 50 x 50 x 50 was used to generate the Fermi surface (FS). The FS
was visualized using the XCRYSDEN software [172]. The maximally localized Wannier
function method [173] was employed to calculate the dHVA frequencies using the SKEAF
code [174].

Theoretical results

In Table 5.6, we compare the calculated lattice parameters of PrBi with experiments.
We performed structural optimization (atoms positions and cell parameters were allowed
to vary) to calculate cell parameters for the non-SOI case. For the calculations with SOI
included, the lattice parameter a was obtained by performing energy calculations at var-

ious constant a values and these data were fit by the Birch-Murnaghan equation of state.
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As can be seen from Table 5.6, the GGA gives the unit-cell volume and lattice parameter

to within about 1% of the experimental parameters for both non-SOI and SOI calculations.

Table 5.6: Calculated lattice parameters and unit cell volume compared with experimental
values.

Cell parameters | Non-SOI | SOI expt
a=b=cA) | 653 6.54 | 647
volume (A%) 278.45 | 279.73 | 270.84

Electronic band structure

The electronic structure and partial density of states of PrBi without and with spin-
orbit coupling are shown in Fig. 5.11, panels (a) and (b) and panels (c) and (d), respec-
tively. Fig. 5.11 illustrates the semi-metallic behavior of PrBi with a small density of
states at the Fermi level. For both non spin-orbit and spin-orbit calculations we find that,
close to the I' and X high-symmetry points of the Brillouin zone, energy bands cross the
Fermi level (Ef), creating hole pockets at the I" point and electron pockets at the X points.
For the non-spin-orbit case, four bands cross Er, with three hole-like bands at I" point and
one electron-like band at X point as can be seen in Fig. 5.11. The inclusion of spin-orbit
coupling splits the bands and now there are three doubly-degenerate bands crossing the
Er. Out of these three bands, two are hole-like near I" and one is electron-like near X as
can be seen in Fig. 5.11 (¢).

As can be seen from Fig. 5.11 (b), for non-SOI calculations, near the Fermi level the
valence band is primarily a mixture of Bi p-orbitals. On the other hand, the conduction
band mainly consists of Pr d-orbitals with small contribution of Bi p-orbitals. The strong
spin-orbit interaction splits degenerate Bi p-orbitals into p3/,, and py/, orbitals with a
splitting of ~ 1.9 eV. The p; , orbital goes into the valence band around —1.2 eV and
the p3/, orbitals contribute near the Fermi level and the valence band. The Pr d-orbitals
split into e, and 15, and SOI further splits 75, into doubly degenerate and non-degenerate
orbitals.

The band-structure between I' and X has some important features. For the non SOI
case shown in Fig. 5.11 (a) Bi(p) and Pr(d) orbitals cross close to the X point between I"
and X. With SOI, there is a band inversion below Er along I'-X creating a hole pocket
and a gap of 0.7 eV opens up at the X point. The direct band gap at I" point reduces from
0.26 eV for non-SOI to 0.15 eV for SOI. The overlap between the valence band at I" and
conduction band at X is 0.65 eV for PrBi with SOI.The electronic band structure of PrBi
with and without spin-orbit interactions are consistent with a recent report using VASP
implementation of DFT [152].
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Figure 5.11: (a) Electronic band structure and (b) partial density of states for non-spin-
orbit calculation. (c¢) Electronic band structure and (d) partial density of states with spin-
orbit included. Also shown in (b) and (d) is the total density of states (TDOS).

Fermi surface

Figure 5.12 displays the Fermi surface (FS) of PrBi with SOI. DFT predicts a spher-
ically symmetric and a star-shaped hole-pocket at I' shown in Fig. 5.12 (a) and (b), re-
spectively. Additionally, an electron-pocket is found at X as shown in Fig 5.12 (c). The
three FS pockets are consistent with three quantum oscillation frequencies observed in
experiments. The combined FS and a slice of the FS along the (001) plane are shown
in Fig. 5.12 (d) and (e), respectively. To compare with experiments, in Table 5.7 we list
the dHVA frequencies predicted by DFT for both with and without inclusion of spin-orbit
interaction on DFT-optimized and experimental lattice parameters. The magnetic field
H is parallel to the z-axis. To calculate dHVA frequencies we have used the maximally
localized Wannier function to generate the Fermi surface. From Table 5.7 we note that the
dHVA frequencies have a significant dependence on spin-orbit interaction and volume. So
in order to compare with experiment it is very important the DFT calculations capture the
correct picture of spin-orbit interaction. We observe that the quantum oscillation frequen-

cies @ and fB are overestimated and ¥ is underestimated in DFT calculations. However,
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the calculated quantum oscillation frequencies of PrBi without spin-orbit interaction agree

fairly well with the experimental data.

(@) (b)

Figure 5.12: (a)—(c) The Fermi surface of PrBi in the first Brillouin zone for each band
crossing the Fermi energy. (d) The total Fermi surface including all crossing bands. (e)
The Fermi surface slice for (001) plane. In (a) and (b) we show the two hole pockets of
the FS at the point and in (c) we show the electron pockets at each X point of the BZ.
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Table 5.7: Comparison between DFT-calculated and experimentally observed de Haas-
van Alphen (dHvA)/Shubnikov de Haas (SdH) frequencies in (kT). The o is the electron
band near X, and f and 7 are the hole pockets near I". DFT without SOI predicts an extra
hole-pocket (3,) near I'. Effective mass m* in m, is given in parenthesis.

DFT-Calculated Experiment
with-SOI no-SOI no-SOI
Optimized Exp-lattice Optimized
o | 0.42(0.47) 0.58(0.57) 0.30 (0.15) 0.264
B | 0.67(0.16) 0.68(0.16) 0.52(0.10) 0.57
Y | 1.3(0.34) 1.27(0.32) 0.11(0.23) 1.52
B - - 1.47 (0.34)

5.4 Conclusion

We have presented a detailed magnetotransport study on high-quality single crystals
of the rare earth monopnictides XBi (X = La, Pr). An extremely large nonsaturating mag-
netoresistance ( 10° %) has been observed, which is due to the compensated semimetallic
nature of LaBi and PrBi. The temperature-dependent resistivity in zero magnetic field
shows a typical semimetallic character, and a field-induced metal-insulator-like transition
is observed at low temperatures. The value of MR and mobility for the Dirac band in LaBi
has been found to be larger in comparison to the values reported previously. This is due to
the improved quality of the single crystals of LaBi. Fermi surface parameters have been
calculated from dHVA quantum oscillations. A small value of effective mass is consistent
with the Dirac nature of charge carriers in LaBi. Berry phase has been calculated fitting
the quantum oscillation data by full L-K fit analysis. From this fitting, a non-trivial Berry
phase close to 7 for o Fermi pocket clearly suggests the presence of topologically non
trivial Dirac type carriers in LaBi.

Magnetic measurements of PrBi are consistent with a localized trivalent Pr’* valence
state and reveal paramagnetic temperature dependent behavior down to a temperature
of T = 2 K. Thus PrBi is a potential material to observe topological properties in the
presence of electronic correlations. Hall measurements reveal a two-carrier compensated
nature of transport in PrBi. Pronounced quantum oscillations are observed in the mag-
netoresistance and magnetization data. We map out the Fermi surface (FS) of PrBi by
angle-dependent SdH and dHVA quantum oscillation measurements that reveal a three-
dimensional FS made up of two hole bands at the point and an electron band at the X point
in the BZ. Our magnetotransport measurements reveal effective masses for the o and f8
Fermi surface pockets that are quite large and unlikely to arise from Dirac bands. The
high mobility that we estimate is therefore somewhat surprising since a high mobility has

usually been connected to transport of Dirac electrons in topological materials. The three
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FS pockets observed in quantum oscillations are consistent with our electronic-structure
calculations. These results are consistent with recent ARPES measurements [175]. The
electronic structure calculations also reveal a band inversion along the -X directions lead-
ing to expectations of topologically nontrivial effects. A Landau fan diagram analysis
gives a value of 7 for the Berry phase. This is supported by an L-K fitting of the quantum
oscillation data, which also gave a Berry phase close to 7. This suggests the presence of
topologically nontrivial charge carriers in PrBi. Future quantum oscillation measurements

to higher fields are desirable to get a more reliable estimate of the Berry phase.



CHAPTER 0

Superconductivity in the topological materials PdTe, and
PdZBizTeg

6.1 PdTe,

Topological Superconductors (TSCs) have become the focus of recent research be-
cause they are theoretically predicted to host Majorana fermion excitation, which can be
of vital importance in topological Quantum computation [3, 66] . Previously, Majorana
fermions have been theoretically predicted and experimentally observed in the TI/s-wave
superconductors heterostructure [176, 177]. The zero energy bound states in the energy
gap of a s-wave SC in proximity to the TI mimic the Majorana fermion excitations. Later
on, it was conceived of a topological superconducting state in a single stoichiometric
compound, instead of the proximity driven topological superconducting state. The su-
perconducting state in PdTe, below the critical temperature T, ~ 1.5 K was discovred
in 1961 [178]. Recently, there has been theoretical prediction that the band structure
in the Pt and Pd based tellurides consists of tilted three dimensional linear bands, also
classified as the type-II Dirac semimetals. Subsequently, ARPES and magnetotransport
measurements have confirmed that PdTe, is Type-II Dirac semimetal [45, 179]. From our
recent quantum oscillations measurements study on the two compounds (chapter3), we
have concluded that multiple bands contribute to the transport, including a band with a
nontrivial Berry phase [180]. PdTe, is an interesting material, where topological band
structure and superconducting state coexist and therefore there have been speculation that

PdTe, may emerges as a topological superconductor. It was observed that intercalation of
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5% Cu in PdTe; raises its T, from 1.7 K to 2.4 K [179]. However, its isostructural type-II
Dirac semimetal PtTe; is not a superconductor. It was predicted that, in general, Maro-
jana modes are not stable in Type-I TSMs [3]. However presence of electron and hole
pocket in Type-II TSMs favors the large carrier concentration and superconductivity [44].
While there are now several theoretical studies on TSC in type-I topological materials
[181, 182], to our knowledge there is only one theoretical study of superconductivity in
type-II topological materials [183]. That study showed that unconventional superconduc-
tivity with a nodal gap structure will emerge if the superconductivity in PdTe; involves
electrons in the tilted topological band [183]. TSC in PdTe; is thus an exciting possibility,
which needs to be carefully examined.

Recent magnetization and transport experiment shows that PdTe, is a type-1 supercon-
ductor [184]. There magnetization data shows superconductivity with T, = 1.64 K and
quadratic temperature dependent critical field with H.(0) = 13.46 mT. The nature of su-
perconductivity in PdTe; is also investigated by STM and STS measurements [185, 186].
However some reports shows that PdTe, is a type-1 superconductor with multiple criti-
cal fields [184, 187]. In this chapter, we present the results of electrical transport, and
heat capacity measurements on high quality single crystals of the superconducting type-II
Dirac semimetal PdTe; to explore the possible unconventional (topological) nature of the
superconducting state. The electrical transport and heat capacity down to 0.4 K were mea-
sured using the He3 option of a quantum design physical property measurement system
(QD-PPMS).

Figure 6.1 shows the electrical resistivity p versus temperature 7 measured in zero
magnetic field with a current / = 0.5 mA applied within the crystallographic ab-plane.
The p(T') shows metallic behaviour with p(300 K) ~ 70 uQ cm and p(2 K) ~0.94 uQ cm,
giving a residual resistivity ratio RRR ~ 75. This RRR is larger than reported earlier in-
dicating that the PdTe; crystals are of high quality. The lower inset in Fig. 6.1 shows the
p(T) data below T = 3 K and the abrupt drop to zero resistance below T, = 1.75 K con-
firms the superconductivity in PdTe,. This value of 7. = 1.75 K is higher than previous
reports [102, 184], further confirm the high quality of single crystals.

Figure 6.2 (a) show the heat capacity C versus temperature 7" data for PdTe, between
T = 0.4 and 3 K measured in H = 0 and H = 500 Oe magnetic field. A sharp anomaly
at 7. = 1.72 K in the H = 0 data indicates that the superconductivity previously reported
using only transport measurements, is bulk in nature. No anomaly is observed down to
the lowest temperatures measured in H = 500 Oe, suggesting that the superconductivity
has been completely suppressed. This is confirmed by our heat capacity data in various
magnetic field which will be presented later. The H = 500 Oe data was treated as the
normal state data and was fit to the expression C = yT + BT3. The fit gave the values
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Figure 6.1: Electrical resistivity p versus 7' for PdTe; measured in zero applied magnetic
field with a current / = 0.5 mA applied in the crystallographic ab-plane. The top inset
shows an optical image of a PdTe, crystal placed on a milimeter grid. The bottom inset
shows the p(7') data below 3 K to highlight the superconducting transition with 7, ~
1.75 K.

y = 6.01(3) mJ/mol K? and B = 0.66(1) mJ/mol K*. The lattice part BT was then
subtracted from the C(T) data at H = 0 to obtain the electronic part of the heat capac-
ity C,;. The electronic heat capacity divided by temperature C,; /T versus T is shown in
Fig. 6.2 (b). An extremely sharp transition at the onset of superconductivity is observed at
T, = 1.72 K. The normal state Sommerfeld coefficient y = 6.01 mJ/mol K? is indicated by
an extrapolation (dashed line in Fig. 6.2 (b)) to T = 0 of the normal state data. An equal
entropy construction (not shown) gave almost the same 7. = 1.69 K, indicating no broad-
ening or smearing out of the superconducting transition due to sample inhomogeneties or

imperfections.

The data at the lowest temperatures were fit by the expression Cp /T = Vo5 +Aexp(—A/T),
where ¥, is the residual Sommerfeld coefficient from the non-superconducting fraction
of the sample and the second term is a phenomenological exponential decay expected
for a gapped (s-wave superconductor) system. The fit shown in Fig. 6.2 (b) as the solid
curve through the data below T = 0.5 K, gave the value ¥.; = 0.4 mJ/mol K2. With
the total ¥ = 6.01 mJ/mol K?, this suggests that ~ 7% of the sample volume is non-
superconducting. An excellent fit of the low temperature C,; data to an exponential de-

pendence suggests a conventional s-wave superconducting order parameter.

The magnitude of the anomaly in heat capacity at the superconducting transition is
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Figure 6.2: (a) Heat capacity C versus T for PdTe, measured in H = 0 and H = 500 Oe.
(b) Electronic contribution to the heat capacity divided by temperature C,;/T. The hor-
izontal dash-dot line is the value ¥ = 6.01 mJ/mol K? and the solid curve through the
lowest T data is a fit by a gapped model.

another measure of the nature (weak or strong coupling, single or multi-gap) of supercon-
ductivity. From the data in Fig. 6.2 (b) we estimate AC/yT, ~ 1.52, which is close to the
value 1.43 expected for a conventional, weak-coupling, single gap BCS superconductor.

This further supports the conventional nature of superconductivity in PdTe,.

Heat capacity measurements at various magnetic fields are shown in Fig. 6.3 (a).
As expected, the superconducting transition temperature is monotonically suppressed to
lower temperatures and its magnitude becomes smaller at higher fields. From an equal
entropy construction for the C(7') data at each H, we extract the 7, at that H and use it
to draw a critical-field H, versus temperature (H, — T') phase diagram. From the C(T)
data at various H, the lattice part was subtracted to get the electronic part C,;. This data
is shown in Fig. 6.3 (b), plotted as C,;/T . The data for each H were fit by the expression
Cot/T = Yyes +Aexp(—A/T) to get Yes(H). For an s-wave superconductor one expects
Yres(H) o< H. Whereas for a nodal superconductor, Y.s(H) o< H 1/2 is expected, which
is called the Volovik effect [188]. Fig. 6.4 (b) shows that ¥,.s(H) follows a linear in H

dependence, further supporting conventional superconductivity in PdTe,.

The H. — T phase diagram is shown in Fig. 6.4 (a) and follows a conventional be-
haviour expected for a BCS superconductor. In particular, we were able to fit the data
with the phenomenological expression H,(T) = H,(0)[1 — (T /T.)?], with the T = O criti-
cal field H.(0), and the critical temperature 7, as fit parameters. The fit shown as the solid
curve through the data in Fig. 6.4 (a) gave the values H.(0) = 195(2) Oe and T, = 1.78 K,

respectively.
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Figure 6.3: (a) Heat capacity C versus T for PdTe; between 7' = 0.4 and 3 K, measured in
various magnetic fields H. (b) The electronic contribution to the heat capacity C,; divided
by T at various H

In summary, PdTe; is an interesting material where a superconducting state below
T. ~ 1.7 K coexists with a Topological band structure. Specifically, PdTe; has previously
been shown to be a Type-II Dirac semi-metal raising the possibility of hosting a Topo-
logical superconducting state. A recent theoretical study of superconductivity in type-II
Weyl metals, relevant for PdTe,, predicts a superconducting state with nodes in the gap
function [183]. Such a state leads to a C,; ~ T? behavior in the superconducting state in
the lowtemperature limit. This in turn would lead to a reduced jump in the heat capacity
at T.. Nodes in the gap function also lead to the observation of the Volovik effect in a
magnetic field, C,;/T ~ +/H [188].

In this study we have used thermodynamic measurements on high quality single crys-
tals of PdTe, to probe the nature of the superconductivity. Our heat capacity measure-
ments confirm bulk superconductivity at 7. = 1.7 K and show that the anomaly at 7. is
characterized by the ratio AC/yT, ~ 1.5 which is close to the value 1.43 expected for a
weak-coupling, single-band BCS superconductor. The electronic contribution to the heat
capacity C,; at the lowest temperatures shows an exponential 7' dependence which points
to a gapped s-wave superconductivity. From H dependent C(T') measurements, we find
C.1/T ~ H, in contrast with behavior expected for nodal superconductivity. Additionally,
the critical field versus temperature phase diagram shows a behaviour expected for a con-
ventional superconductor. Therefore, all our results strongly indicate that inspite of the
presence of a topological band in the electronic band-structure of PdTe, which contributes
to the transport properties, the superconductivity in PdTe; is completely conventional and

has no Topological character.
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Figure 6.4: (a) The critical magnetic field H. versus temperature 7" phase diagram ex-
tracted from the C versus T data measured at various H. The solid curve through the
data is a fit by a phenomenological dependence. (b) The 7" = 0 value of the Sommerfeld
coefficient ;.5 = C,;/T vs H. The solid line through the data is a linear fit.

While there are very few direct predictions of signatures of TSC in heat capacity mea-
surements, most theoretical work on TSC predict unconventional order parameterswith
point or line nodes in the SC gap structure. Nodes in the gap structure would lead to
a nonexponential T dependence of th electronic heat capacity in the SC state as T —
0. There are also predictions of mixed order parameters with an s-wave component plus
other unconventional components to the SC gap. In such cases, depending on the fraction
of the unconventional component, the heat capacity could be exponential (mostly s-wave
component) or might deviate from it. However, because of this extra non-s-wave com-
ponent, the entropy balance w necessarily lead to the jump in the heat capacity at T; to
become smaller than the BCS value. In our case, the jump is close to and, in fact, slightly
larger than the BCS value. Thus, our heat capacity results rule out such scenarios. So, in
the least, our results put strong constraints on what kind of TSC, if any at all, could exist
in PdTe,.

6.2 Pd:Bi2T63

Recent theoretical prediction and experiment observation confirm that superconduc-
tors derived from TIs are favorable candidates for realizing TSCs [189, 190]. The high
spin orbit coupling in TIs favours the unconventional elecrton pairing in superconduc-
tors derived from TIs. Now, there are several material systems experimentally shown

to host superconductivity in a topological material. Such material systems includes Cu
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intercalated BipSes [191], the topological crystalline material Sn;_,In,Te [77], Cu in-
tercalated (PbSe);(BiySes)g [176], Sr intercalated BiySes; [192], Nb intercalated BipSes
[193] and Pd intercalated Bi;Tes [194]. While there are several studies reporting on the
superconducting properties of the other material systems, there is only a single report on
the occurrence of superconductivity in Pd,BirTes [194]. Since TSCs have been predicted
to be avenues to host Majorana Fermions as emergent quasi-particles, it is therefore im-
portant to study in detail the superconducting properties of various candidate topological
superconductors candidate.

Here we present synthesis, electrical transport, and magnetic properties of novel Pd
intercalated topological insulator BiTe;. We construct magnetic field vs. temperature
H-T and pressure vs. temperature P—T phase diagrams for superconductivity in this

material.

Single crystals and polycrystalline samples of Pd,Bi;Te; (x ~ 1) were grown using a
Bridgeman technique or by conventional solid state reaction, respectively. The XRD pat-
terns were obtained at room temperature using a Rigaku Geigerflex diffractometer with Cu
Ko radiation. Chemical analysis was done using energy dispersive spectroscopy (EDS)
on a JEOL SEM. Electrical transport was measured using a Quantum Design Physical
Property Measurement System (PPMS). Magnetic susceptibility x(7') at various pres-
sures P < 1.3 GPa were measured using a Cu-Be pressure cell with the VSM option of a
Quantum Design PPMS.

Large shiny crystals could be easily cleaved from the as grown boule. Chemical
analysis gave the approximate chemical stoichimotery Pdg 93Bi;Tes which we will call
PdBi,Tes. Some crystals were crushed into powder for X-ray diffraction measurements.
The PXRD measurements shown in Fig. 6.5 confirmed the majority phase to be Bi,Tes
with lattice parameters a = 4.378(5) A c= 30.499(7) A which are close to those of
BirTes (a = 4.375 A, c =30.385 A) but with a slightly enhanced c-axis parameter which
is most likely due to Pd intercalation between layers. We note that it is difficult to pre-
dict whether the lattice parameters will increase or decrease on intercalation, and by how
much. We point to two examples of intercalated layered materials which become super-
conducting. For one material the lattice parameters increase on intercalation while for the
other they decrease. These examples are Cu,TiSe, [195] and Zn,ZrNCI [196], respec-
tively. For Cu,TiSe, the lattice parameters increase from a = 3.54 A and c=6.01 A to
a=3.546 A and c = 6.045 A after intercalation. These changes are less than 0.5 %.
For Zn,ZrNCl, the lattice parameters decrease from a = 3.595 A and ¢ =27.640 A to
a=3.580 A and ¢ =27.592 A after intercalation. A decrease of less than 0.5 %. For our
samples we find an increase of similar magnitude. The PXRD data shows the presence

of secondary phases such as PdTe;, BiPdTe, and Pd;;Bij9Teg. This is consistent with the
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Figure 6.5: Powder x-ray diffraction (PXRD) data for PdBi,Tes. The vertical bars below
the data are the expected Bragg positions for the various phases suspected to be present
in the sample.

earlier report [194]. We point out that none of the observed impurity phases are reported
to superconduct above T = 2 K and therefore do not interfere with our goal in the present
work which is to study the effect of magnetic field and pressure on superconductivity in
PdBi;Tes. The phase PdTe is a known superconductor with 7, ~ 4.5 K. However, we did

not observe any trace of superconductivity at 4.5 K in our measurements.

Magnetic susceptibility was measured for two different polycrystalline samples. The
percentage superconducting volume fraction (in a zero field cooled measurement) given as
41 times the volume magnetic susceptibility yy = M /H versus T data for two PdBi,Te3
samples between 7= 2 K and 8 K measured in various applied magnetic fields are shown
Figs. 6.6 (a) and (b). The onset 7. = 5.5 K and the small superconducting fraction
(VF) of about 1.5% are consistent with the previous report [191]. The small value of
VF in PdBi;Tes could be due to presence of anticite defects in Bi; Te; which might makes
difficulty in the interclation of Pd in between the layers of Bi;Tes. The inset in Fig. 6.6 (a)
shows the data on a scale where the onset of the superconducting transition for various
magnetic fields can be seen clearly. As expected, the onset 7; shifts to lower temperatures
with increasing magnetic fields. Figure 6.6 (b) insets show the construction (intersection
of linear extrapolations of the data above and below 7;) that was used to determine the
onset 7,. From these data, the onset 7, at various magnetic fields H was extracted and an

H-T phase diagram drawn. These data are plotted in Fig. 6.8.
Figure 6.7 (a) shows the ac electrical resisitivity p of PdBi;Te; for T < 8 K mea-
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Figure 6.6: Magnetic susceptibility y versus temperature 7' data below T = 8 K measured
in various magnetic fields H for two different samples of PdBi,Te3. The data is plotted as
the superconducting volume fraction 47y . The inset in (a) shows the data on a scale so
that the suppression of the onset of superconductivity with increasing magnetic fields can
be seen clearly. The inset in (b) shows the construction used to detrmine the onset 7, for
different H.

sured at various magnetic fields. At H = 0 we observe the onset of superconductivity at
T. = 5.5 K. This onset 7, is depressed to lower temperatures with increasing H. The p
values do not fall to zero in the superconducting state which is consistent with the ear-
lier report.[191]. However, the Meissner effect and the depression of 7. with H confirms
superconductivity in PdBi,Tes. The onset 7, at various magnetic fields H were extracted
from these data and an H-T phase diagram was drawn. These data are also plotted in
Fig. 6.8 (b).

Figure 6.7 (b) shows the low temperature magnetization versus temperature data at
two pressures: P =0 and P = 1.28 GPa. In these measurements, Sn was used as a
manometer. The superconducting 7, for Sn (not shown) at various pressures was used
to determine the pressure. To reveal the superconductivity of PdBiTe; over the back-
ground of the pressure cell we had to apply a fairly large magnetic field of H = 100 Oe.
Figure 6.7 (b) inset shows a typical magnetization plot where the superconducting transi-
tion can be seen as a sudden downturn of the data on top of a paramagnetic signal from the
cell. This paramagnetic background signal was subtracted from the raw data to give plots
shown in the main panel of Figure 6.7 (b). Figure 6.7 (b)shows that the 7, for PdBi,Tej
is suppressed to lower temperatures on increasing pressure. Similar measurements were
performed at pressures P ~ 0,0.2,0.6,0.9,1.28, respectively. These data were used to
extract the onset 7, for each P. Figure 6.8 (a) shows the P-T phase diagram for PdBi, Te;
for P < 1.3 GPa. We find that the T is suppressed approximately linearly with pressure at
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Figure 6.7: (a) Low temperature resistivity p versus temperature 7 for PdBi, Te3 at vari-
ous applied magnetic fields H. (b) Magnetization versus temperature at different pressures
measured in a magnetic field of H = 100 Oe. The inset shows the magnetization data of
the pressure cell plus the PdBi,Te; sample highlighting the abrupt downturn of the data
on the onset of superconductivity.

arate dT,/dP ~ —0.28 K/GPa. The effect of pressure on 7, of PdBi,Te3 can be explained
by McMillan equation [197, 198]

_h<a)>exp{ —1.40(1 1) } 61)

T.— - ="~

¢ 1.20 A —u*(1+0.621)
where < @ > is an average phonon frequency, A is the electron phonon coupling parame-
ter and u* is the Coulomb repulsion term. The volume (V) derivative of equation 6.1 can

be written as

dInT, dInT, dlnn
=—-B =Y+Aq—-+2 6.2
dinV ap T {dmv+'y}’ 62)
where B is the bulk modulus, y == —dIn < ® > /dInV the Gruneisen parameter, N =

N(Ef) <I? >, I* is the average squared electronic matrix element, A= 1.04A[1 +1.38u*][A —
p*(1+0.621)]72. For simple metallic superconductors typical value of 2y & +3 to +5
and dInn/dInV =~ —1. Since value of -y is small and A is always positive the sign of
dT./dP is negative. Therefore due to lattice stiffening with pressure, 7 decreases in sim-
ple metals. For example T, for Sn suppressed to lower temperature linearly with pressure
P at a rate of dT,/dP ~ —0.482 K/GPa [199].

In summary, we have synthesized single crystals and polycrystals of Pd intercalated
Bi; Tes, confirmed the occurrence of superconductivity with a 7. = 5.5 K, and studied the

superconducting properties under magnetic field H and externally applied pressure P. The
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Figure 6.8: (a) Pressure P dependence of the superconducting transition temperature 7;
for PdBi,Te;. Inset shows the P-vs-T,. for Sn which was used as a manometer. (b) The
magnetic field-temperature phase diagram for PdBi,Te; determined from the magnetic
and electrical transport measurements. The curves through the data are fits to different
models.

magnetic field-temperature (H-T') phase diagram extracted from both electrical transport
and magnetic measurements show an upward curvature near 7, as has been previously
observed for several unconventional superconductors like high 7. cuprates and organic
superconductors [200, 201] as well as for the multi-gap superconductor MgB, [202]. We
tried to fit our H-T data using phenomenological models that have been used previously
for conventional BCS type superconductors. Figure 6.8 (b) shows results of our attempts
to fit the H-T data obtained using the magnetic measurements described above with the
expression H(T) = Hy[l — (%)”], for fixed n = 1 or 2, where Hy is the T = 0 critical
field. It can be seen from Fig. 6.8 (b) that the fit for n = 2 is extremely poor and the fit for
n =1 is satisfactory only at lower temperatures away from the H = O critical temperature
T. = 5.5 K. The Hj obtained in these fits range approximately from 6 to 10 kOe. If
n is allowed to vary as a fit parameter, the best fit is obtained for n < 1 confirming the
unconventional upward curvature. For example, the fit giving n ~ 0.4 is shown as the
solid curve through the H-T data obtained from the resistivity measurements. This H(T')
behavior is unusual and suggests the possibility of unconventional superconductivity in
PdBi,Tes.

Additionally, from high pressure magnetic measurements we found that 7, is sup-
pressed to lower temperatures approximately linearly with pressure P at a rate d7,/dP ~
—0.28 K/GPa. This suppression of 7. with pressure is expected for conventional electron-

phonon mediated superconductivity and occurs due to the stiffening of the lattice with
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pressure. The H-T and P-T phase diagrams therefore give seemingly conflicting results
about the nature (conventional or unconventional) of superconductivity in PdBi;Tes. We
note that MgB, also shows such conflicting behaviors [202, 203]. MgB, is an electron-
phonon mediated superconductor and hence its 7, decreases with pressure P. The uncon-
ventional upward curvature in its H—T phase diagram most likely arises due to its two-gap

nature. The reason for such behavior in PdBi,Tes is not understood at present.
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Summary and Outlook

7.1 Summary

In this thesis, we have investigated the topological character and nature of Fermi sur-
faces of some topological quantum materials by utilizing electrical, magnetic and heat
capacity measurements. In these magnetotransport measurements, we have explored the
electrical and magnetic characteristics of the topological band structure by performing
various experiments such as, angle dependent MR and magnetization measurements,
in-plane resistivity measurements for the planar Hall effect, and low-temperature heat-
capacity measurements. We have successfully identified the topological character of some
of the semimetals. wW have also grown high quality single crystals of the Bij_,Sb,
(0 <x <£.16), PdTe,, Pd,Bi;Tes (x =~ 1) and PtTe;, XBi (X = La, Pr) by modified Bridg-
man and flux growth techniques, respectively.

In our study the detailed magnetotransport properties of high quality single crystals
of Bi;_,Sb, covering a large TI range x = 0.032 — 0.16 has been carried out. The quality
of these crystals has been found to be unprecedented in comparison to the other reports,
which is reflected by the very large MR, exceptionally large mobility and the mean free
path of the carriers. We have for the first time, shown the topological phase transition
from the trivial to nontrivial topological state by analyzing the cyclotron orbit phase of
the carriers, also known as the quantized Berry phase. Additionally, we have pinned down
the topological critical point, where a Dirac semimetal evolves into a strong topological
insulator as we changes the spin-orbit interaction strength (by increasing the Sb doping

concentration). From the Landau fan diagram analysis of the quantum oscillation data
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around this quantum critical point, we track the evolution of the Berry phase across the
topological transition around x ~ 0.03. A signature of the Weyl state is the observation
of a chiral anomaly. We provide clear evidence that in addition to the crystal at x = 0.032
which is at the topological phase transition, samples at x = 0.072 and 0.16 also show
pronounced chiral magnetic effect with a negative LMR which is strongly suppressed
on increasing the angle between B and 1. We have addressed the additional microscopic
mechanisms, other than chiral anomaly, responsible for the appearance of the negative
MR in a very high mobility crystal with chemical inhomogeneity causing the conductivity
fluctuations. Additionally, the non-linear I-V is observed for x = 0.16 crystals only when
B|| I, thus confirming the Weyl state of the Bij_,Sb. The negative LMR for x = 0.16
was the strongest. These observations strongly indicate that a WSM state exists for other

compositions of x even far away from the topological phase transition at x = 0.03.

Second part of this thesis work is devoted to the angle and temperature dependent
magnetotransport measurements on high quality single crystals of ATe, (A = Pd, Pt),
a theoretically predicted type-II Dirac semimetal family consisting of tilted bulk Dirac
cone. Multiple frequencies for both field orientations (B || ¢ and B || ab) have been ob-
served in the fast Fourier transform (FFT) spectra of the quantum oscillation data which
suggests multiple Fermi pockets crossing the Fermi level. The number and positions of
the frequencies suggest different band structures for PdTe, and PtTe,. Extracted trans-
port parameters for PtTe, reveal a strong anisotropy which might be related to the tilted
nature of the Dirac cone. Using a Landau level fan diagram analysis we find at least
one Fermi surface orbit with a Berry phase of 7 consistent with Dirac electrons for both
PtTe, and PdTe,. The light effective mass and high mobility are also consistent with
Dirac electrons in AT, (A = Pd, Pt). Our results therefore suggest that PdTe, and PtTe,
are three-dimensional Dirac semimetals. Owing to the deeply rooted Dirac points be-
low the Fermi level in the PtTe, (0.8eV) and PdTe, (1eV), we could not observe chiral
anomaly induced negative MR. However, we have observed the planar Hall effect (PHE)
in type-II Dirac semimetal PtTe;, the origin of which is not clear at the moment and fur-
ther theoretical and experimental investigation of these findings are needed to pin down
the exact physical mechanism behind the appearance of this unusual effect, especially in
non-magnetic material systems. Interesting part in this observation is that PHE is observ-
able up to room temperature, suggesting the robustness of the relativistic carriers against
the electron-phonon scattering. Thus our observation of PHE for a system like PtTe,
therefore suggests that PHE can be used as a crucial transport diagnostic for topological
character even for band structures with Dirac nodes slightly away from the Fermi energy.
At present, in these non-magnetic systems, anisotropic transport driven by the layered

structure of the Van der Waals materials seems to be possible origin of this PHE. Future
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work on these material systems focusing on the change of dimensionality and locating
the chemical potential in the vicinity of tilted Dirac node will certainly shed light on the

microscopic origin of this effect.

In the next part of the work, we have probed the topological character and nature of
Fermi surface of XBi (X = La, Pr) by measuring the angle and temperature dependent
SdH and dHVA oscillations. An extremely large nonsaturating magnetoresistance ( 10°
%) has been observed, which is due to the compensated semimetallic nature of LaBi and
PrBi. The FFT spectra of dHVA oscillations of LaBi, reveal two different oscillation fre-
quencies F(a) =273 T and F(B3) = 603 T. The presence of these two frequencies indicates
the presence of two Fermi surface pockets in the band structure of LaBi. The Dirac na-
ture of the charge carriers in LaBi has been confirmed by extracting a Berry phase of
7 by fitting the quantum oscillations by L-K formula. After confirming the presence of
Dirac semimetal phase in LaBi, we extended our study to a new material PrBi. PrBi is a
novel material in which the presence of f electrons, in addition to the possible topological
band structure raises the prospect of realizing a strongly correlated version of topological
semimetals. Our magnetic measurements of PrBi are consistent with a localized trivalent
Pr3* valence state and reveal paramagnetic temperature dependent behavior down to a
temperature of T =2 K. We map out the Fermi surface (FS) of PrBi by angle-dependent
SdH and dHvA quantum oscillation measurements that reveal a three-dimensional FS
made up of two hole bands at the point and an electron band at the X point in the BZ.
The three FS pockets observed in quantum oscillations are consistent with our electronic-
structure calculations. A L-K fitting of the quantum oscillation data as well as a Landau
fan diagram analysis gave a Berry phase close to &, suggesting the presence of Dirac

fermions in PrBi.

Lastly in the final chapter of this thesis, we examined the nature of superconductivity
in PdTe, and PdBi,Te;. PdTe, is an interesting material, where topological band structure
and superconducting state coexist. Our heat capacity measurements confirm bulk super-
conductivity at 7. = 1.7 K and show that the anomaly at 7, is characterized by the ratio
AC /YT, = 1.5, which is close to the value 1.43 expected for a weak-coupling, single-band
BCS superconductor. The electronic contribution to the heat capacity C,; at the lowest
temperatures shows an exponential T dependence, which points to a gapped s-wave su-
perconductivity. From H dependent C(T) measurements, we find C,;/ T ~ H, in contrast
with behavior expected for nodal superconductivity. Additionally, the critical field versus
temperature phase diagram shows a behavior expected for a conventional superconductor.
Thus, our measurements strongly indicate that the superconductivity in PdTe, is conven-
tional in nature despite the presence of topologically nontrivial electrons contributing to

the transport. The superconductors derived from TIs are favorable candidates for realiz-
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ing TSCs. We studied the superconducting properties of PdBi;Tes under magnetic field H
and externally applied pressure P. We confirm superconductivity with a 7. ~ 5.5 K. The
H-T phase diagram extracted from both electrical transport and magnetic measurements
show an upward curvature near 7. as has been previously observed for several uncon-
ventional superconductors like high 7, cuprates and organic superconductors as well as
for the multi-gap superconductor MgB,. From high pressure magnetic measurements we
found that 7 is suppressed to lower temperatures approximately linearly with pressure
which is expected for conventional superconductors. The H-T and P-T phase diagrams
therefore give seemingly conflicting results about the nature (conventional or unconven-
tional) of superconductivity in PdBi;Tes. A future detailed study is needed to confirm

nature of superconductivity in PdBi;Tes.

7.2 Outlook

The research on topological phases of matter has been greatly intensified due to its
fundamental importance and possible technological applications in spintronics and quan-
tum computation. Last decade has witnessed great improvement in the synthesis and un-
derstanding of topological materials. However there are some challenges in the research
field of topological materials. One of these challenges is the complete bulk conduction
suppression in case of the topological insulators and thus the realization of the surface
Dirac states dominant transport. This is known as topological transport regime, where
chemical potential lies near the Dirac point in the bulk band gap, with no impurity band.
First Bi and Sb based alloy solution was discovered as the first topological insulator along
with other Bi and Sb based binary tellurides and selenides. However, all these material
systems were found to be highly bulk conducting owing to the defect generated residual
carrier density. However recent transport experiments shows that bulk conductance of
BiySes can be reduced by Ca doping. Another promising way to get rid of bulk state is
the growth of epitaxial thin films. BiSbTeSe2 is one of the most bulk insulating topo-
logical insulator candidate materials till date, but still plagued by the spatially fluctuating
electronic band structure due to the formation of local electron-hole puddle. This opti-
mization process of removing electron-hole puddle is being carried out by growing these
crystals in various growth conditions, while this thesis is being written.

Apart from TIs, DSMs/WSMs have been the focus of intense recent research. How-
ever, various research groups around the globe are still looking for realization of intrinsic
Weyl/Dirac semimetals, with no interference from the presence of the other trivial Fermi
pockets near the Fermi level. In existing majority of DSMs/WSMs, trivial Fermi pockets

coexist with Weyl/topological Fermi pockets, which makes it difficult in interpreting the
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experimental results. For example PdTe; and PtTe, (studied in the present thesis) have
several trivial Fermi pockets which complicate the truly intrinsic character of the tilted
Dirac cone in these materials. Research groups worldwide including ours are still search-
ing for ideal topological semimetals which exhibit single pair of Weyl points with Weyl
points being close to the Fermi energy. For example the Dirac points in PdTe; and PtTe,
lies 1 eV and 0.8 eV below the Fermi level respectively. In this direction Pt/Pd doping
in IrTe, has been suggested to cause the Dirac point to approach the Fermi level. This
work is currently in progress in our Novel Materials Lab. By following current findings
on these material systems, we are hopeful of locating the topological superconducting
state in the Pd/Pt doped IrTe;. Further it could be possible to tune the Fermi level close
to Dirac/Weyl point by external parameters such as pressure. A topic of immense cur-
rent interest is trying to combine topological character with strong electronic correlations.
The Kondo insulator SmBg¢ and the pyrochlore iridates R,Ir,O7 are examples of materials
that are candidates to show exotic properties from a combination of topology and electron
correlations. The Experimental realization of Majorana fermions in TSCs is still an open
issue. These Majorana excitations are of fundamental as well as technological interest
and can also be utilized in fault-tolerant Quantum computation. There may be several

other potentially useful application for topolgical systems.
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