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Abstract

Topological materials have been the most captivating research fields in condensed mat-
ter physics, yielding connections between different scientific disciplines and promising
breakthroughs in topological quantum computations. This thesis embarks on synthesiz-
ing and studying the properties of single crystals those are anticipated to host nontrivial
band topology. Using angle-resolved photoemission spectroscopy (ARPES), we explored
the band structures of various topological materials. For instance, FeSi is a topolog-
ical semimetal with exotic spin-1 and spin-3/2 fermions. Overall the ARPES data of
FeSi matches with density functional theory (DFT) calculations. However, the respec-
tive higher-fold degenerate band crossing points (BCPs) appear 0.54 eV above the Fermi
level, which could not be observed by ARPES. Subsequently, we performed ARPES
measurements on Kgg;RhOs that is predicted to be a quantum topological Hall insu-
lator. Although no topologically protected band dispersions were observed, we found
momentum-dependent strong electron-phonon coupling possibly leading to a high-energy
kink at around 195 meV. By studying the magnetic and transport properties of antiferro-
magnetic (AFM) topological insulator (TT) Mn;_,Sn,BisTe,, we observed reduction in the
saturation magnetic field with increasing Sn. At an appropriate Sn concentration (68%)
we observe the quantum anomalous Hall (QAH) state at much lower critical fields than
in the parent MnBi,;Tey. Furthermore, ARPES investigations of 10% magnetic impurities
(Co, Mn, Eu) doped into the topological insulator BisSes revealed unaltered topological
surface states (TSSs), demonstrating the robustness of topological states against the mag-
netic impurities. This indicates that introducing more magnetic impurities is necessary to
open the gap. We further studied the electronic band structure of noncollinear AFM Weyl
semimetal (WSM) Mn3Ge. Presence of several bands near the Fermi level obstructs us
from resolving the bands associated with the Weyl nodes. Nevertheless, we achieved com-
mendable agreement between DFT calculations and ARPES data. By comparing ARPES
data with orbital-resolved DF'T calculations, we could estimate the orbital contributions
of different bands.
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Chapter 1

Introduction

The discovery of topological phases of the matter, such as the quantum Hall effect
(QHE) [14] has developed one of the most intriguing research fields in condensed matter
physics, as the scientific context of these systems not only connects various fields of the
fundamental sciences but provides fascinating technological applications in spintronics
and topological quantum computations [15, 16]. Importantly, the theory of topologi-
cal materials is deeply rooted in high-energy physics as these materials can be classified
based on the characteristic Weyl fermions [17], Dirac fermions [18], and Majorana fermions
[19, 20], which are the fundamental particles predicted in high-energy physics a long time
ago. The presence of such Dirac fermions was initially observed in the nontrivial two-
dimensional topological insulators (TIs) like 2D HgTe quantum wells, BisSes, BiyTes,
SboTes, etc, hosting quantum spin Hall (QSH) state. In these systems, the conducting
Dirac fermions present on the sample surface are protected by the time-reversal symmetry

(TRS), while the bulk states remain insulating in nature.

Followed by TlIs, several other topological materials such as topological superconduc-
tors [21], Dirac semimetals (DSMs) [22, 23], Weyl semimetals (WSMs) [24] have been
discovered. Unlike in TIs, in DSMs and WSMs the topological states are bulk in nature.
In the case of DSM, the band crossing points (BCPs) are protected by the time-reversal
and inversion symmetries to possess four-fold degeneracy. Upon lifting one of these two
symmetries, one can derive the WSM from DSM. In this case, the BCP behaves like a Weyl
point, is protected by one of the two symmetries to possess two-fold degeneracy. Apart
from TI, DSMs, and WSMs, there exist other classes of quantum states, like Majorana

fermions, that are localized at the edge of the topological superconductors [25]. Recently,
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a new class of quantum materials also emerged with manifold degenerate fermions at the
BCP [26].

Microscopic understanding of these exotic topological quantum materials is of utmost im-
portance for unraveling their potential futuristic applications in quantum computations
and spintronics. The objective of this thesis revolves around the synthesis of high-quality
single crystals of various topological materials with in-depth investigation of their struc-

tural, physical, electronic properties, as well as electronic band structure studies.

The first chapter of this thesis provides an overview of various topological materials dis-
covered to date. We begin with the QHE, the first identified topological state, and then
explore other topological states discovered over time. We examine experimental evidence
of their topological phases in different condensed matter systems for each class of these
materials. We also offer a concise theoretical explanation to give experimental researchers
a basic understanding without going into complex theoretical derivations. The first sec-
tion confers about the QHE and briefly introduces important mathematical concepts like
the Chern number and Berry curvature. These concepts will be essential for grasping
more advanced discussion on topological phases in later sections. Moving from there,
we cover the topics such as the quantum spin-Hall (QSH) insulators (also known as 2D-
TIs), 3D-TTIs, QAH insulators, WSMs and DSMs. We conclude the chapter by exploring

topological semimetals with higher-fold degeneracy.

In the second chapter, we discuss the experimental techniques utilized for the synthesizing
of various single crystals and exploring the properties. We start by discussing the flux-
growth technique employed for the single crystal growth. Moving forward, we focus on
crystal characterization methods, including energy dispersive X-ray analysis (EDS), X-
ray diffraction (XRD), and low-energy electron diffraction (LEED). Magnetic properties
of the single crystals were studied by using the vibrating sample magnetometer (VSM).
Electrical and magneto-transport studies were carried out suing the physical property
measurement system (PPMS of Quantum Design, DynaCool, 9T). Valance band and core-
level spectra is studied using the X-ray photoemission spectroscopy (XPS). Low-energy
band structure is studied using the angle-resolved photoemission spectroscopy (ARPES).
Additionally, we have briefly introduced the critical components of the setup and their

respective functions.

From Chapter 3 to Chapter 7, we present our experimental results obtained on various

topological materials conducted during my Ph.D. tenure. Chapter 3 discusses the band
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structure of FeSi, a topological semimetal that hosts higher-fold degenerate fermions. Us-
ing ARPES measurements, we extensively studied the band structure of FeSi. In Chapter
4, we analyze the band structure of theoretically predicted QAH insulator Kgg;RhO5 us-
ing ARPES. Our studies suggest Ky g5RhO5 to be a strongly correlated system but not
a QAH. In Chapter 5, we explore the effects of Sn doping on the electronic, magnetic,
and transport properties of the intrinsic AFM-TI MnBi,Te,. Chapter 6 investigates the
influence of magnetic impurities on the electronic structure of 3D TI BiySes using ARPES,
while Chapter 7 concentrates on the electronic structure of the magnetic WSM Mn;Ge.
Finally, Chapter 8 concludes the thesis by summarizing the main observations drawn from

our experimental observations.

1.1 Quantum Hall effect

Topological materials have been the most fascinating research fields in condensed matter
physics, which started with the discovery of QHE [14]. According to Landau’s theory,
different phases of matter can be classified by their spontaneously broken symmetries.
For example, the crystalline solids and the magnetic materials can be classified by the
spontaneously broken translational and the rotational symmetries, respectively. However,
QHE [27, 28] could not be classified in such a way as these states are protected by certain
symmetries, which compelled a new classification of states known as topological phases

of matter.

The phenomena of QHE was first discovered by K.V. Klitzing in 1980 [14], for which he
won the Nobel prize in 1985. A typical Hall set-up is presented in Fig. 1.1(a). When
a magnetic field (B) is applied along the z axis and the current (I) is flowing along z-
direction, a Hall voltage (Vi) is generated along the y-axis. The Lorentz force gvxB bends
the charge carrier’s flow and accumulates the opposite charge carriers to the opposite side
of the sample, generating a potential difference between the opposite sides. This electric
potential along the y—axis is termed Hall voltage V. In an ordinary Hall state, the
Hall resistance R,, = Vp/I varies linearly as a function of magnetic field B. However,
in quantum Hall state, R,, vs. B graph exhibits plateaus for a particular magnetic field
range after which R,, jumps to the next plateau (Fig. 1.1(b)). Moreover, When R,,
jumps from one plateau to the next plateau, the longitudinal Hall resistance R,, becomes

zero and only becomes finite at the step of each plateau in R,, (Fig. 1.1(b)). The value of
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Figure 1.1: (a) Schematic of a Hall-effect set-up. (b) QHE as observed by K. V. Klitzing.
The diagram is taken from Ref. [1]. (c) A simplified model demonstrating a quantum
Hall state with insulating bulk (full circles) and conducting edge states (half circles at
the edge). (d) Landau levels under magnetic fields. (e) Landau levels under external
magnetic and electric fields.

R, in each of these plateaus can be expressed as R,, = h/Ne? (N is an integer number).

This quantization of R,, was initially explained quantum mechanically by Landau levels
[29].

1.1.1 Landau levels

The origin of Landau levels is related to the problem of the free electrons moving under
a magnetic field B. The Lagrangian of an electron with charge -e, mass m, and velocity

X can be written as
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1
L= §mx2—e.x.A (1.1)

Here A is electromagnetic vector potential (B = V x A). Under gauge transformation
of A, there will be an additional term Ve, considering « is a scalar field. However, this
scalar field does not change the equation of motion, and the Lagrangian remains gauge

invariant.

Next, we calculate the Hamiltonian from the Lagrangian:

oL 1 )

Here, p is the canonical momentum. Considering B = Bz, one can write A = Bxy as a

choice of Landau gauge. This way, the Hamiltonian in Eqn.1.2 becomes,

H—p§+1(+3)2 (1.3)
 2m Qmpyex '

As our choice of Landau gauge makes the y-direction translational invariant and p, and

H are commutative, the py operator can be written as hk,:

o i N (hk, + eBx)?

1.4
2m 2m ( )

The above Hamiltonian is quite similar to the Hamiltonian of a harmonic oscillator moving

along the z-axis. Expressing Eqn.1.4 in a similar fashion, one can get:

2 2
Py Mo, 22

H= % + 5 (I + ]{'le) (15)

Here, w. = eB/m stands for cyclotron frequency of the circular orbits of electrons

| h
(Fig.1.1(c)) in the magnetic field Bz and lp = B represents the magnetic length.
e

The Hamiltonian in Eqn. 1.5 is similar to a harmonic oscillator except for a shift of k,l%

along r—axis. The energy eigenvalue of the Hamiltonian will be
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Ex = he, <N + é) (1.6)

A representation of such energy levels as a function of the density of states (DOS) is pre-
sented in Fig. 1.1(d). To sum up, the presence of magnetic field Bz on a free electron gas
confines the electron DOS to equispaced energy levels known as Landau levels. Moreover,
the number of available states in each Landau level is found to be BA/®,. Here, A is the
area of the sample, and ®; = 27wh/e is known as the flux quantum. For electrons, one
needs to take the spin degeneracy (S = 2) into account, which will double the number
of electrons in a Landau level to 2BA/®;. When N number of Landau levels are filled
with electrons, we observe a resistivity plateau at R,, = h/Ne* in QHE. It is to be noted
that Landau levels are comparable to an insulator as the filled and empty levels have
hw. energy gap. Despite that, we observe finite Hall resistance in QHE. To resolve this

discrepancy, we need to take the electric field £X applied during Hall measurements into

account. Considering the electric potential V' = —FEz, Eqn. 1.3 will now become
pi 1 2
H= o T o (py + eBx)" + eEx (1.7)

and the corresponding energy eigenstates become

1 9 el mE?
En, = hw, <N+ 5) — ek (kle + mw%) + 52 (1.8)

The eigenstates are now proportional to k,. A visual representation of the Landau levels

in presence of applied electric field is shown in Fig. 1.1(e). The group velocity of electrons
become v, = %dbzl]]:;’“y =

we observe quantized Hall resistance instead of insulating behavior.

—F/B, meaning the electrons drift along y—direction. As a result,

1.1.2 Origin of edge states

Although the Landau levels explain the origin of quantized Hall resistance, there is another
remarkable phenomenon called edge modes that occur in a quantum Hall state. The
quantum Hall state develops a channel across the edge of a sample through which current

flows without backscattering [30, 31]. A simplified description of the edge states is sketched



18 Chapter 1. Introduction

-L/2 L/2

Figure 1.2: An illustration of the potential inside the system of width L. V, is constant
within the bulk of the sample —L/2 < x < L/2 and slowly starts to increase near the
edge of the sample.

in Fig. 1.1 (d). When magnetic field B is applied perpendicular to the sample, the
electrons move in cyclotron orbits inside the sample, which cause the bulk of the sample
to become insulating. However, along the edge of the samples, the cyclotron orbits are not
complete as the electrons collide with the boundary. The skipping orbits create a gapless
channel through which the electrons are allowed to move in a specified direction. The
opposite edges of the sample have electrons flowing in opposite directions. Such regulated

motion of electrons across the edge of the samples are known as chiral edge channels.

To understand the origin of edge channels quantum mechanically, we consider a potential

V(z) inside the sample (Fig. 1.2). Performing Taylor expansion on V(x) one can write
dv

V(z) =V (Xo)+ d—(m—Xo) +..... Ignoring the quadratic term, We can assume V(z) x z.
x

Considering V' (z) in the Hamiltonian we get,

2
Dy 2
H= o T o (py + eBzx)” + V(z) (1.9)

The above Hamiltonian is identical to that of Eqn. 1.7, where electric field E(%) is applied

1 dV
“eBdr
along the y—axis. For < 0, v, > 0 and v, < 0 for > 0. This explains the opposite

on the system. As a result, we will get a similar drift velocity of electrons, v, =

current flow in the opposite edges of the sample in a chiral manner. Further derivation

1
of the current flow [, will give us I, = —e/27 [v,dk, = ¢/2n [ —B% = %AV. Here
€ y

AV stands for the potential difference between the two edges of the sample, which can
be written as AV = eVy in terms of Hall voltage. In this manner, Hall resistance
Ry, = Vi/I, = h/e*. While discussing the Hall current, one needs to incorporate the
contribution of the electric field discussed in Eqn. 1.7 with the edge potential. In this

scenario, the potential will appear as Fig. 1.3.
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Figure 1.3: Potential as a function of sample width with consideration of electric field

V(X)
§\\ ________ B ___/
X
-L/2 L/2

Figure 1.4: Potential under magnetic and electric fields.

However, the addition of an electric field does not change the I, as long as the variation
of V(x) with x is small, and the Hall resistance remains quantized. Fig. 1.4 demonstrates
the inclusion of the potential V' (z) to the Landau levels. As it can be seen, There are now

N number of chiral edge channels for N number of filled Landau levels.

1.1.3 TKNN invariant

As mentioned earlier, one of the main attractive features of the chiral edge channels in
QHE is that they flow dissipationless currents. These channels are robust and can survive
disruptions like impurities. This overall quantization of the Hall current and the robust
chiral edge states has a topological aspect to it. Moreover, quantized Hall resistance is
also observed without any magnetic field in some materials (QAH insulators), which can
not be solely explained by the Landau levels. This is where the theory developed by D.J.
Thouless, M. Kohmoto, M.P. Nightingale, and M. Den Nijs (TKNN) in 1982 [27] comes
into play. According to the TKNN theory, the Hall conductivity o,, can be expressed
in terms of the total Berry curvature (k) of the Bloch wave function (|u,,(k))) over the

whole Brillouin zone (BZ) of a two-dimensional crystal showing QHE.

Ne? e 1 )
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1

Here the term P $ Q(k)d?k is a topological invariant also known as TKNN invariant. To
T

get a better understanding of the above term, we briefly introduce Berry curvature Q(k)

in the next section.

1.1.4 Berry curvature

According to Bloch’s theorem, the eigenfunction of an electron inside a periodic crystal
lattice is |¢,(k)) = e®T|u,(k)) [32]. For K being the reciprocal lattice vector, then
lun(k)) = |u,(k+ K)) and the corresponding energy eigenvalues E, (k) = E,(k + K).
Berry phase is a geometric phase that arises when the Hamiltonian H(R) of a system
undergoes an adiabatic cycle. In this process, the parameter R(¢) evolves in a path that
it returns to its initial value, R(t = T)) = R(t = 0), after a duration of time 7. Along
the path, the eigenstate |¢,(T)) acquires an additional phase of 7. over [¢,(0)). This

additional phase is known as Berry phase [33] and expressed as:

R(T)
S / IR (1, (R)| Vi |un(R)) = i 74 IR (1, (R)| Vi [un(R))  (L.11)

R(0)

When we consider the Berry phase over the whole BZ of a crystal,

e =i f k. (1, ()| Vi |t (k) = 7{ kA (k) (1.12)

A(k) = i (u,(k)| Vi |u,(k)) is known as Berry connection. Under gauge transformation
A (k) transforms into A (k) + ViS(k). However, the Berry phase remains invariant as the

above equation transforms into,

e = / K.V x A(K) (1.13)
S
by Stokes’ theorem. And Vi x Vif(k) = 0. The term Vi x A(k) = Q(k) is known as

Berry curvature. One interesting feature of the Berry curvature is that the closed loop

integral of Q(k) over the BZ is an integral multiple of 2.

/ Q(k)d*k = 27C (1.14)
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Here C' is a topological invariant known as Chern number [27]. Comparing with Eqn.

1.10, the Chern number equals to the integer number N in quantized Hall conductivity

Oxy-

The reason C' is called a topological invariant is rooted in a branch of mathematics known
as topology. Topologically, the geometry of any two objects is identical as long as they
can be transformed into each other under continuous deformation. For example, a donut
and a cup have one hole in their geometry and are considered topologically identical,
whereas a plate has no hole and falls under different topological classes. In this case, the
number of holes in the geometrical object is a topological invariant known as genus number
g. Both donut and cup have genus number g = 1 and belong to the same topological
class, while a plate falls in a different topological class with ¢ = 0. According to the
Gauss bonnet theorem [34] in differential geometry, the total Gaussian curvature K of an

enclosed surface S is

/ KdA =2y (1.15)
S

X is a topological invariant. x represents Euler characteristic of the surface S, which is

related to g [35]. When examined closely, the above equation resembles Eqn.1.14.

In a similar fashion to the Euler characteristic, the Chern number (C') topologically clas-
sifies different phases of matter in condensed matter physics. Here, the systems whose
Hamiltonian can be transformed into one another by following an adiabatic path fall under
the same topological class. This way, all topological insulators with a finite gap between
conduction and valence bands are topologically equivalent. In contrast, the gap between
the conduction and valence band vanishes at the edge of the quantum Hall insulator.
As a result, the Hamiltonian of a quantum Hall insulator can no longer be transformed
into the Hamiltonian of an ordinary Hall insulator, making the QH phase topologically

distinct from the trivial insulator.

1.2 Quantum spin Hall Insulator (QSH)

As QHE is a quantized version of the Hall effect, the QSH effect is a topological phase

of matter that can be considered a quantized version of the spin Hall effect. Spin Hall
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effect is a phenomenon that appears in a two-dimensional system with strong spin-orbit
coupling (SOC) [36]. SOC causes the spin-up and spin-down electrons to gather at the
opposite faces of the samples. As a result, there will be a non-zero spin current between
the two opposite sides of the sample. In short, the spin Hall effect is the spin version of
the Hall effect, where Hall current is replaced by spin Hall current. However, unlike the
Hall effect, no external magnetic field is required in the spin Hall effect. Similarly, the
QSH effect does not require any external field. Unlike QHE, the TRS is preserved in QSH
state [2, 37, 38]. Here, the SOC causes the electrons with up and down spins to flow in
opposite directions across the edge channels of the 2D samples. As a result, the net edge
current is zero, but the spin current remains non-zero due to spin accumulations on the
opposite edges of the sample. A comparison of QHE and QSH effect can be found in Fig.
1.5.

QSH state was first realized by B. A. Bernvig, T. L. Hughes, and S. C. Zhang [2] in a
semiconductor quantum well designed with an HgTe layer sandwiched between two CdTe
layers. Due to the strong spin-orbit interaction in HgTe, the bands of HgTe becomes
quite different from CdTe(see Fig. 1.6(A)). While for CdTe, the p—orbital bands (I's)
stay below the Fermi level and the s—orbital band (I's) above the Fermi level, the bands
invert for HgTe with I's going above and I's coming below the Fermi level. However,
this band inversion can only appear above a particular thickness of the HgTe Layer d..
Below d., the HgTe bands are oppressed by CdTe, and band inversion does not occur.
Fig. 1.6(B) shows band dispersion of the subbands calculated with consideration of I,
I's bands and m; = £1/2, £3/2 at different HgTe layer thickness d. For d < d., the band
gap is open. With an increase in Hg'Te Layer thickness, the energy gap between the top
and bottom subbands decreases and becomes zero at d = d.. The band inversion takes
place above d.. The purple color region in Fig. 1.6(B) is from band mixing of the top
(blue) and bottom (red) bands. The zero energy gap at d = d. stops the Hamiltonian

(a) (b)

4
v

3
T

Quantum Hall effect Quantum spin Hall effect
ny7£ 0 Gspin # 0

Figure 1.5: Comparison between QHE and QSH effect.
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Figure 1.6: (A) The band structure of HgTe and CdTe with SOC. (B) Changes in band
dispersion with HgTe layer thickness. (The diagrams are collected from ref. [2].)

above and below d. from transforming into one another under continuous deformation.
As a result, the state after band inversion becomes topologically distinct from d < d..
This topologically distinct phase of matter is known as the QSH state or 2-D topological
insulating state. Across the interface of HgTe and CdTe, the spin-up and spin-down
electrons flow in opposite directions. The net current through the edge channel is zero,

but a quantized spin Hall conductance of oy, = 2¢? /h is observed.

1.2.1 7%, invariant

Since the net Hall current across the edge channels is zero in the QSH state, the Chern
number (C') becomes C' = 0. Hence, the QSH phase can not be defined just by the TKNN
invariant. This is where Z, topological invariant comes into play. Unlike QHE, TRS is
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Figure 1.7: Band dispersion between the BZ range I', = 0 to I'y, = 7/a for (a) topologically
trivial insulator with the edge states crossing the Fermi level for even number of times
and (b) topologically non-trivial insulator with the topologically protected edge states
crossing the Fermi level for an odd number of times. The image is collected from [3]

preserved in the QSH state and has a significant effect in defining this new topological
invariant. TRS symmetry can be expressed in terms of an antiunitary operator © =
e™v/M K Here S, represents the y-component of the spins of spin-1/2 particles, and K
stands for the complex conjugation. For a system where TRS symmetry is preserved, the
Bloch Hamiltonian H (k) follows:

OH(k)O ' = H(—k) (1.16)

All of these TRS invariant systems fall under two topological classes, v = 0 or 1. v is
the Z, topological invariant [37]. The TRS operator ©2 = —1 for spin-1/2 electrons,
which is why the TRS invariant Hamiltonians follow Kramer’s theorem and have doubly
degenerate eigenstates. The TRS-protected k points are doubly degenerate in nature,
and the degeneracy disappears away from these particular points of the BZ due to SOC.
Considering an edge state crosses the Fermi level at ky, a Kramer partner will be at
—ky. The number of such Kramer’s pair crossing the Fermi level defines the change of
the topological invariant Av. Avr = 0 for even number of crossings and Arv = 1 for
odd number of crossings. The system is considered topologically trivial for Av = 0 and
topologically non-trivial for Av = 1. The comparison of band dispersion with Av = 0

and 1 is presented in Fig. 1.7.

Furthermore, the Z5 topological invariant v can be mathematically defined by an unitary

matrix W whose coefficients are
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Wom = (Um (k)| © |y, (k)) (1.17)

Here |u,,) is the Bloch wave function. Considering I'; is TRS symmetry protected k point,
we define [3, 39]

_ PJW(T)

5. — SV
7 \/Det[W(T;)]

Then Z, invariant v can be expressed in terms of d; as

=41 (1.18)

(—1)Y =10;_,4; (1.19)

1.3 Three-dimensional topological insulator

Soon after the discovery of the QSH or 2D topological insulating state, scientists found
its three-dimensional counterpart, where topologically protected edge states were replaced
by 2D TSSs. In contrast to the QSH state, the classification of 3D T1Is [3, 40, 41] involves
four Z, topological invariants: 1, 14, 5, and r3. These invariants can be derived from
the TRS protected k points in the BZ using the Eqn. 1.19 for QSH state, except now
there will be eight time-reversal invariant k points instead of four. Among the four Z,
invariants, vy defines strong TI state (vy = 1) and weak TI state (v = 0). (v, o, v3)

represents the miller indices of the plane along which the topologically protected k points

(a) r, r, (b) I, r,
vo=0 vo=1

e_
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Figure 1.8: A demonstration of the surface bands on the Fermi surface of (a) weak TI

and (b) strong TIL. I'y, 'y, I'3, [y are the time-reversal invariant k points on the surface
BZ.
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appear. For strong TI, the surface bands are TRS protected. The surface states in strong
TI enclose odd number time reversal invariant points. The illustration in Fig. 1.8(b)
shows a simpler model with surface bands enclosing one Kramer’s point (here I';) in a 3D
TI. For 1y = 0, nontrivial topological properties manifest primarily in specific directions
as these systems are stacks of two-dimensional QSH insulators. The chiral edge states
of individual QSH insulator layers collectively give rise to non-trivial surface states along
the stacking direction. Unlike the TRS protected robust bands in strong TIs, the surface
bands are significantly less robust and vulnerable to defects and weak inter-layer coupling.
Fig. 1.8(a) gives an example of the surface bands in weak TIs.The arrows in Fig. 1.8 mark
the spin directions in the surface states across the BZ. To preserve the TRS in strong T1,
the surface band spins along the positive and negative axis of the BZ become opposite to
each other. This way, the Hamiltonian H (k) follows Eqn. 1.16. In Fig. 1.8(b), the spin
rotates by 27 over the enclosed surface state. However, TRS only requires rotation of .

The additional rotation of 7 is the non-zero Berry phase for the strong TI.

Bi;_,Sb, is the first discovered 3D TT with TSS [4]. While the topological nature of 3D
TI surface states is difficult to observe from Hall measurements, one can easily probe
these surface states through ARPES measurements. Fig. 1.9(a) demonstrates the band
structure of Bi;_,Sb, along (111) plane for 0 < = < 0.03. Bi;_,Sb, has rhombohedral
(R3m) crystal structure. When projected along (111) plane. The L point of the BZ falls
on the M point (Fig. 1.9(d)). At the L point of pure Bi, the conduction band is formed
by symmetric orbitals L, while the valence bands consist of antisymmetric orbitals L,
(Fig. 1.9(a)). The band structure of pure Sb closely resembles that of Bi, except for Lj
becoming the valence band and L, becoming the conduction bands (Fig. 1.9(c)). The
band dispersion near the L point follows the Dirac equation and exhibits almost linear
behavior. As seen from Fig. 1.9(a), a small band gap exists between L, and L. This
band gap disappears at around x ~ 0.4, and the band dispersion can be expressed by a
massless Dirac equation. This is where the system starts to enter into the topologically
non-trivial state. Above x = 0.04, the band inversion between L, and L, takes place,
and the band gap opens up again. For x > 0.07, the system becomes insulating with the
lowering of the valence band at the T point (Fig. 1.9(b)). Within 0.07 < 2 < 0.22, the
system becomes a TI [42], that is insulating in bulk with the conducting surface bands
[the black lines in Figs. 1.9(a)-(c)] connecting the valence and conduction bands. It is to
be noted that for x < 0.03, the surface bands cross the Fermi level for an even number of
times, while the count became odd for 0.07 < x < 0.22. In the ARPES data obtained for
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Figure 1.9: (a)-(c) Schematic diagram demonstrating the bulk and surface band structure
of Bi;_,Sb, with increasing x. (d) BZ of Bi;_,Sb, and its 2D projection along (111)
planec [4]. (e) First observation of gapless TSSs along (111) plane for x=0.1 from ARPES
measurements [4].

Big.9Sbo.1 [4], the surface bands are observed to cross the Fermi level five times within the
I'-M region. As previously discussed, surface bands crossing the Fermi level for an odd
number of times are considered topologically protected. Therefore, the observed surface
bands in BiggSbg are indeed topologically protected. Above x = 0.22, the valence band
at H goes above the conduction band minima, and Bi;_,Sb, becomes semimetallic again

(Fig. 1.9(c)). Further, an increase in Sb causes the surface states to gradually faint near
the M point (Fig. 1.9(c)).

The TSSs of Bi;_,Sb, were rather complicated. The search for TIs with simpler surface
states and larger band gaps continued until the discovery of BisSes family of materials
[41, 43, 44]. BiySes is a 3D TI with a large 0.3 eV band gap. Such a large band gap makes

it possible to observe topological properties even at room temperature. Following the
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Figure 1.10: (a) Band structure of 3D TI BisSes observed from ARPES. (b) The TSSs
marked in (a) form a Dirac cone in k,-k, plane. The arrows represent the spin directions
throughout the BZ.

discovery of a topological insulating state in BisSes, similar topological properties were
identified in its isostructural BisTez [43] and SbyoTes [41] systems. In these materials,
the band dispersion of the TRS protected surface bands is quite simple in nature (Fig.
1.10(a)). They exhibit linear dispersion following the Dirac equation and cross the Fermi
level at a single point to form a Fermi circle around the Dirac point. This behavior is
similar to the depiction in Fig. 1.8(b). Additionally, in Bi;_,Sb, the composition varies
with the substitution of Sb for Bi, leading to the potential transition from topologically
non-trivial to trivial phases depending on the substitution amount. Whereas BisSes repre-
sents a chemically pure compound. This inherent purity simplifies the process of growing
single crystals, reducing the likelihood of impurities and disorder in the crystal lattice.
Although topologically protected bands are robust against disorder, the higher purity of
BiySes family of materials helps to observe the TSS with better resolution through the
ARPES measurements.

1.4 Quantum anomalous Hall insulator

The anomalous Hall effect (AHE) is a phenomenon observed in magnetic materials with
broken TRS. The magnetization of the material gives rise to a Hall current without any
external field. Similar to the quantized version of the Hall effect, one could wonder

about the quantization of anomalous Hall conductivity o,, without any external field. In
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Figure 1.11: QAH effect observed in five-Layer MnBi;Te, film (Collected from [5]).

support of this notion, F.D.M. Haldane designed a 2D honeycomb lattice model in 1988
that shows quantized o,, at zero external fields [45]. However, prior to the discovery
of the QSH or 2D topological insulating state, experimental observation of the QAH
state remained elusive. As discussed before, the QSH state does not break the TRS
symmetry. Here, the opposite spin electrons move in the opposite direction through
the edge channels of the samples, generating a quantized spin current along the way.
The main idea was to introduce magnetism to these QSH systems for realizing QAH
state [46]. On that note, Mn ions were doped in HgTe/CdTe quantum Wells, but the
system remained a paramagnet with intact TRS [47]. The first observation of the QAH
state was made by doping magnetic element Cr into a thin film of three dimensional
TI (Bi, Sb),Tes [48] in 2013, which was followed by the observation of the QAH effect
in V-doped (Bi, Sb)sTes thin film in 2015 [49]. Magnetic doping achieved the QAH
effect at mK range temperature and ultimately compromised the sample quality, which
posed challenges for both experimental investigations and practical applications of the

QAH state. Considerable efforts were devoted to discovering three-dimensional TIs with



30 Chapter 1. Introduction

intrinsic magnetism to help realize QAH states at higher temperatures. MnBiyTe, is
one such TI with intrinsic AFM ordering, where the QAH effect is observed for odd
no. of layers [5]. Recently, the QAH effect has also been found in non-magnetic Moiré
superlattices like twisted bilayer graphene [50-52] and transition-metal dichalcogenide

heterostructures [53], where orbital magnetic states give rise to the QAH state.
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Figure 1.12: (a) Crystal structure of Ko 5RhOs. The green arrows represent the magnetic
moments of the Rh atoms. The projection of magnetic ordering along ab—plane is pre-
sented in the lower panel. (b) The Hexagonal BZ of K¢5RhOs. (¢) The band structure
of Ko5RhOs nano-ribbon along a—axis. The bands marked as A and B are the chiral
edge states from opposite sides of the ribbon. The bulk bands are presented in black.
(d) The bulk band structure of Kq5;RhOs without SOC. The calculated anomalous Hall
conductivity shows quantization of (04 = 2¢?/h) over the insulating region. All images
are collected from [6]

Moreover, in 2015, researchers predicted the existence of a QAH insulating state in

Ko5RhOy when it adopts a non-coplanar chiral AFM configuration [6]. The crystal struc-
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ture of Ko 5RhO, is hexagonal as shown in Fig. 1.12(b) (space group P63/mmc), and the
magnetization arises from the Rh atoms. The considered non-coplanar AFM arrangement
of Rh magnetic moments is depicted in Fig. 1.12(a). Utilizing first-principles calculations
below the Néel temperature, quantized anomalous Hall conductance of 045 = 2¢?/h was
found. In Fig. 1.12(d), the bulk band structure exhibits insulating behavior with a con-
stant band gap of 0.22 eV over the BZ. The quantized Hall conductance is attributed to
the presence of edge states in Fig. 1.12(c). It is worth mentioning that the quantized Hall
conductivity remains unchanged both with and without SOC. This observation has led
researchers to the conclusion that the observed quantized o45 is a result of the existence
of an exotic topological phase known as quantum topological Hall state in the Ky sRhO,

system.

Magnetic TT films such as Cr doped (Bi, Sb)sTes and MnBiyTe, films host massless Dirac
cones at the top and bottom surfaces that are protected by TRS. In the presence of
magnetism, the TRS is broken, and the surface state spins, coupled with the moments of
the magnetic ions. This coupling results in an additional mass term to the surface state
Hamiltonian that opens up a gap at the Dirac point. The massive Dirac cones lead to a
Hall conductivity of +¢?/2h in each surface of the TI films. This phenomenon is known as
surface half-QHE [45, 54]. When magnetic moments are oriented along the same direction
in both the top and bottom surfaces of the TI film, the Hall conductivity components
add up to a quantized Hall conductivity of €?/h at zero fields. It is to be noted that
only the surface magnetic order of the TI films plays a role in generating the QAH effect.
For example, MnBisTe, is an intrinsic AFM. For odd no of layers, the magnetic moments
of top and bottom surfaces are along the same direction [55, 56]. The moments inside
the bulk do not affect the QAH effect, and clear quantized Hall conductance of €2 /h is
observed in five-layer MnBiyTey films (Fig. 1.11). It is worth mentioning that the QAH

effect manifests at significantly higher magnetic fields in pure MnBiyTe, thin films.

1.5 Topological semimetals

As discussed before, TTs exhibit gapless surface states with Dirac-like dispersion with
an insulating bulk band structure. Over the years, non-trivial band topology was also
observed in semimetals [57-60]. Topological semimetals host linear dispersive bands at

several high symmetry points of the BZ. These BCPs are protected by symmetries like
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TRS and/or inversion symmetry (IS). Depending on the type of symmetry protection at
the BCPs, topological semimetals are mainly classified into Dirac [23, 61-63] and Weyl
[24, 58, 64]semimetals.

In relativistic quantum mechanics, the wave equation of a spin-1/2 particle can be written
as
(thy"0,, —me)Y =0 (1.20)

Here = 0,1,2,3... represents time and the dimension of the space, ¢ is the velocity
of light, and m is the mass of the particles. This equation is known as the Dirac equa-
tion derived by Paul Dirac in 1928 [65]. The fermions following the wave equation are
called Dirac fermions. Considering these fermions without mass (m=0), Weyl derived two

equations from the Dirac equation in 1929 [66].

Z'at@/)i = ivp.owi (121)

Here 4 is two-component wave vector and the Hamiltonian

H, = *+vp.o (1.22)

v is the velocity of the Weyl fermion, o represents the pauli matrices and p stands for
the crystal momentum. A WSM contains at least two BCPs, known as the Weyl points.
These fermions exhibit opposite chiralities in accordance with the Hamiltonians H, and
H_ in Eqn. 1.22. Each of these Hamiltonians has two eigenvalues £ = f+vp. The Weyl
point appears at p = 0, where the eigenvalue becomes doubly degenerate. If the opposite
chiral Weyl points have no separation in momentum, the system is transformed into a

DSM. In this scenario, the BCP becomes a fourfold degenerate Dirac point.

Next, we focus on the Berry curvature of Weyl and Dirac semimetals to understand their
topological nature. In a WSM, the pair of Weyl points with opposite chirality acts as the
source (+) and sink (—) of the Berry curvature in momentum space. Between the Weyl
points, the Berry phase 7. becomes non-zero. This results into a non-zero Chern no. of
C =1 in a 2D momentum plane. Conversely, the Chern no. remains zero in momentum
planes that do not lie between the Weyl nodes (Fig.1.13(a)). As for the Dirac point, it
can be viewed as having two Weyl points coinciding with each other, resulting in a Chern

number of C' = 0. It is to be noted that both Dirac and Weyl nodes are very robust in
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Figure 1.13: (a) Schematic representation of three-Dimensional momentum space in a
Weyl semimetal (WSM). The red and blue circles in the bulk denote the Weyl points,
acting as source and sink of Berry curvature, respectively. The projection of the Weyl
points on the surface are connected by topological Fermi arcs (the black arrows on the
top and bottom surface). The non-zero Berry phase between the Weyl nodes gives rise to
Chern no. C' =1 for any momentum plane between the Weyl nodes and C' = 0 for any
other momentum plane. (b) The linear band dispersion in a DSM near the Dirac point
protected by TRS and IS. (¢) Band dispersion in a WSM protected by TRS. (d) Band
dispersion in a WSM protected by IS.

nature due to their symmetry protection. In a DSM, the fourfold degenerate Dirac point
is protected by both TRS and IS. However, WSM phase can only be obtained by breaking
one of these two symmetries. When IS is broken, the TRS symmetry protects the Weyl
points. Preserving TRS requires Weyl nodes in £ and —k momentum to be of the same
chirality. To balance these same chirality Weyl nodes, a pair of opposite chirality appears.
This way, four Weyl nodes exist in a TRS protected WSM (Fig. 1.13(c)). On the other
hand, if TRS is broken in a WSM, the two opposite chirality Weyl nodes appear at the
same energy value due to the IS protection (Fig.1.13(d)).

The non-trivial band topology originates topological surface states known as Fermi arcs
in a WSM. The Fermi arcs are quite distinct from the TSS in a T1. In the case of Tls, the
surface states form a close loop around the Dirac point (Fig. 1.10). In contrast, the Fermi
arcs are not closed loops but open lines connecting the opposite chirality of Weyl points.
ARPES is a very efficient technique for probing the surface Fermi arcs and identifying
WSM phase. The topological Fermi arcs were first realized in WSM TaAs by ARPES
measurements [58]. Subsequently, Fermi arcs were also detected in other compounds
from the transition metal monopnictide family, such as NbP [67, 68] and NbAs [69].
Later, WSM phase was also observed in transition metal dichalcogenide [70, 71] MoTe,
[72]. MoTe, belongs to a different WSM phase than TaAs. TaAs family of materials are
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Figure 1.14: Schematic diagrams of (a) type-I WSM and (b) type-Il WSM with the
constant energy contours taken across the Weyl nodes.

type-I WSMs, which means that on a constant energy contour that passes through the
Weyl node will have only one point will appear (Fig. 1.14(a)). Fig. 1.14(b) demonstrates
the type-II Weyl node, which is observed in MoTe, and some other transition metal
dichalcogenide compounds [73, 74]. Due to the tilting of the hole and electron-like bands
near the Weyl point, the constant energy contour exhibits the Weyl point as a band

touching point between the two bands.

The WSM phases observed in both the TaAs family and MoTe, family are achieved by
breaking IS. As mentioned earlier, WSM phases can also be obtained by breaking the TRS.
However, the observation of Fermi arcs in TRS-broken WSMs using ARPES is challenging.
Nevertheless, TRS-broken WSMs are of significant interest due to their ability to exhibit
a large AHE resulting from non-zero Berry curvature. This property is advantageous for
designing memory devices, making these materials technologically relevant. An example
of such TRS-broken WSM is Mn3X (X = Sn, Ge, Ga) family of materials [7, 8, 757 —80].
These materials belong to the P63/mmec space group and feature stacks of a Kagome
lattice made of Mn atoms. In this structure, the Mn atoms create a non-collinear AFM
ordering, breaking the TRS of the system and leading to the emergence of multiple Weyl
points across the BZ. Fig. 1.15(a) depicts the distribution of TRS-broken Weyl points
across the Fermi surface of MnsSn. As shown in Fig. 1.15(b), the bands associated with
the Weyl nodes near the K — point become visible from ARPES data. These Weyl nodes

in Mn3Ge are responsible for inducing a Giant AHE [81]. Consequently, we conducted
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Figure 1.15: (a) Schematic diagram of the BZ of Mn3zSn showing the positions of Weyl
nodes near the Fermi level. (b) ARPES data of MnsSn taken along M — K direction,
showing the bands generating the Weyl nodes. The red and blue arrows mark the Weyl
nodes near the K points. (The diagram in (a) and (b) are collected from [7]) (c¢) Surface
state calculation of MnzGe demonstrating the Fermi arcs (taken from [8]).

ARPES measurements on Mn3Ge to experimentally observe its electronic structure.

1.5.1 Topological semimetals with higher fold degeneracy

Dirac, Weyl, and Majorana fermions are the fundamental particles in high-energy physics.
We have already explored the topological properties of condensed matter systems hosting
Dirac and Weyl fermions. Similarly, Majorana fermions have also been observed in specific
superconducting heterostructures [20, 22]. Apart from these three fundamental fermions,
higher-fold degenerate fermions were also observed in condensed matter systems over the
past few years [9-11, 26, 82|. In high-energy physics, fundamental particles are governed
by the Poincaré symmetry [83], which includes space-time translation symmetry, spatial
rotation symmetry, and Lorentz boosts. These symmetries preserve the consistency of
physical laws across all observers within any inertial frame of reference. Conversely, the

behavior of the particles in condensed matter systems is dictated by the specific crystal
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symmetries among the 230 space groups [84]. The space group symmetries impose fewer
constraints on the fermions compared to that of of Poincaré symmetry, providing the

opportunity to explore novel quantum states that have no analogs in high-energy physics.
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Figure 1.16: Schematic diagram showing the electronic structure at (a) spin-1 excitation,
(b) spin-3/2 excitation, and (c) double Weyl fermions (The arrows in (c) indicate the
overlap of the two BCPs). Fermi surface along (001) plane of CoSi obtained from (d)
surface state calculations (collected from [9]) and (e) ARPES (collected from [10]). (f)
Surface state calculation of RhSi along (001) plane (g) Fermi surface of RhSi observed via
ARPES. (f)-(g) are collected from [11])

As a result, it is possible to obtain spin-1 excitations and Rarita-Schwinger-Weyl (RSW)
excitations with spin-3/2 in a three-dimensional crystal lattice. Both spin-1 and spin-3/2
fermions can be described using the same Hamiltonian as shown by Eqn. 1.22, which
characterizes spin-1/2 fermions, but with the replacement of Pauli matrices o by spin
matrices S for spin-1 and spin-3/2 fermions. For spin-1 fermions, these spin matrices are
of 3 x 3 order, leading to three-fold degenerate BCPs with a Chern number C' = +2 (Fig.
1.16(a)) [26]. On the other hand, for RSW fermions, the spin matrices are 4 x 4 and
generate a fourfold degenerate BCP with a Chern number C' = £4. At this BCP, two
bands with Chern numbers C' = £3 and C' = £1 touch each other (Fig. 1.16(b)) [26, 85].

Furthermore, in the presence of TRS, four-fold degenerate fermions with a Chern number
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C' = 42, known as double-Weyl fermions [9, 86], are also observed (Fig. 1.16(c)).

Compounds like PdSby, CoSi, and their isostructural materials were predicted to host
such higher-fold degenerate fermions from the DFT calculations [9, 26, 87], which were
later confirmed by ARPES measurements [10, 11]. The observation of Fermi arcs in CoSi
and its isostructural compound RhSi is presented in Fig. 1.16(d)-(g). Both CoSi and RhSi
crystallize in noncentrosymmetric cubic crystal structures (P23 space group) and exhibit
spin-1 excitations at the center (') and double Weyl excitations at the corner (M) of the
BZ. Surface state calculations for CoSi (Fig. 1.16(d)) and RhSi (Fig.1.16(f)) along the

(001) plane reveal connecting Fermi arcs between the bulk Fermi surfaces related to these

higher-fold degenerate excitations. ARPES measurements further experimentally confirm
the presence of these long Fermi arcs in both RhSi and CoSi. Additionally, the existence
of such chiral fermions were also predicted in other transition metal monosilicides. In this
thesis, we explore the electronic structure of the isostructural material FeSi to investigate

its topological nature.



Chapter 2

Experimental details

2.1 Single crystal growth

Single crystals are the highly oriented crystalline materials with all atoms sitting on
a continuous lattice that expands throughout the crystal in three diemensions. This
characteristic of a single crystal allows us to examine the physical, electronic, and magnetic
properties along different lattice planes of the crystal. The measurements reported in this
thesis were carried out on single crystals of the following compounds: FeSi, K g5RhOs,
BiySes, Mn;_,Sn,BisTe, and MnsGe.

Single crystals of FeSi and Ky g;RhOs were grown by Dr. S. Aswartham and G. Shipunov
in IFW Dresden, Germany [88, 89] via floating zone method [90, 91] and flux growth
method [92, 93] respectively. Dr. Rabia Sultana prepared the single crystals of magnet-
ically doped BisSes [94] in CSIR-NPL, Delhi, India. Mn3Ge single crystals were grown
by Susanta Ghosh in S. N. Bose National Centre for Basic Sciences using flux-growth
technique. Therefore, the discussion on the above mentioned materials remains outside
the scope of the thesis from a crystal growth point of view. As for Mn;_,Sn,Bi;Tey, we
used the flux growth technique to prepare the singles crystals with x=0,0.2,0.55,0.68,0.86
and 1 [95]. So in the next section, we briefly introduce the Flux growth method.

38
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Figure 2.1: lustration of Flux-growth technique

2.1.1 Flux growth method

Flux-growth technique is a commonly technique to grow high-quality single crystals of
desired compositions. In this method, first the elements of desired composition are added
crucible along with appropriate flux of necessary quantity. Here, the flux helps to re-
duce the melting point of the elements as the they completely can dissolve in the flux.
The most commonly used crucibles in the laboratory are alumina (Al;O3), boron nitride
(BN), graphite, and metal crucibles like tantalum (Ta), Platinum (Pt), Tungsten (W),
etc. [96, 97]. Then depending on the type of crystals Oxide/Non-oxide, one needs to
put the crucible inside a quartz ampule and vacuum seal it. The vacuum sealed quartz
ampule is then kept inside the furnace in a specific temperature-profile that first dissolves
the components in the flux. Then the nucleation is started during slow-cooling, after
which the ampule is annealed at a particular temperature (also known as sample growth
temperature) where the crystal forms. The ampule is then reversed and centrifuged to
eliminate the excess flux from the single crystals. On that note, one can see from Fig.
2.1 there is a reversed crucible with quartz-wool inside that has been added on top of the
chemical filled growth crucible. When the ampule is reversed and centrifuged, the melted
chemicals in the growth crucible fall on the glass wool of the second crucible (marked as
catch crucible in the left figure in Fig. 2.1). The glass wool works as a net that catches
the crystals and lets the liquid flux pass through, and we collect shiny crystals of the

desired material after breaking the quartz tube.
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2.2 Composition characterization

2.2.1 Energy dispersive X-ray analysis (EDS)

Energy dispersive X-ray spectroscopy, also known as EDS or EDAX, is generally used to
identify the elemental composition of the prepared materials. Here, elemental analysis of
the sample is performed by stimulating the emission of characteristic X-rays by focusing
an electron beam on the sample. The obtained characteristic X-rays reveal the elements

present in the sample along with their weight percentage.

Characteristic X-ray generation
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Figure 2.2: Schematic diagram of electron transitions to lower atomic levels and generation
of K, L, and M lines. A typical EDS spectrum showing the characteristic X-ray lines from
different elements present in the sample.

When a sample is bombarded with a high kinetic energy electron beam, the bound elec-
trons from the inner shells of the atoms are knocked off. Now that there is a vacancy
in the inner shell, the electrons in the outer shell jump down to the lower energy inner
shells. In this process, the electron generates an X-ray with energy equal to the difference
between the two energy levels. The energy levels are defined by principal quantum num-
ber n. n=1, 2, 3, and 4 are denoted by K, L, M, and N, respectively. Fig. 2.2(a) exhibits
schematic diagram demonstrating the generation of different characteristic X-rays. When

the electron falls down from L to K shell, the characteristic X-ray is named K,. For M to
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K shell jump, the generated X-ray is denoted as Kg. Similarly, L,, Lg X-rays are gener-
ated due to electron transition from M and N shells to L respectively. Since each element
in the periodic table has a different atomic structure, one can determine the elements

present in a sample by detecting the characteristic X-rays coming out of the sample.

Fig. 2.2(b) shows a typical EDS image showing the characteristic X-ray peaks K,, Kg,
and L,, Lg of different elements present in the sample (In this case Mn and Ge). Here,
the intensity of a particular X-ray peak is dependent on the probability of a particular
electron transition. The probability of L to K shell electron transition is higher than M to
K shell transition. As a result, K, peaks have a higher intensity than Kz peaks for both
Mn and Ge. For quantitative analysis, first, the background (the black line in Fig. 2.2(b)
EDS spectra) intensity is subtracted from the obtained spectrum. The relative intensity
of the peaks from different elements gives the weight percentage. The atomic percentage

is further calculated by considering the atomic weight of each element.
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Figure 2.3: (a) Schematic diagram of different parts of a scanning electron microscope
(SEM). (b) EDS attached to FE-SEM used for our sample characterization at SNBNCBS.
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Experimental Set up

The image of the entire setup used for performing EDS measurements is given in Fig.
2.3(b). This is a Field emission scanning electron microscope (FESEM), a type of SEM
that uses a Field emission gun instead of thermionic excitation to generate an electron
beam. Here the field emission gun uses a potential gradient for generating an electron
beam with a much smaller spot size. As a result, this FESEM setup has better than 1.5 nm
resolution and can be used for observing the surface morphology on the nanometer scale.
The schematic diagram of an SEM is presented in Fig. 2.3(a). EDS is one component of
this setup. For collecting the EDS spectrum, an electron beam of 20-25 kV is focussed
on the sample in 1 mbar vacuum. Then a Silicon drift detector is used for detecting
the characteristic X-rays coming out from different elements of the sample. Then from
the counts of each X-ray line, the percentage of each element present in the sample is

acquired.

2.3 Structural characterization

2.3.1 X-ray diffraction (XRD)

X-ray diffraction technique is used to identify the crystal structure and symmetry of the
as-prepared materials. In general, the atoms in crystals arrange themselves in a periodic
pattern constructing the crystal lattice. In this technique, an X-ray beam of a particular
wavelength A is focussed on the lattice planes of a crystal at an angle 0 (Fig. 2.4(a)).
The electrons of the atoms then scatter the beam elastically at the same angle. Since the
X-ray beam is diffracted by different lattice planes, depending on their path difference,
there can be either constructive or destructive interference. If d is the distance between
two consecutive lattice planes, the path difference between the X-rays diffracted from
the two consecutive lattice planes will be 2dSin(#). Constructive interference will only
appear when this path difference equals n\ (n is an integer number), which brings us
to the Bragg’s law 2dSin(6)=n\ [98]. Collecting the diffracted X-ray as a function of 0,
one can find intensity peaks at certain 6 values signifying constructive interference. By
calculating the lattice plane distance (d) using the Bragg’s relation, we can estimate the

lattice constant and symmetry of the crystal.
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Figure 2.4: (a) X-ray diffraction from the lattice planes. (b) Schematic diagram of an X-

ray diffractometer. (c) Rigaku SmartLab X-ray diffractometer used for our measurements
at SNBNCBS.

A schematic diagram of a typical XRD setup is shown in Fig. 2.4(b). To generate X-rays,
first, an electron beam is generated inside a highly evacuated X-ray tube via thermionic
emission from a heated W-cathode, which is then targeted on the Cu anode to produce
characteristic X-rays. The generated characteristic X-ray is then passed through different
slits to obtain a focussed X-ray beam that incidents on the sample surface. The diffracted
X-ray beam is again passed through slits like Parallel slit analyzer, Soller slit, and receiving
slit to focus the beam and increase the peak intensity of the collected XRD data [99]. We
carried out XRD measurements in Rigaku SmartLab X-ray diffractometer (9 kW) using
Cu-Ka radiation (A=1.54A) (Fig.2.4(c)). Here the electrons emitted from W-cathode are
accelerated with a voltage difference of 20-45 KV between the cathode and anode, and the
electron current is kept within 10-200 mA. As a result, an electron beam of a maximum
of 9 KW is generated, which hits the Cu anode to generate Cu Ka X-rays. To detect the
diffracted beam, hybrid photon counting (HPC) detector is used [100]. It is worthy to
mention that the above mentioned diffractometer uses § — 6 goniometer. Here the sample
stage remains fixed while the X-ray tube and detector rotate to collect the XRD pattern.
The angular position of the X-ray tube and detector are recorded as -6 and 6. There are
other XRD setups such as Rigaku MiniFlex IT with 8 — 26 goniometer, where instead of
the X-ray tube, the sample stage rotates at an angle € and the detector by 26.
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2.3.2 Low-energy electron diffraction (LEED)

LEED technique is used for visualizing the crystal symmetry of the single crystal surface.
Here a focussed low-energy electron beam (the red arrow in Fig. 2.5(a)) falls on the freshly
cleaved surface of the single crystal. The crystal lattice then diffracts the electron beam
in different directions, and based on the crystal structure of the specimen, we observe a

diffraction pattern on our hemispherical fluorescent screen.

Florescent screen
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Figure 2.5: (a) Schematic diagram of a LEED setup. (b) LEED data of a single crystal
with hexagonal symmetry.

The schematic diagram of a LEED setup is illustrated in Fig. 2.5(a). The electron
beam is generated from the cathode filament by thermionic emission. To generate the
required low-energy electron beam, the emitted electrons are accelerated by keeping the
cathode at a negative potential -V (usually within 30-200 eV) w.r.t. the sample surface.
The accelerated electron beam is then collimated with electron lenses and bombarded
on the sample surface. Since this technique is highly surface sensitive, the single crystal
needs to be cleaved in-situ before measurement. The scattered electrons then fall on
the hemispherical grids that block all the secondary electrons with lower energy from
reaching the fluorescent screen. Here a negative voltage is used to stop the low-energy
electrons. Therefore, only elastically scattered electrons that create the diffraction pattern

reach the screen. The screen is kept at a higher positive voltage (~+5 KV) to accelerate
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Figure 2.6: (a) Schematic diagram of a VSM setup. (b) VSM option with the Quantum
Design PPMS.

the electrons enough to excite the fluorescence. So we observe bright spots creating a

diffraction pattern as shown in Fig. 2.5(b).

2.4 Vibrating sample magnetometer (VSM) measure-

ments

VSM is a widely used scientific apparatus that employs Faraday’s law of induction [101] to
measure the magnetic properties of materials. According to Faraday’s law, electromotive
force (emf) is generated in a conducting coil when kept under a varying magnetic field.

If the applied magnetic flux passing through the coil is @5, then emf (¢) generated in the
dbp ddp

coil will be € = 7
The direction of current flow from the induced emf € is determined by Lenz’s law. Hence,

is the rate at which the magnetic flux changes with time.

the induced current direction is such that it generates a magnetic field opposite to the

varying applied magnetic field passing through the coil.

Different components of a VSM setup are demonstrated in Fig. 2.6. The magnetic sample
is mounted on a non-magnetic stick which is connected to the vibration unit of the setup.
The stick is then positioned to keep the sample between two electromagnet poles where
the field is uniform. The external magnetic field somewhat aligns the magnetization along

the field. Then, as the sample is moved up and down at high speed, the magnetic field
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created by the magnetic dipole moment of the sample changes with time. This alternating

magnetic field from the sample induces an electric field in the pickup coils of the setup

dd
by the Faraday’s law of induction. The voltage generated in the pickup coil V,,; = d_tB'
ddpd
In terms of the vertical position of the sample (z), d_tB can also be written as g & d_j
z

So, for a sample oscillating sinusoidally at a frequency f and amplitude A, the induced
voltage will be Vo = 27 fCmASin(2w ft). Here C is the coupling constant, and m is the
sample’s magnetic moment we intend to measure. Thus, from the coil voltage, we can

extract the sample magnetization at an applied magnetic field.

All magnetization measurements were carried out using the VSM option in the Quantum
Design PPMS with magnetic fields varied up to 9 T within the temperature range of 2 and
300 K 2 K to 300 K. During the measurements, the sample is oscillated with a frequency
f =40 Hz and amplitude A=1-3 mm with VSM linear motor, which generates a voltage
in the pickup coils. This setup is capable of detecting very low magnetic moments up to
the order of 107% emu. Furthermore, using the VSM oven option in this PPMS, one can

perform VSM measurements at high temperatures (400-1000 K).

2.5 Electrical resistivity measurements

To understand the electrical transport properties of the as-grown single crystals, we per-
formed resistivity measurements. By observing the temperature-dependent resistivity
data, we can identify the nature of the samples, such as metallic, insulating, supercon-
ducting, or semiconducting. In this thesis, all of the discussed topological materials are
found to be good conductors with resistance in the order of m{). Hence we performed
resistivity measurements in the four-probe technique. In this method, four probes are
made on the sample, among which two are used for current flow and the other two for
measuring voltage drop across the sample. This way, the contact resistance gets canceled,
making this technique very efficient for low resistivity measurements. A typical four-probe
resistivity set-up is demonstrated in Fig. 2.7(a). The lock-in amplifier works as an AC
voltage source that causes current flow through the sample and the standard resistance
(Rpr). Since the sample resistance is very low, Ry, is added to the circuit to reduce the
voltage drop across the sample and prevent its burning from joule heating. If the voltage

drop measured across the sample is considered Vg, and the voltage drop across Ry, is Vp,

then sample resistance (Rg) can be written as Rg = VL X Vg when Rg and R, are con-
L
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Figure 2.7: (a) Schematic diagram of a four-probe resistivity measurement setup. Inset
shows linear and Van der Pauw connections for four-probe measurements. (b) Photo-
graphic image of PPMS available at SNBNCBS, used to measure resistivity of our single
crystals in the presence of different temperatures and fields. (c)-(d) In-house resistivity
set-up for temperature-dependent resistivity. The name of the components numbered in
the white bubbles is presented on the right.

nected in series. Hence, we can extract the sample resistance by measuring Vs, V;, and
Ry. During the measurements, there are two different types of four-probe contacts made
on a sample surface: (a) linear four-probe connection and (b) Van der Pauw connection.
The schematics of these two methods are shown in the inset of Fig. 2.7(a). In the linear
four-probe technique, four equispaced probes are connected on the sample with two outer
probes for current flow and two inner probes for voltage measurements (Left image in the
inset ), while all probes are placed across the edge of the sample in Van der Pauw method
(right image in the inset)[102]. As a result, we obtain the average resistivity of the whole
sample in the Van der Pauw method instead of resistivity along the connection direction,
which is the case for the linear four-probe technique. These two methods are alternatively

used for different shapes of the sample. While the linear four-probe technique is more
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efficient for needle-shaped samples, the Van de Pauw method can be used for measuring

the resistivity of square-shaped samples.

Temperature-dependent resistivity measurements within 4 to 300 K were carried out in
our in-house resistivity setup (Fig.2.7(c)-(d)). Quantum Design PPMS (Fig.2.7(b)) with
ETO option was used for performing both temperature and field-dependent resistivity
measurements with the magnetic field varied up to 9 T, and the temperature changed
within the range of 2 and 300 K. Cu wires were used for preparing the four-probe con-
nection. Vacuum-compatible Epo-Tek H20E silver epoxy was used for connecting the Cu
wires to the samples. A high-resolution microscope (Leica S9i) is used to attach the four-
probe contacts on the sub-millimeter-sized samples for these studies. Then to perform
resistivity measurements in the in-house setup, the sample was mounted on the sample
stage of the cryostat, and an AC voltage within 1-5 V and frequency 111.11 Hz was ap-
plied on the sample, and a standard resistance Ry, (usually within 1-2 KQ) using Stanford
Research Systems 830 (SR830) digital signal processing (DSP) lock-in amplifier. Keithly
2000 digital multimeter (DMM) was used to determine the voltage drop V7, across Ry. To
measure Vg, the two voltage leads V+ and V — are first connected to SR554 transformer
preamplifier that amplifies the voltage by 100, then connected again to the lock-in am-
plifier. CRYOMECH closed cycle refrigerator(CCR) based cryostat was used for cooling
down the sample to the lowest achievable temperature 4 K. Oxford Instrument’™ ITC-
503 temperature controller was used to control the rate of temperature change during
measurements, and the sample temperature was detected using an Rh-Fe thermometer
connected to the sample stage. Next, to control the whole measurement from the desktop,
different components of the setup were connected to the desktop with General Purpose

Interface Bus (GPIB), and then a LabVIEW program was used for the data acquisition.

2.6 Photoemission spectroscopy

When a photon beam of energy hv incidents on a solid, the electrons from different atomic
orbitals of the solid absorb the photon energy and emit out of the solid (Fig. 2.8(a)). If
the kinetic energy of the emitted electron is Ey;,, then Ey;, = hv — Egp — ®, where
Ep is the binding energy of the electron inside the solid and & is minimum energy for

taking an electron out of the sample to the vacuum, also known as work function. The
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Figure 2.8: (a) Emission of a photoelectron from an atom. (b) The bottom left diagram
is the Binding energy (Ep) as a function of the DOS inside a sample. After the incidence
of a photon beam with energy hv, the kinetic energy (Ey;,) distribution of the detected
photoelectrons is presented in the top right diagram.

history of photoemission goes back to the late 19th century: in the year 1887, Heinrich
Hertz had noticed the electron emission from a solid when light impinges on it. Later this
process was successfully explained by Albert Einstein in the year 1905 and is known as the
photoelectric effect. Photoemission spectroscopy (PES) is a measurement technique that
utilizes the photoelectric effect to determine the binding energy of electrons (Ep) inside the
sample. Fig. 2.8(b) shows the binding energy distribution of electrons inside the sample
and the representation of the obtained kinetic energy distribution of the photoelectrons
ejected from the sample surface when collide with a photon beam of energy hv. Among
different PES techniques, we used XPS and ARPES to study both the bulk and surface
electronic structure of our samples. Depending on the incident photon energy, one can
extract either bulk or the surface electronic structure. The dependence of the inelastic

mean free path (also known as escape depth) of the photoelectrons () to its kinetic energy
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Figure 2.9: Inelastic mean free path (electron escape depth) of photoelectron plotted as
a function of its kinetic energy. The figure is taken from ref.[12]

is presented by the universal curve [12] in Fig. 2.9. The curve can be fitted by

A
A= ﬁ+B\/E (2.1)

with ' < 10eV region having more contribution from % and £ > 60eV region from
BVE. The escape depth is at its lowest within 10-100 eV kinetic energy of electrons,
which means when a sample surface is hit with 10-100 eV photon beam, the photoelectrons
mostly come out from the sample surface, providing the surface electronic structure. On
the other hand, photoelectrons excited by photons outside this energy range have higher

escape depth, carrying information about the bulk bands.

Theory of PES

Theoretically, PES can be described using Fermi’s Golden rule [103]. In the photoelectric
process, if the initial state wave function is W;(/N) and the final state wave function is
U ;(N) for an N-electron system, the probability of transition (wy;) from W;(N) to W;(N)
will be

2m

Wi o¢ =] (W] Hine | ¥3) *8(E;(N) = Ei(N) — hv) (2.2)
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E;(N) and E¢(N) represent the energy of the system in its initial and final state, and

H;,; is the perturbation operator for the interacting electron. For an unperturbed system,

2
H = 2p — eV(r). When the momentum p transforms to p—EA, the Hamiltonian will
Me c
be
1 eA\? p? e 02 A2
H = - — = A. A 2.
T (p . > + eV (r) [2me +eV(r)| + 2mec( p+pA)+ S (2.3)
The second part of H corresponds to H;,;. Since the momentum operator p = —ihV,

the commutation of p and A will be [p.A] = —iAV.A. Under the approximation that the
wavelength of the incident photon is much larger compared to the electron escape depth
(dipole approximation), —thV.A = 0. Then the perturbation Hamiltonian becomes

e
Hint -

(A.p). (2.4)

meC

2 42
> in Eqn. 2.3 is disregarded here as it is only relevant for a very high-

The term 5
intensity photi)n beam, which is not the case for a typical laboratory source. Based on

Eqn. 2.4 the transition probability will be,

Wi o [ (U] (A.p) [93) [*6(Ef(N) — E{(N) — hv) (2.5)

So far, there are two models used to describe the transition probability Wy;: (a) three-
step model and (b) one-step model [104]. Visual representations of these two models are
provided in Fig. 2.10. According to the three-step model (Fig. 2.10(a)), the transition

from the initial to the final state occurs in three steps:

1. Photoexcitation of a bound electron inside the solid

2. Advancement of the excited electron towards the solid surface.

3. Emission of the electron from the surface to the vacuum.
On the contrary, the one-step model considers the whole procedure from photoexcitation
to emission to be in a single step (Fig. 2.10(b)) and makes quite a complex mathematical

representation. As a result, the three-step model is usually preferred over the one-step

model for describing most of the experimental observations. Following the three-step
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Figure 2.10: Representations of (a) three-step model and (b) one-step model.

model, it appears that separating the wave function of the photoelectron from the rest of
the solid make things simpler. Hence, the initial state W;(/V) can be written in terms of
one electron wave function ¢;(k) (here k is the momentum vector) and wave function of
the remaining (N — 1) electrons ¥;(N — 1) as,

Ui(N) = Coi(k) (N —1). (2.6)

The final state wave function W;(N) of the photoelectric effect can also be written as
Uy (N) = Cor(k)¥;(N —1) (2.7)

under the sudden approzimation, which separates the photoelectron wave function ¢ (k)
from the wave function of the remaining system Wg(N — 1) of (N-1) electrons, while
neglecting all other interactions such as electron-electron and electron-phonon interactions

between the photoelectron and the system.
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Therefore, (V| Hipe |¥;) term in Eqn. 2.2 can be written as,
(W[ Hine [W3) = (05 (k)| Hint | i (k)) (U (N = 1)| [¥:(N — 1)) (2.8)

(pp(k)| Hint |¢i(k)) is the matrix element My, for one electron dipole in presence of light.
This way, the intensity of photoelectrons momentum k will be proportional to Wy; and

can be written as,

I(hv,k, E) o< > [ My "T(E, k) D(Ein A)(E; — E; — hv) (2.9)
fi
T(E,k) is the escape probability of the electrons and D(FE, \) transport depth of the

electrons, which in terms of inelastic mean free path A can be written as

a

D(EN) ~

(2.10)

Here « is the optical absorption coefficient. The expression for photocurrent I in Eqn.
2.9 is valid for atoms and molecules. When considered for a solid §(E; — E; — hrv) will be

replaced by spectral function A(F, k) giving the photocurrent equation for solid,
I(v,k, E) o< Y |Mpi|*T(E, k) D(Ejin \) A(E, k) (2.11)
i

The spectral function A(E, k) can be represented in terms of Green’s function as:

A(E,K) = — 2 Im[G(E,X)] (2.12)

™

The Green’s function for an interacting electron system with self-energy X (E, k) is

R i SET (2.13)

Here, the self energy 3(F, k) is a complex quantity, X(E, k) = ReX(E, k) + iImX(E, k)

and the corresponding spectral function in terms of ¥(FE, k) will be

1 ImX(E, k)
T [E — E? — ReX(E, k)] + [Im%(E, k)]

A(EX) = — (2.14)

E? is the bare band energy. The spectral function above is a Lorentzian function with a
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Figure 2.11: (a) A schematic diagram showing the extraction of self-energy information
from ARPES data. (b) and (c) demonstrate an example of ARPES data and the MDCs
extracted from the data.

half-width half maxima of Im3(FE, k) and peak position at EY — ReX(F, k). Angle resolve
photoemission spectroscopy (ARPES) measurements provide direct access to observe the
spectral function A(FE, k) following Eqn. 2.11. Fig. 2.11(a) Schematically shows the
extraction of real and imaginary parts of the self-energy from a given band dispersion.
Fig. 2.11(b) demonstrates an E vs. k diagram obtained from ARPES measurements. Fig.
2.11(c) shows the MDCs extracted at different binding energies. From Fig. 2.11(c) one
can easily visualize the Lorentzian pattern of the peaks, which are quite comparable to
the schematics in Fig. 2.11(a).

The self-energy of an electron system has main contributions from electron-electron (3¢,

electron-phonon (X¢7P") and electron-impurity (X¢~%") interactions :

= Eel—el 4 Zel—ph + Zel—imp (215)

Among these, X¢¢ affects the electrons at higher binding energies, and X" dominates

over the electrons near the Fermi level. ¥¢~¢ can be expressed as [105]:

e~ — o F 4 iB[E* + (rkgT)?] (2.16)

and X7P" can be expressed as [105, 106]:
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_ , [Ter 1— f(ET)+n(hw,T) f(E,T)+n(hw,T)
el—ph __
R A e e

The £ in Eqn. 2.16 represents the strength of e-e coupling. In Eqn. 2.17, hwp stands for
Debye energy. The term n(hw,T) and f(E’, T) represent Bose-Einstein and Fermi-Dirac
distributions, respectively. a?F(hw) is the electron-phonon coupling term, which is also
known as the Eliashberg spectral function. F(hw) in o?F(hw) stands for the phonon
DOS. From Eqn. 2.17, one can extract the ImX~P" [105, 106]:

ImXe—Ph — 1 /RWD dE'0*F(E')[1 4 2n(E") + f(E+ E') — f(E — E')] (2.18)
0

Here, we would like to introduce another important parameter called the electron-phonon
aEelfph

oF |z
I
as the mass enhancement factor and can be expressed in terms of the group velocity near

coupling strength A.;_,. In terms of self energy, Aej—pn = . Ael—ph 1s also known

Fermi level vp. If we consider the bare band velocity of electrons without any correlations
v

as vp, then A\g_pp, = 2.
a

2.6.1 XPS measurements

XPS is a PES technique that uses photoelectric effect to collect information about the
elements present in both surface and bulk of the sample and their corresponding oxidation
states. The schematic diagram showing different components of an XPS setup is presented
in Fig. 2.12. As suggested by the name, XPS uses X-ray sources such as Al Ka, Mg Ka,
or synchrotron radiation source to hit the sample surface, which results in the emission
of photoelectrons in different directions. These photoelectrons have an average inelastic
mean free path of a few nms(1-10 nm). Hence, one needs to cleave the sample in — situ
before irradiating the X-ray beam on the sample surface. A small portion of the emitted
electrons is then passed through the electrostatic lenses depending on the acceptance
angle and focussed on the hemispherical analyzer, which separates the electrons based on
their kinetic energy. As illustrated in Fig. 2.12, a hemispherical analyzer consists of two
concentric hemispheres of different radii, where the outer hemisphere is kept at a negative

voltage w.r.t the inner hemisphere. As soon as the focussed beam with different kinetic
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Figure 2.12: Schematic diagram of an XPS setup

energy electrons enters the analyzer, the voltage difference deflects the electrons into
different trajectories depending on their kinetic energies. While the electrons with higher
kinetic energy are deflected towards the outer hemisphere, the lower energy electrons
follow trajectories closer to the inner hemisphere. The detector collects the photoelectrons
of different kinetic energy to generate the XPS spectra as a function of energy. Moreover,
by changing the voltage of the hemispheres (pass energy), one can tune the kinetic energy
window of electrons that will reach the detector. An example of XPS data showing
Te 3d peaks is presented in Fig. 2.12. We obtained the binding energy Ep from the
photoelectric effect formula that says, EFg = hv — Ej;, — ®. Since each element of the
periodic table has very distinctive energy levels, we can determine the elements present
in a sample and their oxidation states from the binding energy values of the intensity
peaks. Additionally, we can determine the atomic percentage of each element from the
area under their corresponding intensity peaks. We performed XPS measurements using
a synchrotron source in BL-10 at RRCAT Indore. All samples were cleaved in — situ in
the vacuum better than 5x1071! mbar. XPS measurements were carried out at a sample

temperature of 20 K using SPECS Phoibos150 electron analyzer with a photon energy of
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hrv= 800 eV and an energy resolution of 0.4 eV.

2.6.2 ARPES measurements

Similar to XPS, ARPES is also a PES technique that works on the photoelectric effect.
In the case of ARPES measurement, the angle of the incident photon beam is varied, and
along with the information of kinetic energy and electron counts, the angle of the emitted
electrons 6 is also recorded by the hemispherical analyzer. So, one can obtain three-
dimensional data with electron counts at different kinetic energy and 6 (Fig. 2.14(c)).
This additional information of # corresponds to the momentum vector k. The schematic
diagram in Figs. 2.14(a)-(b) describes the measurement geometry of ARPES. If we con-
sider a photoelectron with momentum vector k is emitted at a polar angle 6 and azimuthal

angle ¢ (Fig. 2.14(a)), the three components of the momentum vector will be:

k, = ksin 6 cos ¢ (2.19)
k, = ksin @ sin ¢ (2.20)
k., = kcosf (2.21)

Figure 2.13: XPS/ARPES set-up at RRCAT, Indore (taken from ref. [13]).
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Figure 2.14: (a) Geometrical description of an ARPES measurement. (b) Transmission of
in-plane (k) and out-of-plane (k) momentum vectors from the sample to vacuum. (c)
Schematic diagram of a hemispherical analyzer showing how the electrons with different
angles and kinetic energy follow separate paths inside the analyzer to create a kinetic
energy and theta-dependent intensity (electron counts) map.

The £, and k, are the components parallel to the sample surface. Hence, the momentum
component parallel to the sample surface is k| = \/m = ksinf, and k, is the vector
component perpendicular to the sample plane also expressed as k. The transmission
geometry of the momentum vector from inside the sample to the vacuum is sketched in
Fig.2.14(b). Here k;, and 6;, define the momentum vector and emission angle inside the

sample, while k,,; and 6,,; represent the same in a vacuum.

Following the energy conservation law FEj;, can be written as:

H2k2 O o
Frip = —2 V= —= inl _ L 2.22
k 2m 0 2m + 2m 0 ( )
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Here, V4 is the inner potential term which stands for the energy difference between the
valence band minima and the vacuum (E,,. in Fig.2.8(b)). The value of V; differs for every

element and can be obtained from the scans along k., direction or theoretical calculations.

In terms of k,ui, Frin will be,

Rk2, PPk, B2
Ejin = ——2ut — ol | 7 Poutl (2.23)

2m 2m 2m

According to the three-step model, when an electron passes through the sample surface
to the vacuum, the momentum conservation law is preserved along the in-plane direction

and broken along the out-of-plane direction. If k| = Kouy|, then

th?utH h2k22n|| 994
om  2m ( ’ )

and ) s )

Nk, nk:
ou — m _ 2'2
2m 2m Vo ( 5)
Since Koutl| = Four SIN Oy,

ka = koutH = mhgk S111 eout (226)

However, from Eqns. 2.21 and 2.25, k;,,, component in terms of Ey;, and 6,,; will be,

(2.27)

2mEy;, cos® 0 + Vj
Kint = hg

This way, one can obtain the Ep vs. k diagram by recording the Ey;, and 6, of the

emitted electrons.

The samples were cleaved in-situ to obtain fresh surface at 5x 107! mbar chamber pres-
sure to perform ARPES measurements on the prepared single crystals. He-I (21.2 eV),
He-IT (40.8 eV) light source, and synchrotron source (~20-140 eV) were used as pho-
ton source. Since the electron escape depth for the aforementioned photon energy range
is lower than 10A, we mainly obtain information on the surface electronic structure.
Throughout the measurement, the sample temperature was kept within 10-300 K. Data
were collected with energy resolution between 10-25 meV depending on the photon energy

and 0.2° angular resolution.s We carried out ARPES experiments at different synchrotron
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Figure 2.15: (a) ARPES set up at CASSIOPEE beamline in SOLEIL synchrotron facility,
France.

radiation facilities: BESSY II (Helmholtz Zentrum Berlin) synchrotron radiation center,
Germany; Swiss Light Source (SLS) at the SIS beamline in PSI, Switzerland, CASSIOPEE
beamline at SOLEIL synchrotron, France, and ARPES BL-10 at Indus-2 in RRCAT, In-
dia. The photograph of CASSIOPEE beamline at SOLEIL synchrotron with ARPES and

spin-resolved PES end stations is shown in Fig.2.15.



Chapter 3

Electronic structure studies of FeSi:

a chiral topological system

Most recent observation of topological Fermi arcs on the surface of manyfold degener-
ate B20 systems, CoSi and RhSi, have attracted enormous research interests. Although
another isostructural system, FeSi, has been predicted to show bulk chiral fermions, it
is yet to be clear theoretically and as well experimentally that whether FeSi possesses
the topological surface Fermi arcs associated with the exotic chiral fermions in vicinity of
the Fermi level. In this contribution, using ARPES and DFT, we present the low-energy
electronic structure of FeSi. We further report the surface state calculations to provide
insights into the surface band structure of FeSi near the Fermi level. Unlike in CoSi or
RhSi, FeSi has no topological Fermi arcs near the Fermi level as confirmed both from
ARPES and surface state calculations. Further, the ARPES data show SOC band split-
ting of 40 meV, which is in good agreement with bulk band structure calculations. We
noticed an anomalous temperature dependent resistivity in FeSi which can be understood
through the electron-phonon interactions as we find a Debye energy of 80 meV from the

ARPES data.

Results Presented in this chapter are published in Phys. Rev. B 101, 235105 (2020)

61
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3.1 Introduction

Since the discovery of linear dispersive Dirac fermions in graphene [107, 108], the con-
densed matter has become fertile grounds for the investigation of various exotic topo-
logical fermions. Especially, the experimental realization of three-dimensional TIs [3]
further boosted the field to new heights, from basic sciences [24, 62, 63, 70, 71, 109—
127] to more complex technological designs for the futuristic topological quantum com-
putations (TQC) [15, 19, 128-130]. At present, the topological quantum materials are
classified by the Weyl fermions [24, 70, 71, 116-125, 131], the Dirac fermions [62, 63, 112
115, 126], and the Majorana fermions [130, 132]. In general, at the BCP, the Weyl fermions
have twofold degeneracy and the Dirac fermions have fourfold degeneracy. Recently, a
new type of quantum materials have emerged with manyfold degenerate fermions at the
BCP [9, 10, 26, 87, 133, 134]. These manyfold degenerate fermions are manifestations
of the certain space-group symmetries in presence of the time-reversal invariance [26].
Among them, the chiral systems like the transition-metal mono-silicides MSi (M = Co,
Mn, Fe, Rh) have been at the recent intense research focus as under certain conditions,
some of these systems (CoSi and RhSi) are predicted to show spin-1/2 Weyl fermions with
a topological charge of 4+ 1 [9, 10, 26, 87, 134-138], spin-1 excitations with a topological
charge of + 2 [86], and spin-3/2 Rarita-Schwinger-Weyl (RSW) fermions with topological
charges of +4 [85]. Moreover, the surface Fermi arcs connecting the manyfold degen-
erate BCPs are much longer in these systems compared to the other known Weyl and
DSMs [58, 64, 121, 139].

Earlier the transition metal monosilicides were extensively studied for their low-energy
electronic correlations [140-149]. Specifically, FeSi shows peculiar temperature dependent
electronic and magnetic properties [150-155]. Further, FeSi behaves as a semiconductor
with an indirect band gap of 50 meV within the temperature range of 100-200 K [147, 154],
while is a bad metal [156] outside of this temperature range. Different mechanisms were
proposed to explain this strange electronic and magnetic behaviour, (a) electron-phonon
interactions [148, 157|, (b) spin fluctuations [158, 159], and c¢) charge excitations [156].
Apart from these interesting physical properties, FeSi is further predicted to show the
above-mentioned manyfold degenerate chiral fermions at the high symmetry points with
a nonzero Berry phase [160]. Further, a recent transport study on FeSi shows anomalous

temperature dependent resistivity which they attribute it to the plausible T'SSs [155].

Motivated by the presence of surface Fermi arcs in RhSi and CoSi, we studied the low-
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energy electronic structure of isostructural FeSi using angle-resolved photoemission spec-
troscopy and density functional theory to show that despite FeSi is being chiral topological
system, associated surface Fermi arcs connecting the manyfold degenerate bulk BCPs are
absent near the Fermi level. These observations are further confirmed by our surface state
calculations. The ARPES data clearly show a SOC band splitting of 40 meV, consistent
with the theoretical calculations which predict a SOC split of 39.5 meV. We further noticed
anomalous temperature dependent resistivity in FeSi, that means, FeSi is a semiconductor
respecting the activation energy formula only within the temperature range of 75-143 K
and eventually becoming a bad metal as moving away from this temperature range. The
spectral function analysis of ARPES data suggests an electron-phonon interaction at a
Debye energy of 80 meV, while the spectral widths near the Fermi level change merely by
the thermal excitations within the range of 15-80 K.

3.2 Experimental Details

Single crystals were grown using floating zone method [91, 161] by our collaborators Dr.
Saicharan Aswartham, and Grigory Shipunov in IFW Dresden, Germany. As grown
single crystals were characterized using X-ray diffractometer (XRD) and energy disper-
sive X-ray analysis (EDAX). These characterization techniques confirm the stoichiometric
composition of FeSi and the space group of P2,3 (198) [147, 162]. More information on
XRD and EDAX measurements of FeSi can be found from Fig. 3.1(a)-(b). Resistivity
measurements were carried out on a closed cycle refrigerator (CCR) based cryostat of
CRYOMECH. Four copper (Cu) leads were connected to the sample by vacuum compati-
ble silver epoxy (Epo-Tek H27D) in Van der Pauw method. The sample temperature was

varied between 5 and 310 K during the measurements.

ARPES measurements were carried out at 1>-ARPES end station equipped with VG-
Scienta R4000 electron analyzer in BESSY II (Helmholtz zentrum Berlin) synchrotron
radiation center [163, 164] by Dr. Thirupathaiah Setti. The angular resolution was set at
0.2° for R4000. Photon energies for the measurements were varied between 30 and 110 eV.
The energy resolution was set between 10 and 15 meV depending on the excitation energy.
Data were recorded at a chamber vacuum of the order of 1 x 107'° mbar and the sample
temperature was kept at 1 K during the measurements. We employed various photon

polarizations in order to extract the electronic structure comprehensively. Another set of
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Figure 3.1: (a) Powder XRD measurements performed on the crushed FeSi single crystals.
In the figure, XRD pattern from our samples is shown in red color, overlapped with the
reference XRD pattern (blue color) of FeSi taken from the Inorganic Crystal Structure
Database (ICSD). (b) Energy dispersive X-ray analysis (EDAX) data from the cleaved
FeSi single crystals.

ARPES measurements were performed in Swiss Light Source (SLS) at the SIS beamline
using a VG-Scienta R4000 electron analyzer. Photon energy was varied between 20 and
120 eV. Overall energy resolution was set between 15 and 25 meV depending on the photon
energy. Samples were cleaved in situ at a sample temperature of 15 K and the chamber
vacuum was better than 5 x 10~ mbar during the measurements. At SIS beamline, the

data were recorded by varying the sample temperature between 15 and 80 K.

3.3 Results and Discussions

Resistivity of FeSi as a function of temperature is shown in Figure 5.1. As can be seen

from Figs. 5.1(c) and 5.1(d), the resistivity of FeSi decreases with increasing temperature



3.3. Results and Discussions 65

(@)

4 “In p (Q-cm)

T T T T T
0.00 0.05 0.10 0.15 0.20

UT (K
142.39 K

I T } I é' I T I
0 100 200 300
(b)

(d) Temperature, T (K)

Resistivity, p (Q-cm)

T 1 T
160 200 240 280
Temperature, T (K)

Figure 3.2: (a) and (b) are the cubic crystal structure and corresponding BZ of FeSi,
respectively. (c¢) Temperature dependent resistivity. Red curve in (c) is the activation
formula fitting. Inset in (c) is the In(p) vs. 1/T. Red line in inset is the linear fitting. (d)
Zoomed in resistivity data at high temperature, showing semiconductor to metal cross-
over at T ~ 220 K.

up to 220 K, like a semiconductor. However, from a close observation, we realise that
FeSi is semiconductor only within the temperature range of 75-143 K as it can be properly
fitted by the activation formula, p(T") = po e(%), where E; is the band gap. By fitting
the resistivity data, as shown by the red line in the inset of Fig. 5.1(c), we estimate
a semiconducting band gap of E;=35 meV within this temperature range. The derived
gap is in good agreement with previous report [140]. Further, we noticed a kink in the
resistivity curve at around T = 75 K, below which dp/dT decreases with decreasing
temperature when compared to the projected semiconducting nature (see Fig. 3.3(a)).
Similarly, we find that dp/dT decreases with increasing temperature between 143 K and
220 K. As a result, from our systematic analysis (see Fig.3.3(a)), we identified that FeSi

is a semiconductor with a maximum energy gap of 35 meV within the range of 75-143
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K. Beyond this temperature range, the energy gap of the system rapidly decreases down
to a negligible gap of 0.5 meV below 16 K (Fig.3.3(b)), indicating a bad metal [156].
The same is observed as the system goes above 143 K. And beyond 220 K, the resistivity
increases with temperature in a metallic manner. This peculiar resistivity character below
75 K and above 143 K can be attributed to bad metalicity of FeSi [147, 155]. Thus, our
resistivity measurements suggest that FeSi is a semiconductor following the activation
formula within the temperature range of 75-143 K and gradually becomes a bad metal
as we go away from this temperature range. These results are qualitatively in agreement
with the existing reports, although the semiconducting temperature range is found to be
different from different studies [148, 155, 162, 165-168].
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Figure 3.3: Resistivity data of FeSi single crystals. As can be seen from the panel (a),
dp/dT of the measured data decreases with decreasing temperature when compared to
the projected semiconducting nature below 75 K. Similarly, between 143 K and 220 K,
dp/dT of the measured data decreases with increasing temperature. Inset in panel (a)
shows the zoomed-in data between 130 K and 310 K. As can be seen from panel (b), to
fit the experimental data within the range 5-220 K, one needs to consider at least four
different energy gaps. That means, energy gaps of £, = 0.5 meV, 1.5 meV, 35 meV, and
0.3 meV are required to fit the data in the ranges, 5-16 K, 16-75 K, 75-143 K, and 143-220
K, respectively, as demonstrated in panel (b). Beyond 220 K, the resistivity increases
with temperature in a metallic manner as shown in the inset of panel (b). Therefore,
the system FeSi is a semiconductor with a maximum energy gap of 35 meV within the
range of 75-143 K. Beyond this temperature range, the energy gap of the system rapidly
decreases down to a negligible gap of 0.5 meV below 16 K to become a bad metal. The
same is happening as the system goes beyond 143 K.
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Figure 3.4: In-plane electronic band structure of FeSi. (a) and (b) are Fermi surface maps
in k, — k, plane measured using photon energy hy=130 eV and 90 eV, respectively. (c)
Energy distribution map along the I' — M high symmetry line overlapped with DFT bulk
band structure calculations including SOC. (d) Energy distribution map along the I' — X
high symmetry line overlapped with DET band structure calculations including SOC. (e)
DFT calculated band structure without SOC. (f) DFT calculated band structure with
SOC.

Next, ARPES data of FeSi is shown in Figure 5.2 recorded at a sample temperature of
1 K. Fermi surface maps in the k, — k, plane are shown in Figs. 5.2 (a) and 5.2(b)
measured using p-polarized light with photon energies of 130 eV and 90 eV, respectively.
Consistent with the crystal structure, the in-plane Fermi surface (FS) maps show the
square symmetry. From the FS maps, we identify a blob-like spectral intensity with
fourfold symmetry at the I" point. On the other hand, we did not observe any clear spectral
intensity either at X or M point when measured using p-polarized light. To further
elucidate the nature of band dispersions, we show energy distribution maps (EDMs)
along the high symmetry lines I' — M and I" — X as shown in Figs. 5.2 (c¢) and 5.2(d),
respectively, measured using p-polarized light. DFT bulk band structure including SOC
along the respective high symmetry lines is overlapped on to the EDMs. As can be seen
from Figs. 5.2(c) and 5.2(d), there is a good agreement between ARPES data and DFT
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calculations. Note here that the Fermi level of DFT calculations is shifted approximately
100 meV towards the higher binding energy to match with the experimental Fermi level.
Band structure from the DFT calculations without SOC and with SOC in the k path
X MT are shown in Figs. 5.2(e) and 5.2(f), respectively. Further, using s-polarized light
we could detect flat bands along the I' — X high symmetry line (see Fig. 3.5) which is in
agreement with the DFT calculations. Thus, there is a finite spectral intensity at X point
that is clearly visible with the s-polarized light. This suggests that the band structure
of FeSi near the Fermi level is composed by the multiple orbital characters. More details
on the polarization dependent matrix elements can be found at Ref. [169]. Importantly,
in Fig. 5.2, we did not observe any spectral intensity related to the surface Fermi arcs.
Overall, the ARPES data shown in Fig. 5.2 supports the bad metallic picture of FeSi at
low temperatures as observed from our resistivity measurements. Worth to mention here
that, in Fig. 5.2, for an easy representation, we did not take into account the k, effects

while assigning the high symmetry points on the Fermi surface maps and EDMs.
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Figure 3.5: Polarization dependent Fermi surface maps measured with a photon energy of
100 eV. (a) p-polarization. (b) s-polarization. (c¢) and (d) are the EDMs taken along the
I' — X orientation using p- and s- polarizations, respectively. (e) ARPES measurement
geometry in which the s and p polarizations are defined with respect to the scattering
plane (SP).

Photon energy dependent ARPES data are shown in Figure 5.3. Fig. 5.3 (a) shows k, —k,
Fermi surface map measured with the photon energies ranging from 75 eV to 108 eV with

a step of 3 eV using p-polarized light. The high symmetry points I'; X and R are denoted

on the Fermi surface map following the equation, k, = \/ %—T(% + Fj cos? ) with an
inner potential of 16 eV. From the k, Fermi surface map, we realize that the photon
energy of 10043 eV detects the bands from the I' point and photon energy of 75+3 eV
detects the bands from the X point. Similarly, the high symmetry point R is accessible

with a photon energy of 86+3 eV when the sample surface is normal to the ¢ axis. Energy
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Figure 3.6: Out-of-plane electronic band structure of FeSi. (a) Fermi surface map in the
k, — k, plane. (b) Energy distribution map along I'-X (001) high symmetry line. (c)
Energy distribution map along the I'-R high symmetry line overlapped with DFT band
structure calculated including SOC. (d) Energy distribution map along the X — R high
symmetry line overlapped with DFT band struture calculated including SOC. (e) DFT
band structure in the 'RXT without SOC and (f) with SOC.

distribution maps along I' — X, I' — R and X — R are shown in Figs. 5.3(b), (c), and
(d), respectively. The band structure extracted along the in-plane I' — X ([100]) as shown
in Fig. 5.3(b), is in good agreement with the band structure extracted along the out-
of-plane I" — X (][001]) as shown in Fig. 5.2(d). The band structure derived from DFT
calculations with SOC along I' — R and X — R is overlapped on the experimental band
structure as shown in Figs. 5.3(c) and (d), and there is a good agreement between DFT
calculations and ARPES data. The calculated bulk band structure without SOC and with
SOC in the k-path 'RXT are shown in Figs. 5.3(e) and (f), respectively. As predicted
from the DF'T calculations without SOC, in FeSi the triple-point spin-1 excitations with
topological charge of £2 are at the I' point and double Weyl fermions with topological
charge of 42 are at the R point. On the other hand, DFT with SOC, the triple-point
spin-1 excitations are predicted at the R point while the spin-3/2 Rarita-Schwinger-Weyl
fermions are predicted at the I' point [9].

Figure 5.4(a) depicts EDM along the X — M orientation measured at a sample temperature
of 15 K. From the second derivative of Fig. 5.4(a) as shown in Fig. 5.4(b) we identify two
band dispersions, #1 and #2. Here, the band #1 is crossing the Fermi level with a
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Figure 3.7: Temperature dependent ARPES data. (a) Energy distribution map along the
X — M high symmetry line measured using 90 eV photon energies at a sample temperature
of 15 K. (b) Second derivative of (a). White dashed curves in (b) are the parabolic fits
to the experimental bands. (c¢) Zoomed in DFT band structure along X — M orientation.
(d) Half width halm maximum (HWHM) as a function of binding energy extracted from
the EDM shown in (a) by fitting the momentum dispersive curves (MDCs) with the
Lorentzian function. In (d), the red curve is a fit of the self-energy function.

momentum vector of 0.22 A" at the X point whereas the band #2 does not cross the
Fermi level. Further, we estimate an energy difference between the top of #1 and #2 is
about 40 meV, which is in good agreement with the DFT calculations with SOC which
predicts it to be 39.5 meV as shown in Fig. 5.4(c). In fact, without SOC there exists only
one band dispersion along X — M orientation at this energy position [see Fig. 5.2(e)]. Thus,
the experimental band structure can be properly reproduced using DF'T calculations only
with the SOC inclusion. To further elucidate temperature effects on the electronic band
structure of FeSi, we measured EDMs along X — M orientation with temperature ranging
between 15 K and 80 K (see Fig. 3.8). From the temperature dependent EDMs as shown
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in Fig. 3.8, it is evident that the band structure near the Fermi level hardly changes with
the temperature at least within the range of 15-80 K. We further estimated half-width-
half-maximum (HWHM) from MDCs which is directly related to the imaginary part of
the self-energy (3% (FE)) for the band #1 as shown in Fig. 5.4(d). By fitting HWHM
using the self-energy function [170], we find electron-phonon coupling at a Debye energy
of 80 meV. This estimate of Debye energy is in good agreement with an earlier ARPES
report which suggested a Debye energy of 90 meV [144]. Thus, the anomalous resistivity
observed in FeSi (see Fig. 5.1-3.3) may not be of the electronic structure origin. But,
based on the spectral functional analysis, we suggest that the electron-phonon coupling
is playing a crucial role for the observed anomalous resistivity also as suggested by the
previous reports [148, 157, 171, 172].

Energy, E-E (eV)

Energy, E-E¢ (eV)

40 -05 00 05 10-10 -05 00 05 10-1.0 05 00 05 10-1.0 05 00 05 1.0
Momentum, k; (A1) Momentum, k; (A1) Momentum, k, (A1) Momentum, k; (A1)

Figure 3.8: Temperature dependent ARPES data measured using s-polarized light with
a photon energy of 90 eV.

Overall, the experimental band structure is quantitatively in agreement with the DFT
calculations. Specially, the experimental observation of SOC band splitting has been
explained very well from DFT calculations with spin-orbit interactions. Till date, a very
few ARPES data with low energy and momentum resolution are available in the literature
on FeSi, so it is difficult to compare quantitatively. However, qualitatively, our ARPES
data is consistent with some of the earlier ARPES reports [144, 145]. Next, coming to
the main point of this manuscript, recent ARPES and theoretical reports on CoSi and
RhSi showed topological surface Fermi arcs spanned over a large area of 2D BZ [9, 10, 10,
87, 134-138, 173]. Moreover, they could record manyfold bulk Weyl fermions at I and



72 Chapter 3. Electronic structure studies of FeSi: a chiral topological system

{

@ 1.5 ——p; W — - N2

) m/{l(/(

0.7

losed loop
SS

Momentum, k, (A%)
o
o

1
©
~

-0.7 0.0 0.7-0.7 0.0 0.7 -0.7 0.0 0.7
Momentum, k, (A1)  Momentum, k, (A1)  Momentum, k, (A1)

Figure 3.9: Band structure calculated for a (001) oriented FeSi slab of thickness 88.96A.
(a) Energy-momentum plot showing surface states (red colored) overlapped with the bulk
band structure. Surface state Fermi map taken at Er (b), Ep+0.1eV (c¢), and Ep+0.55¢V

(d).

R high symmetry points. In contrast, we could not observe any such surface Fermi arcs
from our ARPES measurements performed on the isostructural FeSi. As predicted by the
DFT calculations [see Fig. 5.3(f)], in FeSi, the manyfold spin-3/2 RSW fermions are at
0.54 eV and the triple-point spin-1 excitations are at 0.37 eV above the Fermi level. So,
it would not be possible to measure them using ARPES technique. Nevertheless, based
on the present understanding, irrespective of the energy position of the manyfold BCPs

one would expect the associated Fermi surface arcs on the surface BZ [26, 174, 175].

Therefore, to gain more insight into the surface band structure of FeSi, density functional
theory calculations (see Fig. 3.9) were carried out by our collaborators Anumita Bose, and

Dr. Awadhesh Narayan in IISC, Bangalore, India. They constructed a wannier function
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based model to compute the band structure of FeSi slab oriented along the [001] direction.
The band structure, for a slab of thickness 88.96 A, along the high symmetry directions is
shown in Fig. 3.9(a). Most noticeably, we find only a set of trivial surface bands within the
bulk band gap, and the absence of any topological protected Fermi arcs close to the Fermi
level. The topological Fermi arcs, associated with manyfold fermions similar CoSi and
RhSi, occur at substantially higher energies (0.55 eV above the Fermi level). Furthermore,
we also considered the semi-infinite geometry, employing a Green’s function method to
calculate the surface states, as a function of the in-plane momenta, at different energies.
These are presented in Fig. 3.9(b)-(d). In stark contrast to the case of CoSi, we find that
these surface states near the Fermi level close-in on themselves as shown in Figs. 3.9(b)
and 3.9(c), clearly indicating the triviality of these states. The reciprocal space extent of
these surface states diminishes as one moves away from the Fermi energy, with the closed
loops shrinking in size. However, though the shape of the Fermi arcs is a bit different
from CoSi and RhSi, the non-trivial topological Fermi arcs can be noticed in FeSi at 0.55
eV above the Fermi level as shown in Fig. 3.9(d). Thus the surface state calculations
indicate that the topological Fermi arcs present in FeSi, however, they are not accessible
by conventional ARPES technique. Further, these calculations predicted trivial surface
states near the Fermi level which are not well resolved in our ARPES data due to either
the surface state spectral intensity is very low compared to the bulk spectral intensity or

the sample surface quality is not good enough to detect them.

3.4 Conclusions

We systematically studied the low-energy electronic structure of topological chiral fermionic
system, FeSi, using angle-resolved photoemission spectroscopy and density functional the-

ory to derive the following conclusions,

1. Observation of Fermi surface from the ARPES measurements suggest that FeSi is a

metal at low temperature, in agreement with our resistivity measurements.

2. Anomalous temperature dependent resistivity of FeSi can be explained by the electron-

phonon interactions.

3. ARPES data show a spin-orbit band splitting of 40 meV that is nicely reproduced by
the DFT calculations including SOC. Therefore, SOC effects must be considered while
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discussing the physics of manyfold degenerate fermions in the transition metal monosili-

cides.

4. Unlike in the case of CoSi or RhSi, FeSi does not show topological surface Fermi arcs
near the Fermi level as the surface state calculations predict them well above the Fermi
level. Therefore, we are unable to detect the non-trivial TSSs in FeSi experimentally using

the conventional ARPES technique.



Chapter 4

ARPES studies on Kj55;RhO- : a
predicted topological system

We identify highly correlated hole pocket on the Fermi surface of colossal thermoelectric
material Kgg;RhO,, studied using high-resolution ARPES and DFT calculations. Most
importantly, two kinks at binding energies of 75 and 195 meV have been observed below
the Fermi level. While the low-energy kink at 75 meV can be understood as a result of the
electron-phonon interaction, the high-energy kink at 195 meV is totally a new discovery
of this system, leading to anomalous band renormalization, possibly originated from the
bosonic excitations at higher frequencies. We further notice that the high-energy anomaly

has important implications on the colossal thermoelectric power of Ky g;RhOs.

Results presented in this chapter are published in Phys. Rev. Materials 5, 055402 (2021)

75
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4.1 Introduction

Strong electronic correlations are vital in yielding various exotic systems like, high-T.
superconductors [176], heavy fermionic materials[177], quantum anomalous Hall (QAH)
insulators [178], half-metals [179], Mott-insulators[180], itinerant magnets [181], and
high thermopower materials[182]. Electron-electron (e-e) correlations turn the materials
to heavy fermionic systems, QAH insulators, half-metals and Mott-insulators, while the
electron-magnon interactions are expected to cause the itinerant ferromagnetism [183,
184]. On the other hand, the electron-phonon (e-ph) interactions are thought to be playing
a major role in the high-T. superconductivity [185] and high thermoelectricity [186]

For a quite some time, the compounds of the type A,BOy (A = Li, Na, and K, B = Co and
Rh) have been the scientific topic of much interest due to their diverse physical properties
[187-190]. Interestingly, depending on the amount of Na present in Na,CoOa, it exhibits
superconductivity in the hydrated state for x ~ 0.35 [191], shows giant Seebeck coefficient
for 0.7 < = < 1 [192], possesses magnetic ordering for = ~ 0.75 [193, 194] and charge
ordering for z ~ 0.5 [195]. Crystal field splitting [196], strong spin-orbit interactions [197],
electron-electron [198], and electron-phonon interactions [199] are suggested for the cause
of unusual physical properties. Kys;RhOs has recently been predicted to be a quantum
topological Hall insulator in its noncoplanar AFM phase [6], which we have discussed in
details in section 1.4. Since, Ky g3RhO5 is reported to exhibit such AFM ordering up to
50 K [200], we thoroughly investigated the low-energy electronic band structure of the
layered Ko gs2)RhO; single crystal using ultrahigh energy resolution ARPES technique

for a better understanding of its topological properties.

4.2 Experimental details

Our collaborators, Grigory Shipunov and Dr. Saicharan Aswartham from IFW Dresden,
Germany, successfully grew single crystals of K,RhO; using a mixture of K;CO3 and
Rhy0O3. The total charge mixture of 4.5 grams was placed in an alumina crucible and
heated to the 1200°C in a box furnace, after a dwelling time of 2 hours, the furnace is slowly
cooled to 950°C and later fast-cooled to the room temperature. Plate-like hexagonal-
shaped single crystals were grown at the bottom of the crucible. Crystals were grown in

layered morphology in hexagonal structure up to few mm? in size. Compositional analysis
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from EDX gives the phase with the stoichiometry Kgg52)RhO,. As grown single crystals
were crushed and measured with powder XRD (Fig.4.1(f)).
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Figure 4.1: (a) Crystal structure of KRhO,. (b) Projected crystal structure onto the ab-
plane. (c¢) Hexagonal BZ with identified high symmetry points. (d) ARPES measurement
geometry. In (d), the s and p polarized lights are defined with respect to the scattering
plane (sp) which is parallel to the xz plane. (e) As grown plate-like hexagonal crystals
of Ko.652)RhO3 (left) and SEM image (right). (f) XRD data of crushed Ky ¢5RhO; single

crystals.

ARPES measurements were performed in Swiss Light Source (SLS) at the SIS beamline
using a VG-Scienta R4000 electron analyzer. Photon energy was varied between 20 and
140 eV. Overall energy resolution was set between 15 and 25 meV depending on the photon
energy. The angular resolution was fixed at 0.2°. Samples were cleaved in situ at a sample
temperature of 15 K and the chamber vacuum was better than 5 x 10~ mbar during the

measurements.

4.3 Results and discussions

ARPES data of K¢ gsRhO5 are shown in Figure 5.1. From the Fermi surface map shown in
Fig. 5.1(a), we observe one nearly circular-shaped Fermi pocket centred at I' with a Fermi
vector of k=0.5140.02 A™". From the constant energy contour taken at a binding energy
of 0.25 eV, shown in Fig. 5.1(b), we observe six tiny spectral sheets near six K points.
Moreover, at this binding energy, size of the Fermi pocket centred at I' has increased and
the circular shape is turned into hexagonal shape. Energy distribution maps (EDMs)
taken along the I'-M, I-K, K-M directions [see the top panels in Fig. 5.1(c)] suggest
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Figure 4.2: ARPES measurements of Ky g;RhO5. The data is measured using p-polarized
light with a photon energy of 140 eV. (a) Fermi surface map. (b) Constant energy map
taken at a binding energy of 0.25 eV below Er. (c¢) Energy distribution maps (EDMs)
showing the band dispersions along the I'-K', I'-M, and M — K high symmetry directions.

that Fermi sheet centred at I' has holelike band dispersion. Further from the EDMs taken
along the I'-K and K-M directions, we realize that the tiny spectral sheet near the K
point is originated from another holelike band dispersion with a band-top at 0.25 eV below
Ep. This is further confirmed from the 2"? derivative intensity (I) of the EDMs (%) as
shown in the bottom panels of Fig. 5.1(c). Arrow on the 2" derivative EDM in the I'-K
direction indicates an antiband crossing between the two holelike band dispersions at ~
0.4 eV below Er. Above this binding energy, the two holelike bands are well separated in
the momentum space. Importantly, no antiband crossing is found from the 2" derivative
EDM in the I'-M direction, down to 0.8 €V of the binding energy. Next, comparing our
experimental band structure with the available ARPES data on these type of systems,
analogous to Na,CoOs [201-203] and Li,CoOs [204], we could also observe only one

circular-shaped hole pocket from the Fermi surface map. Most importantly, in agreement

with the previous report on Ky gRhO, [205], we identified an antiband crossing at ~ 0.4
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eV below Ep in I'-K direction. Further, the top of holelike band at the K point is found
nearly at the same binding energy of 0.25 eV.

(@) p-pol. s-pol. p+s p-s (b) KosRhO, KRhO,

-0.80.0 0.8-0.80.0 0.8-0.80.0 0.8-0.80.0 0.8 -6 .
K, (A1) K (A1) ki (A Ky (A7) r MK rr MK r

Figure 4.3: Panels in (a) from left to right represent the Energy distribution maps mea-
sured with 60 eV photon energy using p-, s- polarized lights, sum of p and s, and difference
between p and s, respectively. Left panel in (b) represents an energy-momentum plot of
Ko.5RhO; and right panel in (b) represents an energy-momentum plot of pristine KRhO,
obtained from the DFT calculations.

First principles calculations were carried out based on density functional theory as im-
plemented in quantum espresso code [206] by our collaborators, Nesta B. Joseph and
Dr. Awadhesh Narayan from IISC bangalore, India. Comparison between our ARPES
data and DFT calculations are presented in Fig. 4.3. As observed from the panels of
Fig. 4.3(a), EDMs taken along the I'-K direction, the bands dispersing from the Fermi
level down to 1 eV are only accessible with p-polarized light, while the bands below 1 eV
are accessible with s-polarized light. We can conclude from this observation that the a4,
band that is dominating in the vicinity of Er has even parity [207], while the e; bands
dominating below 1 eV have the odd parity with the respect to our measuring geometry
[see Fig. 4.1(d)]. By subtracting s-polarized data with the p-polarized as shown in p — s
panel of Fig. 4.3(a), we can clearly disentangle the even-parity states (blue colored) from
the odd parity states (red colored). Adding both the data of p- and s-polarized lights
(p + s), we can compare the experimental band dispersions with the DFT calculations
along the I'-K direction in Fig. 4.3(b). From this comparison we realize that the experi-
mental band dispersions qualitatively agree with the DFT calculations of Ky sRhO,. That
means, the holelike band dispersions noticed from ARPES both at the I' and K points are
also reproduced from DFT. However, while experimentally the top of holelike band near

K is at around 0.25 eV below Er, the DFT calculations suggest that these bands cross
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Er. Importantly, the overall agreement between DFT calculation for the bulk and the
ARPES data indicates absence of any topologically protected surface states in the ma-
terial. Our measurements were conducted at a temperature below the Néel temperature
(50 K) yet, we did not identify any surface bands in the system. Despite the seemingly
non-trivial topological characteristics inferred from the ARPES data, our current investi-
gation revolves around uncovering other intriguing properties of the material that could
still be observed.

Having thoroughly established the low energy electronic structure of Ky gRhOs, exper-
imentally, we then move on to the spectral function analysis of our experimental data.
The band dispersion shown in Fig. 5.2(b) is extracted from the EDM of Fig. 5.2(a) by
fitting the momentum distribution curves (MDCs) with a Lorentzian function, analogous
to the spectral function A(E, k) = %(Ek—Eo—zZ:),:)Q-&-(Z”)?' Here, ¥ (E) and X" (E) are the
real and imaginary parts of the complex self-energy function defined as $(E) = ¥’ +4%".

E}, is the renormalized band dispersion which is generally obtained from the ARPES mea-
surements [see Fig. 5.2(b)] and Ej is the bare band dispersion which is generally obtained
by fitting the tight-binding parameters to the experimental data. Nevertheless, the bare
band dispersion can also be obtained reasonably by fitting experimental data at higher
binding energies where the electronic correlations are negligible. The black-dashed curve
in Fig. 5.2(b) is one of such fitting at the higher binding energies. Then, the difference
between Ej [orange data in Fig. 5.2(b)] and Ej [solid black line in Fig. 5.2(b), momentum
offset to the dashed black line] provides the real part of the self-energy ¥'(E) = E, — E
as shown in Fig. 5.2(c). On the other hand, the imaginary part of self-energy shown
in Fig. 5.2(d) is calculated from the energy dependent spectral width [Ak(E)], derived
from the MDC fitting, multiplied by the renormalized Fermi velocity (vp=0.6 eV-A),
Y = Ak(E)vg.

Most interestingly, we observe two kinks from the band dispersion shown in Fig. 5.2(b).
These kinks have direct implications on the real and imaginary parts of the self-energy as
shown in Figs. 5.2(c) and 5.2(d), respectively. Means, ¥ posses two humps corresponding
to these two kinks. In order to understand origin of the hump, we performed a fitting
to X" using multiple Eliashberg spectral functions [green dashed curves in Fig. 5.2(d)]
following the Debye model [208]. The fitting resulted in two Debye frequencies 75+6 meV
and 1954+10 meV which are very much in agreement with the energy positions of the
kinks found from the band dispersion [Fig. 5.2(b)]. In addition to multiple Eliashberg

spectral functions, we needed to add a Fermi liquid-type spectral function [red dashed
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Figure 4.4: (a) Energy distribution map taken along the I'-M orientation as shown in
the inset. (b) Band dispersion extracted by fitting the momentum distribution curves
of the EDM shown in (a) using a Lorentzian function. Black dashed line in (b) is a
linear fit to band dispersion at the higher binding energy within the window of (-0.2¢eV,
-0.09¢V). The arrows in (b) show the energy positions of the kinks. (c) Real part of
the self-energy (X') extracted from the EDM shown in (a). In (c), the black line is
linear fit to the data performed to extract the coupling constant A = 2.7 + 0.3. (d)
Imaginary part of the self-energy (X") extracted from the EDM shown in (a). In (d), the
black curve represents fitting with combined functions of Fermi liquid theory-type and
Eliasberg spectral functions (see the text).

curve in Fig. 5.2(d)], ¥"(E) = a + BE?, to properly fit ¥" for the binding energies
beyond 0.2 eV. Here, a represents the spectral width due to impurity scattering and
3 represents the strength of e-e correlations. The derived 8 value of 0.1740.03 eV ~!
suggest weak e-e correlations in Ky g;RhOy compared to other high thermoelectric system
having a 8 value of 1.7 eV~1 [209]. We extracted a total coupling constant A=2.740.3
by fitting X' (E) linearly with the formula of A\ = —% near Fr as shown in Fig. 5.2(c).
Interestingly, this value is quite high compared to the coupling constant (A=0.4) reported
earlier on KjgRhOo [205]. The differing coupling constants could have originated from
the additional band renormalization due to the high energy anomaly at 195 meV. It is

worth to mention here that such high value of coupling constants are also noticed from
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Figure 4.5: (b) In-plane momentum dependant band dispersions extracted from the EDMs
taken along the cuts by varying ® as shown in (a). (c¢) In-plane momentum dependant
Fermi and group velocities extracted by fitting with linear function within the binding
energy windows as defined in (b). (d) In-plane momentum dependent coupling constant
(M) and carrier effective mass (m*/m.). In (c¢) and (d) the data are fitted with cosine
functions.

the high T. superconductors [210]. In Ref. [210], a total coupling constant of A = 3.9 has
been reported for (Bi,Pb),SroCaCusOg, s (Bi2212), with the e-ph interaction contribution
of 2.3 and band renormalization contribution of 1.6. Following the same analogy, we
subtracted the band renormalization contribution (A, = ;= — 1=1.240.1) from the total
coupling constant to obtain an e-ph coupling constant of \._,,=1.5+£0.4. This value,
within the error-bars, is in good agreement with the coupling constant independently
obtained from the imaginary part of self-energy [210], Ae_pp = %ﬁzl.lQiO.l. Here
3" (—00)=140 meV and y=7546 meV. Further in supporting our observation, a coupling
constant of A._,,=1 has been estimated for the multiboson-electron scattering in case of
the misfit cobaltate, [BiaBayO4][CoO4]s [209] which has the identical CoO, slabs to those

in Na,CoOs.

In-plane electronic correlations are evaluated for the AH L plane as shown in Figure 5.3.
Fig. 5.3(b) depicts representative band dispersions taken along the cuts AH, AL, and AH’
by rotating ®=-30° to 30° as demonstrated in Fig. 5.3(a). From Fig. 5.3(b), we can again

observe multiple kinks from the all band dispersions almost at the same binding energy
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Figure 4.6: (a) Out-of-plane Fermi surface map taken in the k., — kj plane. (b) Repre-
sentative k. (hv) dependent imaginary part of the self-energy ¥". (c) Representative k,
dependent band dispersions. (d) k, dependent strength of electron-electron correlation
extracted by fitting with Fermi liquid-type spectral function (see the text). (e) k. de-
pendent Fermi and group velocities extracted by fitting with linear function within the
binding energy window as shown in (c¢). (f) k. dependent coupling constant and carrier
effective mass. In (d) and (e) the data are fitted with cosine functions.

of 75 meV and 195 meV. We also estimated Fermi velocity vg, and group velocities,
v and vy, by fitting the band dispersions linearly in the binding energy windows (0,
0.07) eV, (0.1, 0.2) eV, and (0.21, 0.3) eV, respectively. The calculated Fermi and group
velocities vary sinusoidally with ® as shown in Fig. 5.3(c), having maximum Fermi and
group velocities, vp=0.6+0.03 eV-A, v,,=2.940.5 eV-A, v,=9.1+1 eV-A along the AH
direction and minimum Fermi and group velocities, vp=0.5240.02 eV-A, v,,=2.140.3 €V-
A, v,=3.540.5 ¢V-A along the AL direction. These observations are consistent with the
reported ® dependent Fermi velocities of Na,CoOy [211]. The total coupling constant
(M) and the effective mass of the hole pocket, m* = T—FF, as a function of ® are plotted
in Fig. 5.3(d). From Fig. 5.3(d), we can notice that the coupling constant is maximum
(A=3.7) for the electrons dispersing along AH and is minimum (A=2.9) for the electrons
dispersing along AL. Further, the effective mass is minimum (m* = 6.5 m,) along AH

and is maximum (m* = 7.4 m,) along AL.

Next, electronic correlations have been evaluated for the out-of-plane momentum (k)
direction as shown in Figure 5.4. Fig. 5.4(a) depicts the Fermi surface (FS) map taken
in the k. — k| plane by varying the photon energy (hv) between 40 and 100 eV insteps
of 4 eV. As can be seen from the k, FS map, no change in the Fermi vector is noticed
along the k, direction, suggesting a nearly 2D hole pocket without electron hopping in
the k, direction. In Fig. 5.4(b) we show representative imaginary part of the self-energy
extracted from the EDMs measured with varying photon energies (k, dependent). From

each photon energy data, we consistently observe two humps in X" (E), within the error-
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bars almost at the same binding energies of 75 meV and 195 meV. This is in very good
agreement with kinks observed from the band dispersions extracted from corresponding
photon energies [see Fig. 5.4(c)]. As discussed earlier, we could reasonably fit X" at
every photon energy using combined double-Eliashberg and Fermi liquid-type spectral
functions as shown in Fig. 5.4(b). We estimated [ from the fittings and is plotted as a
function of k, (hv) as shown in Fig. 5.4(d). From Fig. 5.4(d), we can notice that the e —e
correlations hardly change along k, (within the error-bars). The estimated Fermi and
group velocities are plotted in Fig. 5.4(e) as a function of k.. From Fig. 5.4(e), we can
notice that all the velocities vary sinusoidally with k£, having minima at 60 and 92 eV and
maxima at 43 and 75 eV photon energies. By considering the inner potential Vy=1242
eV and using the formula k, = w/zh—@(\/o + Ey), we identify that the photon energies 60
and 92 eV extract the bands from the AHL plane and the photon energies 45 and 75
eV extract the bands from the I'M K plane. Thus from Fig. 5.4(e), we can find that the
Fermi velocity is minimum at the A point (vp=0.640.04 eV-A) and is maximum at the
I point (vp=0.76+0.06 eV-A). Similarly, the group velocities v,, and v, are minimum at
A (2.340.3, 4.76+0.5) eV-A and are maximum at I' (3.5340.5, 6.06+0.8) eV-A. With
the help of Fermi velocity and Fermi momentum, we estimated the effective mass of the
hole pocket and plotted them as a function of k, as shown in Fig. 5.4(f). A maximum
effective mass is realized (m* = 6.51 m,) at A, while a minimum effective mass is realized
(m* = 5.06 m,) at I. Further, the k, dependent total coupling constants are plotted
in Fig. 5.4(f). Note here that the maximum (A=3.37) and minimum (A=2.38) coupling
constants are shifted by hv=5 eV from the photon energy positions of the high symmetry
points, while still the photon energy difference between the two extrema is invariant (&
15 eV).

Since we completely extracted the in-plane and the out-of-plane Fermi sheets using ARPES,
with the help of Luttinger’s theorem [212], we are able to estimate the hole carrier density
n,=0.33£0.03 per unit cell. This value is in very good agreement with the K deficiency
percentage of the measured sample Kq g52)RhO, (1-2=0.3540.02) from the stoichiometric
KRhO;. Thus, the ARPES data confirm EDAX estimate of the chemical composition.
As clearly demonstrated from our ARPES data, KqgsRhO5 possess two kinks. While the
kink at 75 meV is consistent with the previous studies of Raman spectroscopy showing
active By, + Fa, + A1, Raman modes at around 500 cm™ from Ky 63RhO2 [213], the high
energy kink at 195 meV is totally new a finding of this study. Though the origin of low
energy kink is reasonably understood, the origin of HE kink is yet to be established. So
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far existing ARPES studies on these systems did not concentrate on the electronic corre-
lations beyond 0.2 €V binding energy. Therefore, we are unable to compare the HE kink
directly with previous ARPES studies of these systems. Nevertheless, as can be seen from
Figs. 5.2 and 5.4, we can reasonably fit ¥" (F) with multiple Debye frequencies at 75 meV
and 195 meV. This suggests a plausible phononic origin for the HE kink. In fact, such
an observation of bosonic scattering at higher energies has been noticed from Fe (100) at
~ 160 meV [214], graphene at ~ 200 meV [215], and cuprates at ~ 350-400 meV below
Er [216, 217]. The other existing mechanisms for the HE anomaly are the matrix element
effects [218, 219] and spin-fluctuations [220]. As observed in this study and reported in
the literature, near the Fermi level only one band disperses from Er down to a binding
energy of 0.4 eV [205, 221]. The same has been confirmed from the DFT calculations
as well, especially, in AHL plane [207]. Since the observed HE kink is at around 195
meV and only one band dispersion present within this energy range, it is highly unlikely
that the HE kink originated from the matrix elements. Further, the spin-fluctuations
origin can be negated as the transport properties of K RhOs are nearly insensitive to
the applied magnetic fields down to the lowest possible temperature [222]. Finally, as
demonstrated in Fig. 5.1 the antiband crossing occur at &~ 0.4 eV below Er which shows
no effect on the kink at 195 meV, ruling out the band structure origin as well. Hence,
the only convincing mechanism for the HE kink must be the electron-boson scattering at
higher frequencies. But the present available literature on these systems is insufficient to

confirm the same.

Our estimate of average Fermi velocity over the entire BZ vp=0.6240.04 eV-A is far less
than the Fermi velocity (vp=0.9640.02 eV-A) reported earlier on KggRhO, [205]. On
the other hand, the average carrier effective mass estimated from this study, m*=6.44m,
is a factor of 4.7 less than the effective mass reported for Na,CoO, [201]. From this,
we can conclude that Ky gRhO, is relatively less correlated compared to Na,CoOs, but
more correlated than what was thought earlier [205]. With the help of average Fermi vec-
tor (kp=0.51£0.02 A_l) and Fermi velocity, we estimated the Seebeck coefficient using
the Boltzmann theory [182, 207], S = ?,):Z];%:, of 46+5 pV/K at T=300 K. This value
is in excellent agrement with the Seebeck coefficient Sspox=46.3 1V/K derived from the

transport measurements on KggzRhOs [200]. We further verified the validity of Boltz-
mann theory in the present context by evaluating the Seebeck coefficient for Nag g5CoOs.
Considering kr=0.6 A™" and averaged vyp=0.275 eV-A from Ref. [203], we estimated the
coefficient S300x=89 1V /K which is in very good agrement with the value of ~ 90 pV/K
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obtained from the transport measurements on Nag¢7CoO4 [223] and with the value of ~
85 1V/K obtained from DFT calculations on Nagg;CoOy [224]. Thus, the Boltzmann

theory is sufficient to understand the enhanced thermoelectric power in these systems.

4.4 Conclusions

In conclusion, we systematically studied the low-energy electronic structure of Kgg;RhO,
using ARPES technique and DFT calculations. While we did not observe any topologically
protected band dispersions, most importantly we found presence of two kinks at the
binding energies of 75 and 195 meV below Er. As demonstrated above the strength of
e-ph scattering, represented by the coupling constant (A), strongly depends on the in-
plane and out-of-plane momenta. Most importantly, from this study we discover that the
high-energy kink at 195 meV, leading to anomalous band renormalization near the Fermi

level, plays a crucial role in obtaining the colossal thermoelectric power in these systems.



Chapter 5

Electronic, magnetic, and transport
studies on AFM-TI, Mn_,Sn,BiyTe,

We investigated the effect of nonmagnetic Sn doping on the electronic and magnetic
properties of AFM TI MnBiyTe,;. We observe that the Sn doping reduces out-of-plane
AFM interactions in Mn;_,Sn,Bi,Tes for up to 68% of Sn concentration and above, the
system is found to be a paramagnetic. In this way, the AHE observed at a very high
critical field of 7.8 T in MnBiyTey is reduced to 2 T at 68% of Sn doping. Electrical
transport measurements suggest that all compositions are metallic in nature, while the
low temperature resistivity is sensitive to the AFM ordering and to the doping-induced
disorder. Hall effect study demonstrates that Sn actually dopes electrons into the system,
thus, enhancing the electron carrier density almost by two orders at 68% of Sn. In
contrast, SnBisTe, is found to be a p-type metal. ARPES studies show that the topological
properties are intact at least up to 55% of Sn doping as the Dirac surface states are present
near the Fermi level. But in SnBiy;Te; we are unable to detect the surface states due to
heavy hole doping. Thus, the Sn doping significantly affects the electronic and magnetic
properties of MnBiyTey.

Results Presented in this chapter are published in Physica B: Condensed Matter 657, 414799 (2023)
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5.1 Introduction

Introduction of magnetism into a TT has been known to give rise to various exotic quantum
phenomena such as axion [225-227] and Chern insulating states [228-230], Majorana zero
modes [231], and Weyl semimetallic phase [7, 57, 232]. However experimental realization
of such peculiar systems has been quite challenging due to the lack of intrinsic magnetism
in TIs. Earlier, magnetic ordering in the TTs, (Bi/Sb)yTes, was achieved by doping with
the magnetic ions like Cr/V [228, 229, 233, 234] in order to induce QAH insulating phase.
In this way, a ferromagnetic (FM) order is induced to break the TRS in the system. When
TRS breaks, the degeneracy of surface Dirac point is lifted and the gap opening is followed
by the chiral edge states, responsible for the QAH effect as observed in these systems.
However, so far this method showed QAH insulator states at very low temperatures (<1
K) [229, 235].

Interestingly, MnBi;Te, was recently discovered to be one of such intrinsic TT with spon-
taneous AFM order [55, 236-246], in which the layers of ferromagnetically ordered Mn
ions are coupled antiferromagnetically along the c-axis. Here, the long range magnetic
ordering breaks TRS but the combination of TRS (©) and half-lattice translational oper-
ator (71/2) connecting the two nearest Mn layers, i.e. S = ©T} /5 remains protected [240].
As a result, MnBi;Te; becomes a potential candidate for hosting intriguing topological
properties. It was also found that MnBisTe, thin flakes exhibit axion insulating state for
even number of layers [56]. Chern insulating state is noticed for odd number of layers
at zero magnetic field [55]. But at much higher magnetic fields even number of layers
also show Chern insulating phase [56]. Similar to even number layered thin flakes, bulk
MnBi, Te,y shows magnetization, thus requiring a very high magnetic fields (7.8 T) to ob-
tain the QAH effect [247]. One approach to see QAH effect in MnBiyTe, at lower fields
is by weakening the interlayer AFM exchange coupling by doping with nonmagnetic ion
like Sn at the Mn site.

In this work, we report comprehensively on the effect of Sn doping on the electronic and
magnetic properties of the magnetic TI MnBisTes. For this, we studied various single
crystals of Mn;_,Sn,Bi,Tey with x = 0, 0.2, 0.55, 0.68, 0.86, and 1. We realized that Sn
doping has a significant effect on the AFM ordering. That is, we observe a decrease in
Néel temperature (Ty) from 24 K for MnBisTey to 6 K for 68% of Sn doping, while x =
0.86 and 1 are found to be paramagnetic in nature. Further, we observe that the out-of-

plane magnetic ordering is intact up to x = 0.68, while for in-plane there is a change from
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linear M(H) behavior to a very weak ferromagnetic type M(H) curve with a saturated
magnetization of 0.8 up/f.u with increasing Sn. We find a cusp on the resistivity data
at the Néel temperature, which decreases with increasing Sn up to x = 0.68, consistent
with magnetic studies. In addition, from x = 0.55 and 0.68 compositions, we observe low
temperature resistivity upturn due to Sn doping induced disorder. On the other hand,
SnBi;Te, show Fermi-liquid type resistivity as the disordered is significantly reduced by
fully replacing Mn with Sn. We further notice that Sn induces electron carriers into
MnBisTey. As a result, the electron carrier concentration increase by two orders at a
Sn concentration of 68% compared to MnBisTes. In contrast to MnBi,Tey, SnBiyTey is
found to be a p-type system. The Fermi level shift in the electronic band dispersions
observed from ARPES studies on « = 0.55 and x = 1 single crystals is consistent with
carrier concentrations estimated from the Hall measurements. We further notice that the
topological properties are intact up to 55% of Sn doping as the surface Dirac states are
present in the valance band, while in SnBi;Te; we are unable to detect them due to heavy

hole doping.

5.2 Experimental details

We synthesized high quality single crystals of Mn;_,Sn,BisTe, with 2 = 0, 0.2, 0.55, 0.68,
0.86, and 1 using the solid state reaction route [248]. Constituent elements of Mn (99.9%),
Sn (99.99%), Bi (99.99%), and Te (99.99%) were taken in stoichiometric ratio, mixed
thoroughly in argon atmosphere, and kept in an alumina crucible before sealing it in a
quartz ampoule under a vacuum of 104 mbar. The sealed quartz ampoule was then heated
in a chamber furnace up to 900°C at a rate of 150°C/h, and kept at that temperature
for 24 h. The ampoule was then cooled at a rate of 2°C/h. The growth temperature
of MnBi,yTe, is 590°C and for SnBiyTe, it is 600°C [249]. After the controlled cooling,
we performed prolonged annealing within the temperature range of 590°C to 600°C for a
maximum of seven days depending on the amount of Sn doping concentration. Finally,
the ampoule was quenched in cold water. In this way, we got shiny and plate-like single

crystals with a maximum size of 3x3 mm?.

As grown single crystals were structurally analyzed using the high-resolution X-ray diffrac-
tometer (Rigaku smartLab 9 kW) having Cu-K, radiation. The chemical composition of

the crystals were thoroughly examined using energy dispersive X-ray spectroscopy (EDS)
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Figure 5.1: Energy dispersive X-ray spectra (EDS) collected from Mn;_,Sn,Bi;Te, single
crystals from x=0 to x=1

on cleaved sample surfaces [see Fig. 5.1]. For convenience, herein, we will use respective
nominal composition to represent each sample. Transport and magnetic properties were
measured using Quantum Design Physical Property Measurement System (PPMS) with
magnetic field up to 9 T by varying the temperature between 2 and 300 K during the
measurements. All magnetic measurements were performed in the DC mode using the
VSM option of the PPMS. For ZFC measurements, the sample was cooled down from 300

K to 2 K at zero magnetic field, after which the magnetic field was turned on to collect the
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data during heating. For FC measurements, data were collected while cooling the sample
in presence of an applied magnetic field. All the transport measurements were carried
out in the DC mode with 5000 puA applied current. XPS and ARPES measurements were
performed at the undulator based Angle Resolved Photoelectron Spectroscopy beamline
(ARPES BL-10), Indus-2, India. All samples were cleaved in-situ in the chamber vacuum
of 5x107" mbar and performed low energy electron diffraction (LEED) measurements
using SPECS ErLEED 1000A to examine the sample surface quality. Both the XPS and
ARPES measurements were carried out at a sample temperature of 20 K using SPECS
Phoibos150 electron analyser. ARPES measurements were performed with a photon en-
ergy of hv = 70 eV. The energy and angular resolutions were set at 40 meV and 0.1°,
respectively, for the ARPES studies. XPS measurements were performed with a photon

energy of hv = 800 eV and at an energy resolution of 0.4 eV.

5.3 Results and discussion

MnBi,Te, crystallizes in the rhombohedral structure with a space group of R3m, consists
Te-Bi-Te-Mn—Te-Bi-Te septuple layers as shown in Fig. 7.1(a). Fig. 7.1(b) shows the
XRD data of Mn;_,Sn,BiyTe, single crystals for x = 0, 0.2, 0.55, 0.68, 0.86, and 1.
XRD data of all crystals show clear reflections from (00l) plane without any impurity
peaks. The lower panel in Fig. 7.1(b) shows shift in the (0 0 30) peak to lower 26 when
the (0 0 21) peak position is fixed. This relative peak shift to lower 26 values signifies
a continuous increase in the ¢ lattice parameter with Sn doping. Low energy electron
diffraction (LEED) images taken on the freshly cleaved surfaces of x = 0.55 and = =
1 single crystals are shown in Fig. 7.1(e). The LEED pattern of both samples are in
hexagonal symmetry with clear first order diffraction spots coming from (001) crystal
planes. This is in good agreement with the XRD data, again confirming the high quality
of single crystals. XPS data collected on x = 0.55 and x = 1 samples are shown in Figs.
7.1(c) and (d), respectively. Both crystals exhibit major core level peaks at 157.35 eV of
Bi 4f7 /5 and 162.75 eV of Bi 4f5/, which can be assigned to the Bi3* ions from the Bi-Te
bond [250, 251]. Additionally, we noticed two major peaks of Sn 3dz/, and Sn 3ds/, at
493.3 eV and 484.85 eV, respectively, from Sn?* ions associated to the Sn—Te bond [252].
Te 3d core levels at 582.2 eV (Te 3ds/,) and 571.85 eV (Te 3d5/2) corresponding to the
Te?~ ions from Sn—Te, Mn-Te, and Bi-Te bonds of Mng 45Sng 55Bis Tey [253] and also from
Sn-Te, and Bi-Te bonds in SnBisTey. The peaks corresponding to Mn%* from Mn-Te
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Figure 5.2: (a) Rhombohedral crystal structure of MnBisTey. Red arrows indicate the
Mn?* ion spins in AFM state. (b) Single crystal XRD patterns showing (00) reflections
from all the compositions. Insets in (b) show photographic images of Mn;_,Sn,BisTe,
single crystals. Bottom-left inset in (b) shows the zoomed-in XRD pattern demonstrating
the shift in (0 0 30) peak position with Sn doping. (c¢) and (d) Show XPS spectra exhibiting
the Bi 4f, Sn 3d, Te 3d, and Mn 2p core levels for x = 0.55 and Bi 4f, Te 3d, and Sn 3d
core levels for & = 1, respectively. (e) Shows LEED data taken with 70 eV photon energy
revealing hexagonal pattern for both x = 0.55 and = 1 single crystals.

bonds appear at 641.1 eV of Mn 2p;,, and 652.8 eV of Mn 2p, /o [247, 254]. We further
noticed a few low intensity peaks related to Mn?* at 639.9 eV and 651.45 eV of the Mn-O
bond as observed in a previous report on this system [247]. MnBiyTe, is known to easily
get oxidized when exposed to air, making it difficult to handle. As a result of which, we
observe minor oxidation peaks of Mn—O bonds caused by the oxidation on the sample
surface [247, 254]. However, the bulk physical properties should not be affected by the
surface oxidation [247]. In addition, two satellites corresponding to the Mn 2p core-levels
appear at 647.6 eV and 656.8 €V, and two more satellites corresponding to the Mn—O
bonding appear at 644.2 eV and 654.2 eV due to the charge transfer from outer shells of
Te 5p to the unfilled Mn 3d orbitals [253].

To elucidate the effect of Sn doping on the magnetic properties of MnBi;Te,, we performed
thorough magnetic measurements on various Sn doping concentrations. Fig. 7.2(a) de-
picts field-cooled (FC) and zero-field-cooled (ZFC) magnetic susceptibility (x) plotted
as a function of temperature up to 40 K with magnetic field applied in-plane (H || ab)
and out-of-plane (H || ¢) orientations. The FC and ZFC curves overlap for all samples,

suggesting negligible magnetic hysteresis [255-257]. In agreement with the previous re-
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Figure 5.3: (a) Temperature dependent magnetic susceptibility (x) measured in field-
cooled and zero field-cooled modes with H||c and H||ab. (b) Inverse magnetic susceptibility
plotted as a function of temperature with H|lc and H|lab. Doping dependent (c) Néel
temperature (Ty), (d) Curie-Weiss temperature (fy) for H||c and H||ab.

ports [239, 241], MnBiyTey shows AFM ordering at a Néel temperature (Ty) of 24 K,
thereby causing a sharp decrease in the magnetic susceptibility below T for H || ¢,
whereas the magnetic susceptibility for H || ab remains almost constant below 7. Next
with increasing Sn substitution in Mn;_,Sn,BisTey, the 2D ferromagnetic sublattice gets
diluted, causing the decrease in Ty linearly from 24 K for z = 0 to 6 K for x = 0.68
as shown in Fig. 7.2(c). The large decrease in T implies a significant weakening of
interlayer AFM coupling, while the overall AFM ordering is intact up to 68% of Sn con-
centration. An earlier magnetic study suggested for a magnetic transition from AFM to
paramagnetic for the 66% of Sn doped Mn;_,Sn,BisTe, [258]. The discrepancy between
our study and that of Ref. [258] could be that the low temperature AFM ordering is
dominated by the applied magnetic field when measured with 1 T [Fig. 5.4]. Thus, we

measured the magnetic data with a field of 0.4 T to see the AFM ordering at 6 K for x
= 0.68.

Figure 7.2(b) shows the inverse magnetic susceptibility plotted as a function of tempera-
ture with H || ¢ and H || ab. From the Curie-Weiss law fitting to the data, we obtained
Curie-Weiss temperature (fy) for each composition and is plotted in Fig. 7.2(d) as a

function of Sn concentration. Earlier reports on MnBiyTe, showed positive Curie-Weiss
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Figure 5.4: Temperature dependent magnetic susceptibility () data measured in both
field-cooled (FC) and zero field-cooled (ZFC) mode for H||c from x=0.68

temperature for H || ab due to the in-plane FM exchange interaction and a negative

Curie-Weiss temperature for H || ¢ due to the out-of-plane AFM interactions [247].

In agreement to that, we obtained the Curie-Weiss temperatures 0f;, = —0.08 K and
02k = 3 K. Also, for H || ab, we obtained the Curie constant C' = 3.538 emu-K/mol-
Oe and yo = —0.00149 emu/mol-Oe. We calculated the effective magnetic moment

tefr = 5.3 pp/Mn for MnBiyTey [236, 247] using the formula C' = NAusz/E}NkB. By
considering the J = 5/2 [236] for Mn?* ions, peps = 24/J(J + 1) pp/Mn = 5.9 up/Mn
which is close to the obtained value for MnBiyTes. As shown in Fig. 7.2(d), we found
different Curie-Weiss temperatures for in-plane (%) and out-of-plane (64,) field direc-
tions for the samples z = 0 and 0.2, but at higher Sn concentrations both Curie-Weiss
temperatures become almost equal due to decreasing magnetic anisotropy with increasing

Sn concentration.

Figures 7.3(a)-(e) show field dependent magnetization M(H) isotherms measured with
H || cand H || ab. The crystallographic c-axis is known to be spin-easy axis for MnBi;Te,.
In agreement to this, Fig. 7.3(a) shows a spin-flop (SF) transition at a critical field of H5
= 3.3 T for H || cat 3 K, which gradually decreases to lower fields with increasing temper-
ature up to the Néel temperature. Beyond the Néel temperature, the system transforms
to paramagnetic (PM) in nature. During the spin-flop transition, the spin-structure of the
system switches from an AFM state to a canted-AFM (CAFM) state, which upon further
increase in magnetic field reaches to FM state due to complete polarization of the spins
at a critical field of HI'M = 7.8 T for MnBi,Tey [259]. With increasing Sn concentration,
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Figure 5.5: Magnetization isotherms taken from (a) z = 0, (b) z = 0.2, (¢) = = 0.55, (d)
z = 0.68, and (e) z = 0.86 for the field applied parallel to c-axis (H||c) (top figure) and
parallel to ab-plane (HJjab) (bottom figure) measured up to 7 T. The insets are schematics

representing the Mn spins in their respective color regions for two nearest Mn inter-layers
(SLs).

the spin-flop transition critical field decreases for H || ¢. That means, for x = 0.2 the
critical field of spin-flop transition H¥ = 2.5 T [see Fig. 7.3(b)], which gradually goes
down to H5F = 0.7 T for z = 0.68 [see Fig. 7.3(d)]. These observations further support
our earlier argument that the AFM transition in x = 0.68 sample can be detected only
with the magnetic fields below 0.7 T. Further increase in Sn concentration to x = 0.86,
the spin-flop transition is completely disappeared and the system turns to be a very weak

ferromagnet as it shows a sigmoid-like M(H) isotherm at 3 K for H || ¢ [see Fig. 7.3(e)].

Increase in Sn concentration not only decreases the spin-flop critical fields [H5*], but also
the saturation magnetization (Mg). MnBisTey is known to show a saturation magneti-
zation of 3.56 up/fu. at 8 T for H || ¢ [259], it goes down to a negligible saturation
magnetization of 0.32 pp/f.u for x = 0.86. In fact at 3 K, we notice magnetization satu-
ration at 4 T for x = 0.55 and at 2.2 T for x = 0.68 due to weak FM ordering induced
with Sn doping. On the other hand, for H || ab, the magnetization M(H) isotherms of z =
0, 0.2, and 0.55 show linear dependents on H due to gradual polarization of spins towards
the applied field direction. However, the magnetic saturation is noticed for x = 0.55 at
around 5 T. Interestingly, for x = 0.68 and 0.86 the nature of the M(H) curves at lower
fields resembles to a weak ferromagnet with sigmoid-like shape and magnetic saturation
is around 2 T. These observations suggest that Sn doping into MnBi;Te, transforms the

system to a weak ferromagnet.
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Figure 5.6: Field dependent magnetoresistance (p,,) from (a) z = 0, (b) z = 0.2, (¢) z
= 0.55, (d) z = 0.68, (e) z = 0.86, and (f) z = 1 measured at 3 K, 5 K. 15 K, and 40 K.
Top panel in (g) shows doping dependent critical fields of spin-flop transition (H5F) and
ferromagnetic moment saturation (HS*). Bottom panel in (g) shows calculated effective
interlayer coupling (SJ.) and effective single ion anisotropy (SK) between two Mn layers
plotted as a function of Sn doping.

Next, field dependent magnetoresistance (MR) up to 9 T measured at various tempera-
tures from all the compositions is plotted in Figs. 5.6(a)—(f). During the measurements,
the magnetic field was applied along the c-axis (the easy axis) with current applied paral-
lel to ab-plane. p,.(H) of MnBiyTey and all other compositions show negligible variation
in the AFM state. This is because the spin scattering induced by AFM ordering could be
dominating the Lorentz effect [239]. However, as the field reaches above H?" (CAFM),
the canted spins start to align along the c-axis. Therefore, the scattering rates start to
decrease to lower the MR. Although the samples from x = 0.2 to 0.68 show decrease in
MR with increasing field in the CAFM state, in contrast, we do not observe decrease
in MR with increasing field in MnBi;Tey in the CAFM state [see Fig. 5.6(a)], possibly
due to the topological Hall effect which we will discuss later. Furthermore, the critical
fields found from MR data are matching very well with that of H5F and HF™ from the
M(H) data. We notice that the field dependent MR behavior is consistent with M(H)
data up to Néel temperature, and above Ty we observe a parabolic field dependent MR,
in agreement with an earlier report [260]. Similar parabolic behavior is present above
ferromagnetic saturation H™ for lower temperatures (3 and 5 K) due to Lorentz effect.
Additionally, we observe a sharp upward jump at the spin flop transition for MnBi;Tey.

Although quite suppressed, similar transition is present in x = 0.2. This behavior has
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been previously reported in Mn(Sb,Bi;_;)sTes for x = 0.25 [257]. Here the magnetic
coupling mechanism present in the vicinity of the Fermi level was held responsible. As
discussed later in Fig. 5.8(g) = 0 and 0.2 have lower n—type carrier density, hence the
Fermi level is closer to the band gap. This might be the reason why we observe similar
upward jump in both of the samples. Next, z = 0.86 and 1 (SnBiyTes) show parabolic
field dependent MR at all the measured sample temperatures due to their paramagnetic
nature [see Figs. 5.6(e) and ()]

The doping dependence of critical fields is shown in Fig. 5.6(g). Both H5' and HIM
decrease monotonically with increasing Sn concentration. Using the values of HSF and

HIM we obtained the effective interlayer coupling (SJ,) and effective single ion anisotropy
2 2
(SK) by SK = g"’TBléiz and SJ, = gf—(sB(HFM + gi;) [259, 261]. Here g is the Landé

[

g-factor and 9 is the fraction of Mn ions per Mn site. The obtained value of SJ. and
SK are plotted in the lower panel of Fig. 5.6(g). While SK monotonically decreases
with increasing x due to reduction of Mn ions, we see a very little change in SJ.. That
means, ingoing from x = 0 to x = 0.68 SJ. changes little from 0.27 meV to 0.25 meV,
while SK decreases significantly from 0.79 meV to 0.13 meV. The negligible change in
the effective interlayer coupling (SJ.) can be understood from the XRD data shown in
Fig. 7.1(b) which shows a very little shift in the (00/) plane with doping, demonstrating

nearly constant ¢ parameter.

Temperature dependent stacked in-plane resistivity (p,,) data are plotted in Fig. 5.7(a).
pze of all compositions suggest an overall metallic behavior. From the normalized resis-
tance shown in Fig. 5.7(b) we notice a cusp at around 24 K from = = 0, 21 K from 2 = 0.2,
10 K from z = 0.55, and 5 K from 2 = 0.68 due to the spin-fluctuations triggered around
Néel temperature. In addition, compositions of z = 0.55 and x = 0.68 show upturn resis-
tivity with minima at 15 K and at 28 K, respectively. Note here that these temperature
minima are higher than their respective Néel temperatures, suggesting rather a different
mechanism for increasing resistivity at low temperatures such as the disorder induced
electron—electron (e — e) interactions [262], weak localization (WL) [263], or the Kondo
effect [264]. In order to explore further on the origin of resistivity upturn, we performed
field dependent resistivity on = 0.68 and plotted the data as shown in Fig. 5.7(c). From
Fig. 5.7(c) we can see that up to 9 T the resistivity upturn does not suppress, contra-
dicting to the possibility of Kondo effect or weak localization in which cases usually the
resistivity upturn suppresses [264]. Thus, low temperature resistivity upturn found from

the x = 0.55 and 0.68 compositions could have originated from the disorder induced e — e
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Figure 5.7: (a) Stacked in-plane resistivity p,, plotted as a function of temperature from
all the compositions. (b) Normalized in-plane resistance (R(T)/R(2 K)) plotted at low
temperatures. (¢) p..(T) of x = 0.68, measured with 0 T, 4 T, and 9 T applied magnetic
fields for H || ¢. The dashed curves (b) and the solid curves in (c¢) are the fits to e — e
scattering equation.

scattering with Sn doping [262, 265, 266]. To confirm this, we did fit the low temperature
resistivity upturn using the relation of e-e scattering, p = po — aT'"/? + BT? [see Figs.
5.7(b,c)]. The term aT"/? represents e-e elastic scattering and the term BT? represents
the e-e inelastic scattering (Fermi-liquid type) [267]. Similarly, we could fit the resistivity
upturn of x = 0.55 [Fig. 5.7(b)] with the same consideration. Nevertheless, the resistivity
upturn is absent from SnBisTe,; and rather we find a clean Fermi-liquid type resistivity

curve that is satisfying the T? law.

Field dependent Hall resistivity (p,,) data at 3, 5, 15, and 40 K for all compositions
are shown in Fig. 5.8. As can be seen from Figs. 5.8(a)—(f), the p,,(H) decreases with
increasing Sn concentration up to z = 0.68 and then the slope reverses for x = 1 (SnBiyTey)
as shown in Fig. 5.8(f). The change in slope of p,,(H) clearly hints at increase in electron
carrier concentration up to x = 0.68 which then becomes p-type for z = 1. Further, from
a closer look at the Hall data of MnBiy;Te,, we can notice a change in slope at the spin-flop
critical field of HY¥ = 3.2 T and at the ferromagnetic ordering field of Hf™ = 7.8 T. The
total Hall resistivity (pa,(H)) can be expressed by puy(H) = RopoH + pj,. Here, the term
RopoH represents ordinary Hall resistivity (OHR) and the term pfy represents anomalous

Hall resistivity (AHR). To extract the anomalous Hall resistivity (pZ,) for the compositions
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Figure 5.8: (a)—(f) Field dependent Hall resistivity (p,,) measured at 3, 5, 15, and 40 K.
(red, yellow, green, and white colored regions in (a)—(d) represents AFM, CAFM, FM, and
PM states of the system, respectively). The lower panels of (a)—(e) shows the anomalous
Hall resistivity (pfy) obtained after subtracting the normal Hall resistivity from p,,. (g)
Charge carrier density (n) plotted as a function of Sn doping concentration.

x = 0 to 0.86, we subtracted the ordinary Hall contribution from total Hall resistivity by
linearly fitting p,,(H) at higher-field region. The resultant pfy is plotted as a function of
field in the bottom panel of Figs. 5.8(a)—(e). The slope changes at H?'" and HI'M are
very prominent in the obtained pJ,. Moreover, p7, of MnBi;Tey exhibits almost linear
field dependence in the AFM region, consistent with the M (H) data [see Fig. 7.3(a)]. But
interestingly, we clearly observe a cusp in pfy of MnBiyTe, in the CAFM region [55, 261].
Similar behavior is also observed from x = 0.2. We suggest, the cusp in the AHR possibly
originated from the topological Hall effect due to non-collinear spin-structure [268] in the
CAFM state which dissipates with increasing Sn doping concentration. Further, both z
= 0 and = = 0.2 have negative anomalous Hall resistivity above H™ which switches to
positive pfy for x = 0.55 and remains positive for x = 0.68 and x = 0.86 when measured at
3 K. Similar behavior has previously been observed in Mn;_,Pb,BiyTe4 for 2 = 0.53 [261].
These observations suggests that replacing 50% of Mn in MnBi, Te, with nonmagnetic ions
changes the band structure near Fermi level, leading to sign reversal at the higher fields
in pfy. However, we observe negligible pfy from x = 0.68 and = = 0.86 as they are already

at the verge of paramagnetic to possess significant AHE [see Figs. 7.2(a) and (e)].

Next, the charge carrier concentration has been estimated from the Hall data and plotted
in Fig. 5.8(g) for all the compositions at 40 K. We find an electron carrier density of
5.4 x 10 em™3 for o = 0, 8.18 x 10* cm™ for x = 0.2, 4.59 x 10*° cm ™3 for = 0.55,
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1.2 x 10?2t em™3 for = 0.68, and 1.04 x 10?! cm™3 for = 0.86 from the linear Hall
resistivity data collected at 40 K, where all samples become paramagnets [269]. Thus, in
going from = = 0 to x = 0.68 the electron carrier density increased by an order of 2. On the
other hand, for z = 1 (SnBiyTey) we estimated a hole carrier density of 1.39x 10*!cm ™3, in
good agreement with previous reports on the hole carrier concentration of SnBiyTey [270-
272]. Further, our observation of increase in electron density with Sn doping is in good

agreement with a previous report [258].

(@ _ x=0.55 _ (b) x=1
e T
S
K
LIIJLL
L
>
2
2
L0
-1.0 -05 00 05 1.0 -1.0 -0.5 0.0 0.5 1.0
©. A @ WA
M«—T —">M Me—T—> M
0.1
S 0.0
L
LIIIJ'L -0.1
w 0.2
3
E -0.3
0.4
-0.5
-0.5 0.0 0.5 -0.5 0.0 0.5
k//(A-l) k//(A'l)

Figure 5.9: (a) and (b) Energy distribution maps (EDMs) from = = 0.55 and z = 1
compositions, respectively, taken along I' — M direction with 70 eV photon energy using
linearly polarized light. (c) and (d) are the zoomed-in EDMs of # = 0.55 and « = 1
near Fr. In the figure, BCB and BVB stand for bulk conduction and valance bands,
respectively. SS stands for surface states.

In order to understand the effect of Sn doping on the electronic band dispersions near the
Fermi level, we performed ARPES measurements on x = 0.55 and x = 1 compositions
as shown in Fig. 5.9 measured with 70 eV photon energy of linearly polarized light.
Figs. 5.9(a) and (b) depict energy distribution maps (EDMs) plotted for x = 0.55 and
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x = 1, respectively, along I' — M orientation as schematically shown in the inset. Fig.
5.9(c) and (d) depict zoomed-in images of Figs. 5.9(a) and (b), respectively, showing
band dispersions near the Fermi level. From Fig. 5.9(c), we can notice that the surface
Dirac state in « = 0.55 is connecting the bulk conduction band (BCB) and bulk valence
band (BVB) like in the parent MnBisTey [273-275]. However, the surface Dirac states are
completely disappeared when Mn is totally replaced by Sn [see Fig. 5.9(d)]. In addition,
we find that the bulk valance band in x = 1 shifted closer to the Fermi level while the
bulk conduction band shifted above the Fermi level due to Fermi level shifting towards
higher binding energy with hole doping. This is in good agreement with the dominant

hole carrier density estimated from the Hall measurements in the case of SnBi;Te,.

Despite MnBisTey being TT with intrinsic magnetic ordering, there are mainly two obsta-
cles on the path of realizing Chern insulating state in this system. One of them is the high
magnetic fields needed to obtain FM order [273] and the other one is the dominant bulk
electron carriers induced by the excess Bi and the antisite defects in single crystals [257],
shifting the Fermi level into the bulk conduction band. Doping Sn at the Mn site ap-
peared to be a promising technique for suppressing the n-type bulk carriers as SnBiyTey
is isostructural to MnBiyTe, and has high p—type carrier concentration [271]. But the
magnetism, an important ingredient to realize the Chern insulating state, seems to be
disappearing beyond 68% of Sn doping while still the electron carriers dominating the
transport. On the other hand, when the electron density decreased at higher Sn doping

(x = 0.86) the system turns into nonmagnetic [see Fig. 5.8].

5.4 Conclusions

In conclusion, we have successfully grown high quality single crystals of Mn;_,Sn,BisTey
(x = 0, 0.2, 0.55, 0.68, 0.86 and 1). We noticed that Sn doping in MnBiy;Te, is an
effective way of acquiring quantum Hall state at lower magnetic fields as the critical field
of FM ordering goes from 7.8 T to 2.2 T in going from x = 0 to x = 0.68. Electrical
resistivity is found to be sensitive to the AFM ordering temperature (Ty), but with Sn
doping the low temperature resistivity shows upturn due to the doping induced disorder.
However, low temperature upturn is absent in SnBisTey as the disorder is reduced. Hall
effect study shows electron doping into the system with Sn, and thus, enhancing the

electron carrier density almost by two orders with 68% of Sn concentration. In contrast,
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SnBiyTey is found to be a p-type system. ARPES studies show that topological properties
are intact up to 55% of Sn doping in MnBi,Tey, but the Dirac surface states disappear
when Mn is completely replaced by Sn (SnBiyTey). Thus, our studies presented here
clearly demonstrate the effect of Sn doping on the electronic and magnetic properties of

Ml’lBiQ T€4 .



Chapter 6

ARPES studies on 3D-TI Bi»>Ses in

the presence of magnetic impurities

As magnetic ordering in TIs can break the TRS, the TIs are predicted to open up a band
gap at the Dirac point in the presence of magnetic impurities. To experimentally observe
the effect of magnetic impurities on the electronic structure, we have performed high-
resolution ARPES experiments on 3D TI BiySes along with various magnetically doped
compounds such as Cog1BisSes, Mng1BisSes, and Eug1Bij¢Sez. Though no band gap
opening at the Dirac point was observed due to very small amount of doping, a clear shift
of the Dirac point to higher binding energy was observed. Our measurements show the
presence of conducting surface and insulating bulk states for all the compounds and also
indicate that all the magnetic elements we doped in BiySes provide additional electrons

to the compound, which eventually causes a shift of the Dirac point.

Results Presented in this chapter are published in AIP Conference Proceedings 2265, 030355 (2020)
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6.1 Introduction

Unlike normal insulators, T1Is are a class of quantum materials which have insulating bulk
states and conducting surface states. Interestingly, the metallic surface state is robust to
all the disorder potential, which does not break the TRS [3, 40, 54, 276]. These unusual
properties of TIs not only help to have a better understanding of quantum materials in
physics but also have a very promising future in quantum information processing. After
the observation of topological properties in HgTe [2, 38], a number of compounds were
proposed to have the topological properties [4, 277-281]. Recently BisSes, BiyTes, and
a few other compounds were identified to be 3D TIs [43, 44, 282]. BiySes, like other
3D TIs, has a Dirac cone in the surface state and a large band gap in the bulk [4].
To open up a gap at the Dirac point, either the TRS or the inversion symmetry needs
to be broken. One way to break the TRS is by introducing magnetic impurities [283].
From theoretical calculations, it has been shown that the presence of magnetic impurities
causes gap opening at the Dirac point and introduces ferromagnetic ordering in the T'SS
by Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [46]. To investigate the effect of
magnetic impurities on the electronic structure of 3D TI BySes, here we have performed
ARPES measurements on Cog;BisSes, Mng 1BisSes, and Eug1Bi; gSes, along with pure

BiySes single crystal.

6.2 Experimental details

Single crystals of BisSes, the Co and Mn intercalated crystals, Cog 1BisSes, Mng 1BisSes,
and Eu doped Eug;Bij¢Ses, were grown by self-flux method [284-286], where the stoi-
chiometric mixture of all the elements were mixed and heated at 950° C and slowly cooled
down to 650°C. To perform the ARPES measurements, the samples were cleaved in-situ
in the preparation chamber having vacuum of the order of 1x107!% and then moved to
the measurement chamber, where the measurements were done using He-Iaw (hv=21.2 eV)
lamp under high vacuum (9x10~'! mbar) at a constant temperature of 15K with energy

resolution of 10 meV.
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Figure 6.1: (a) Rhombohedral crystal structure of BisSes.(b) Large energy range scan
for BisSes, obtained from ARPES.(c) observation of bulk conduction band (BCB), bulk

valence band (BVB), surface-state band (SSB) and the Dirac point from the second deriva-
tive w.r.t. k;, (A) near the Fermi level.

6.3 Results and discussions

Figure 1(a) shows the crystal structure of BisSes, where we can see the presence of Bi-Se
layers within the triangle lattice. BisSes contains rhombohedral crystal structure with
space group D3, (R3m). The structure of BiySes is consisted of quintuple layers, which
are actually five layers in the sequence of Se-Bi-Se-Bi-Se [287]. Two neighboring quintuple
layers are weakly bonded by van der Waals bond. So, when an element is intercalated,
the atoms enter the van der Waals gap of the crystal [288] and form a layer that changes
the electronic band structure of the crystal. To investigate the variations, we measured
the band structures of BisSes intercalated with magnetic Co, Mn, and Eu along with
pure BisSes single crystals by ARPES. Figure 1(b) shows the ARPES intensity plot for
undoped BisSes. From the energy distribution map and its second derivative [Fig: 1(c)],
we observe a bulk band gap of 225 meV between the bulk conduction band (BCB) and
the bulk valence band (BVB). As BisSes is a TI, the presence of a topologically protected
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conducting surface state band (SSB) and the Dirac point is also clearly visible in Fig:
1(c) [41].

® Bi,Se,
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Figure 6.2: Change in band structures in ARPES plots with the change in
doped/intercalated elements. (a)-(d) EDMs measured from ARPES of BiySes, and the
intercalated BiySes (Cog.1BisSes, Mng 1BisSes, and Eug1Bij9Ses). (e)-(d) Second deriva-
tives of (a)-(d) w.r.t. k,, showing the Dirac point shift and change in bulk band gap for
different intercalation. (i)-(1) EDCs for all the EDMs from (a)-(d).

Figure 2 shows the ARPES spectra of parent compound BiySes along with Coq1BisSes,
Mny 1 BisSes, and Eug1Bij 9Ses (Figs. 2(a)-(d)). From Figs. 2(e)(f) and the EDCs of the
ARPES plots (Figs. 2(i)-(1)), we can see the clear presence of conducting surface states
(i.e., no band gap opening at the Dirac point) in all the intercalated samples and so in
the doped samples. But the bulk band gap between BVB and BCB changes when the
magnetic materials are deposited. The bulk band gap of 225 meV was observed for BisSes
(Fig. 2(e)), which decreases to 219 meV and 206 meV with the intercalation of Co and
Mn respectively (Figs. 2(f)-(g)). But for doping of lanthanide element Eu, the bulk band
gap increases to 247 meV (Fig. 2(h)). Besides the change in the bulk band gap, the
Dirac point also shifts downward in the doped samples. The Dirac point shifts 75 meV
for Co intercalation, which increases to 99 meV when Mn intercalation and 138 meV for
Eu doping (Figs. 2(f)-(h)).



6.4. Conclusions 107

6.4 Conclusions

In conclusion, we discussed the ARPES data of BisSes, Cop1BisSes, Mng1BisSes, and
Eup1Bi; 9Ses. Theoretically, it has been predicted that the presence of magnetic impurities
breaks the TRS of TIS and opens up a band gap in the surface state [17]. But in the
measured compounds, the percentage of magnetic impurities are only 10%, which is very
low. As a result, the topological properties of BisSes are unaffected. Though there is
no band opening due to doping, the Dirac point shifts to higher binding energies with
the intercalation of Co, Mn, and Eu. The dopants induct electrons into the system. And
more electron doping causes more shift to the Dirac point, which signifies that Mn donates
more electrons to the samples than Co. The Dirac point shift is the most for Eu doping,

which means that Eu provides much more electrons to BisSes than Co or Mn.



Chapter 7

Electronic Band Structure Studies of
Magnetic WSM, Mn3Ge

Using ARPES and DFT calculations, we systematically studied the electronic band
structure of Mn3Ge in the vicinity of the Fermi level. We observe several bands crossing
the Fermi level, confirming the metallic nature of the studied system. We further observe
several flat bands along various high symmetry directions, consistent with the DFT cal-
culations. The calculated partial density of states (PDOS) suggests a dominant Mn 3d
orbital contribution to the total valence band DOS. With the help of orbital-resolved band
structure calculations, we qualitatively identify the orbital information of the experimen-
tally obtained band dispersions. Out-of-plane electronic band dispersions are explored by
measuring the ARPES data at various photon energies. Importantly, our study suggests

relatively weaker electronic correlations in Mn3zGe compared to MnzSn.

Results presented in this chapter are communicated to an international journal for publication (under
review).

108



7.1. Introduction 109

7.1 Introduction

The coexistence of magnetism and topology in magnetic semimetals manifests several in-
triguing quantum materials in the condensed matter such as the WSMs [289-292]. Mn3Ge
is one such magnetic WSM from the family of MnzX (X= Sn & Ge) kagome systems, with
noncollinear AFM order, demonstrating exotic electronic properties like giant AHE [293—
296], anomalous Nernst effect [297-301], Kerr effect [302-304], and flat bands along with
Weyl nodes near the Fermi level [305, 306], leading to compelling quantum technological
application [307, 308]. Usually, the Weyl points are manifested either by the broken TRS
or by the broken inversion symmetry. Out of these two categories, the TRS broken systems
are in principle magnetic WSMs which also host strong electronic correlations [309-311],
exhibiting several fascinating bulk electronic and magnetic properties. On the other hand,
in the case of the Mn3X family of materials, it is the translational plus TRS breaking that
gives rise to the Weyl physics [300, 306, 312, 313]. The Weyl system can host a minimum
of two pairs of Weyl nodes. Each pair of Weyl nodes with opposite chirality acts as the
source and sink of the Berry curvature, leading to large AHE [293, 294, 314, 315]. Thus,
a systematic study of the low-energy electronic band structure of these systems is crucial

for understanding the observed large AHE.

Although there exist many DFT calculations exploring the topological properties of Mn3X
(X=Sn & Ge ) systems by studying their electronic band structure near the Fermi
level [7, 316, 317], so far only one ARPES report is available experimentally demon-
strating the electronic band structure of MnzSn [7]. The DFT calculations predict several
Weyl points near the Fermi level from both Mn3zSn and Mn3zGe. However, experimen-
tally, it is hard to detect these Weyl points due to difficulties in resolving the valence
band electronic structure. Because of this complexity, not much excitement is generated
in the research community for experimentally studying the electronic band structure of

these very fascinating magnetic topological WSMs.

In this manuscript, we present the low-energy electronic band structure of MnzGe studied
by using the ARPES technique and compared it with the calculated band structure using
DFT. We find a qualitative agreement between the ARPES data and DF'T calculations.
However, detection of the theoretically predicted Weyl points from our ARPES data has
been quite challenging as they are predicted well above the Fermi level [305, 306]. Since
Mn3X compounds are suggested to show strong electronic correlations [7, 318], instead

of searching for the Weyl points, we focused on the details of low-energy electronic band
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structure along the in-plane (k,/) and the out-of-plane (k.) orientations. The partial
density of state (PDOS) calculations confirm the presence of dominant Mn 3d orbital
characters near the Fermi level. We further carried out the orbital-resolved DFT calcula-
tions and compared them with the ARPES data to understand the orbital contributions
to the experimental electronic band structure. In addition, as the Mn3Ge is constructed
from layered kagome lattice, these are predicted to host flat bands [319-321]. Our ARPES
data demonstrate the presence of such flat bands along different high-symmetry directions
of the BZ.

7.2 Experimental Details

Mnj3Ge single crystals were grown by the melt-growth method [293]. To grow the crys-
tals, stoichiometric amounts of high quality Mn (99.95%) and Ge (99.999%) powders were
mixed thoroughly under an argon environment and sealed in a quartz tube at 10~* mbar
vacuum. The quartz tube was kept at 1050°C for 24 hours before cooling down to 740°C
at a rate of 2°/hr. After prolonged annealing for 120 hrs, the tube was quenched in ice
water. In this way, we could grow the single crystals of Mn3Ge with a typical size of

2%x3 mm?

. As grown single crystals were studied structurally using the X-ray diffrac-
tion (XRD) technique to confirm the hexagonal crystal structure with a space group of
P63/mmc (194). The energy dispersive X-ray spectroscopy (EDS) study suggests an ac-
tual chemical composition of Mns g4+003Ge for the single crystals which were used for
the ARPES measurements. The ARPES measurements were performed at CASSIOPEE
beamline in the SOLEIL synchrotron radiation centre, France, equipped with a SCI-
ENTA R4000 analyzer. The samples were cleaved in — situ under a chamber vacuum of
~ 5 x 107! mbar. The data were collected using photon energies between 83 and 143 eV

at a sample temperature of 35 K. The total energy resolution was set to 15 meV.

7.3 Results and Discussion

Mn;Ge crystallizes in the hexagonal structure as shown in Fig. 7.1(a) with a nonsymmor-
phic space group of P63/mme (No. 194). One unit cell consists of two layers of Mn3Ge,
while each layer consists of three Mn and one Ge atoms. The two layers of Mn3Ge stacked

along the c-axis are connected by inversion symmetry. The three Mn atoms in a layer
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Figure 7.1: Hexagonal (a) crystal structure and (b) BZ of Mn3zGe. (c) In-plane Fermi
surface map. (d) Constant energy contour map taken at 0.1 eV below the Fermi level.
Energy distribution maps (EDMs) taken along (e) I' = K, (f) ' = M, and (g) M — K
high symmetry directions. The overlapped black-solid curves in (e)—(g) are the DF'T band
structure.

form a kagome lattice consisting of triangles and hexagons with the Ge atom positioned
at the center of the hexagon [306, 316]. Fig. 7.1(b) shows the hexagonal BZ along with
various high symmetry points located at their respective positions. Fig. 7.1(c¢) shows an
in-plane Fermi surface (FS) map measured using p—polarized light with a photon energy
of hv=120 eV. Later, we will show that the 120 eV photon energy extracts the electronic
bands from k,~4.0 7/c plane, i.e., the 'K'M plane of the BZ. From Fig. 7.1(c), we can
notice that the FS map has a hexagonal symmetry that is consistent with the hexagonal
symmetry of the crystal structure. Fig. 7.1(d) shows a constant energy map taken at 100
meV below the Fermi level (Fr). The constant energy map taken at Ep-100 meV is con-
sistent with the Fermi surface of MnsSn [7, 318], where we can observe six high-intensity
Fermi pockets at six M points of the BZ. For a better understanding of the nature of
Fermi pockets, energy distribution maps (EDMs) taken along the I' — K, I' — M, and
M — K high symmetry directions are shown in Figs. 7.1(e), 7.1(f), and 7.1(g), respectively.
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From these EDMs, we notice several well-dispersive electronic bands crossing Fr at high
symmetry points M and K, while we could not find any band crossing Er at the high
symmetry point I

Band structure calculations on MngGe were performed by our collaborators Anumita Bose
and Dr. Awadhesh Narayan in IISC Bangalore, India. These calculations employed DFT
within the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE) exchange and correlation potential [322] as implemented in the Quantum Espresso
simulation package [323, 324].The electronic band structure calculated using the DFT is
overlapped on the EDMs as shown in Figs. 7.1(e)-(g). It is to be noted that the Fermi
level of the DFT band structure is shifted by 180 meV towards higher binding energy
to match the experimental band dispersions as the Mn deficiency gives a net effect of
hole doping into the system. Nevertheless, we find a qualitatve agreement between the
DFT band structure and the ARPES data for all high symmetry directions, as can be
seen from Figs. 7.1(e)-(g). An earlier report on MnzSn showed the presence of strong
electronic correlations, as they had to perform a band renormalization by a factor of five
to the DFT band structure in order to obtain a good overlap with ARPES data [7]. In our
case, we renormalized the DFT band structure by a factor of 1.18 to match our ARPES
data, suggesting that the electronic correlations in Mn3Ge are relatively weaker compared
to Mn3Sn. This observation is consistent with an earlier theoretical study, which says that
Mn3Ge has a wider bandwidth leading to a smaller band renormalization of a factor of
2 [306].

Fig. 7.2(a) shows the PDOS calculated using the DFT. From Fig. 7.2(a) it is evident that
the Mn 3d orbital characters dominate the valence band structure, particularly near Fp
only the Mn 3d orbitals are present. ARPES spectra collected along the I' — K direction
with p— and s—polarized lights are displayed in Figs. 7.2(b) and 7.2(c), respectively. As
per the measuring geometry shown Fig. 7.2(d), the p—polarized light extracts the even
—y2, and d,2 and the s—polarized light extracts
the odd parity orbital characters like d,, and d,. in the vicinity of Fermi level. Orbital-

parity Mn 3d orbital characters like d,,, d,2

resolved band structures for all Mn 3d characters are shown in Fig. 7.2(e). By closely
comparing the ARPES data shown in Figs. 7.2(b) and 7.2(c) with DFT band structure
shown in Fig. 7.2(e), we can qualitatively identify that the p—polarized light predomi-
nantly extracts the d,» and d,»_,2 orbitals, while the s—polarized light predominantly
extracts the d,, orbital character. Moreover, Mn3zGe is known to possess flat bands due

to the localization of the Mn 3d electrons within the kagome lattice [7, 325]. In agreement
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Figure 7.2: (a) PDOS of Mn3Ge. ARPES spectra along the I'— K direction measured with
(b) p—polarized and (c) s—polarized lights overlapped with the DF'T band structure (with
SOC). In (a) and (b) panel arrows show the (E,k) location of various flat bands. The top
panel in (d) shows schematic ARPES measuring geometry with p— and s—polarized lights
defined with respect to the scattering plane (sp). The bottom panel in (d) shows various
Mn 3d orbitals projected onto the hexagonal BZ and oriented w.r.t. the scattering plane.
In this measuring geometry, the p—polarized light has the even parity and the s—polarized
light has the odd parity. Similarly, w.r.t. to sp the orbital characters d,., d,2_,2, and d.2
have the even parity, while d,, and d,, have the odd parity. (e) Orbital-resolved DFT
band structure (without SOC) calculated for Mn 3d orbitals, d.2, dy., d,2_,2, d

2y, and
dy..

with that, we also observe flat band around K-point at a binding energy of -0.38 eV from
the DFT calculations. A hint of flat-band is also visible in the EDM taken along the
I' — K direction measured with p—polarized [see Fig. 7.2(b)].

Fig. 7.3(a) shows out-of-plane (k,) Fermi surface map of MnzGe measured by varying the
photon energy between 83 and 143 eV with an energy interval of 3 eV using p—polarized
light. Using an inner potential of V(,=12.5£0.5 eV, we identified that the photon energy
122 eV extracts the electronic states from k,=4.0 7/c (5.84 Afl) plane and the photon



114 Chapter 7.  Electronic Band Structure Studies of Magnetic WSM, MnsGe

—~
O
-

Intensity (arb. uni. )

-0.8 00 038
ky (A)

(d)

E-E (eV)

Figure 7.3: (a) Out-of-plane (k,) Fermi surface map of MnsGe. (b) Stacked momentum
dispersive curves (MDCs) taken at the Fermi level from the EDMs measured using the
photon energies between 83 and 143 eV. (c), (d), and (e) EDMs taken along the A — H,
K — H, and I" — A high symmetry directions, respectively. The EDMs shown in (d) and
(e) are taken along the cuts shown by the down-arrows in (a). The overlapped black-solid
curves in (c)—(e) are the DFT band structure. Also the arrows in (c)-(e) show the (E k)
location of several flat bands

energy 92 eV extracts the states from k,=3.5 w/c (5.12 A_l) plane, following the rela-
tion &k, = \/ 2% [Erincos?d + Vp|. Here, m, is the electron mass and the lattice constant
¢=4.305 A. Therefore, the ARPES data shown in Fig. 7.1 measured with 120 eV of photon
energy are nearly extracted from k,=4.0 7/c ('K M) plane. Fig. 7.3(b) depicts stacked

momentum dispersive curves (MDC) taken at Er from the EDMs measured using the
photon energies between 83 and 143 eV. From the MDCs, we can identity two bands «;
and ay at around K point which are hardly dispersing in going from K to H except that

the a; and ap band intensities vary with photon energy due to the matrix element effects.

Next, the EDM shown in Fig. 7.3(c) is measured with a photon energy of 92 eV corre-
sponding to the band dispersion along the A — H high symmetry direction. As can be
seen from Fig. 7.3(c), the overlapped DFT band structure of the A — H direction quan-
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titatively matches the experimental band dispersions, supporting the interpretation that
the 92 eV photon energy extracts the electronic states from the AH L plane. Figs. 7.3(d)
and 7.3(e) show the EDMs taken along the H — K and A — I directions, respectively.
Again, the calculated band structure is qualitatively overlapped on these k. dependent
EDMs. Particularly, we noticed a flat band at around -0.23 eV below the Fermi level
from the EDM of the A —T" direction [see Fig. 7.3(e)] and several other flat bands are also
noticed far below the Fermi level (-2.5 to -3 €V) from the EDMs of the H — K and A — H

directions. These experimental observations are consistent with our DFT calculations.

Overall, we find a qualitative agreement between the experimental and DFT band struc-
tures of Mn3Ge. However, we were unable to detect the Weyl points and the surface Fermi
arcs from our ARPES measurements as they are predicted at 90 meV above the Fermi
level [305, 306]. Moreover, our sample has a 2% of Mn (Mny.,Ge) deficiency compared
to the stoichiometric Mn3Ge, leading to a further shift of the experimental Fermi level
towards the higher binding energy, making it difficult to capture the predicted disper-
sive surface Fermi arcs. Interestingly, unlike MngSn which shows band renormalization
by a factor of 5, we do not observe significant band renormalization in the experimental
band structure of Mn3Ge when compared with the DFT calculations. Nevertheless, the
experimental band structure of this study is as lousy as Mn3zSn despite weaker electronic
correlations [306]. We think, the defects in the case of Mn deficient MnzGe (our study)
or the impurities in the case of Mn excess MnzSn [306] responsible for the lousy ARPES

data rather than the electronic correlations.

7.4 Conclusions

In conclusion, we have systematically investigated the in-plane and out-of-plane electronic
band structure of the non-collinear AFM WSM Mn3Ge using ARPES and DFT calcula-
tions. Overall, the ARPES data match qualitatively with the DFT band structure near
the Fermi level. Consistent with DFT predictions, we could observe several flat bands
near and well below the Fermi level. Calculated PDOS suggests that the Mn 3d orbital
characters dominate the valence band structure, particularly near the Fermi level. Fur-
ther, with the help of orbital-resolved band structure calculations, we identify various
Mn 3d orbital contributions to the experimentally obtained band structure. We suggest

relatively weaker electronic correlations in MnzGe compared to MnzSn.



Chapter 8

Summary of works

A total of five projects are discussed in this thesis. First, we have performed ARPES
measurements on the topological system FeSi, which is predicted to host manifold de-
generate fermions like spin-1 Weyl fermion and spin-3/2 RSW fermions. Although the
band structure matches with the DFT calculation, the Fermi arcs associated with these
fermions could not be observed by ARPES as they appear 0.54 ¢V above the Fermi level.
Additionally, we observe the presence of spin-orbit band splitting along the X-M direction,
which confirms the importance of consideration of SOC while performing band structure

calculations in these systems.

The second project presents the ARPES measurements on Kgg;RhO,, a system predicted
to be a quantum topological Hall insulator. The ARPES data shows no topologically
protected band dispersions. However, we observe the presence of strong electron-phonon
coupling which is strongly momentum dependent both in-plane and out-of-plane direc-
tions. We also observe the presence of a high-energy kink at 195 meV, possibly arising
from electron boson coupling that causes anomalous band renormalization near the Fermi

level.

In the third project, we performed magnetic, transport, and electronic structure studies
on Mn;_,Sn,BiyTey (x=0 to 1), an AFM TI. This reveals that the gradual weakening of
AFM ordering with nonmagnetic Sn substitution in Mn sites decreases the magnetic field
required to obtain FM ordering in AFM MnBiyTey from 7.8 T (x=0) to 2 T (x=0.68).
This opens up the possibility of obtaining a QAH state when working with a few layers.

Although the electronic structure confirms that the topological properties remain intact
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up to x=0.55, the heavy electron doping in the system will be an obstacle to realizing the
Chern insulating state. Introducing elements which can dope holes into the system might

help overcome this issue.

In the fourth project, we explored the influence of adding magnetic impurities to the 3D
TI BisSes. By using ARPES measurements, we analyzed the band structures of pure
BisSes, Cog.1BisSes, Mng1BisSes, and Eug 1BijgSes. Despite theoretical expectations of
gap opening at the Dirac point due to disrupted TRS, our findings revealed that a minor
impurity concentration (10%) does not induce this effect. The sole impact of the impurities
on the band structure was a noticeable upward shift of the Fermi level, signifying electron

doping into the system.

The fifth project studies the low-energy electronic structure of Mn3Ge, a WSM with non-
collinear antiferromagnetic ordering. Notably, the non-zero Berry curvature between its
Weyl nodes gives rise to a giant AHE. So far, this was the only experimental evidence of
the existence of these nodes. Our aim was to observe these Weyl nodes through ARPES
measurements directly. However, the complex valence band structure obstructed the ex-
perimental realization of these nodes. The ARPES measurements reveal several flat-bands
along various high symmetry directions of Mn3Ge. We further identified the specific or-
bital details of the experimentally observed band dispersion by comparing ARPES data
taken with both p— and s— polarizations to the orbital-resolved band structure calcula-

tions.
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