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ABSTRACT

The discovery of quantum topology in condensed matter systems created new paths in the
fundamental sciences and potential technological applications. In this regard, the Kagome
systems have attracted much research interest due to their ability to host several exotic quan-
tum phases such as Weyl and Dirac fermions, flat bands, Skyrmion lattice, anomalous and
topological Hall effects, and frustrated magnetism. The Kagome lattice has a unique struc-
ture with hexagons and triangles, leading to geometrical frustration. This Ph.D. thesis aims
to design, synthesize, and characterize various Kagome lattice systems in their single crys-
talline phase. Importantly, this thesis discusses various exotic quantum phases of the fasci-

nating Kagome systems.

We have grown high-quality single crystals of various Kagome systems and studied their
structural properties systematically to know the phase purity of the as-grown single crystals.
Having established the crystal structure, we studied the physical properties like the electrical
and magneto-transport properties, magnetic properties, and electronic band structure. For
instance, Mn3Sn, a non-collinear antiferromagnet hosting Weyl fermions, shows a large in-
trinsic out-of-plane anomalous Hall effect (AHE). In this study, for the first time, in addition
to the out-of-plane AHE, we also uncover a large in-plane topological Hall effect (THE) in
Mn3Sn at room temperature, which is gradually suppressed by Fe doping at the Mn site of
Mns_,Fe,Sn. With the doping of Fe atoms, we see a significant change in the magnetic and
electrical transport properties of pristine Mn3Sn. The easy magnetization axis shifts from
the crystallographic ab-plane to the c-axis with Fe doping. The Fe doping generates huge co-
ercivity in the low-temperature region, converting the AFM system into a low-temperature
ferromagnet. Further, the observation of significant THE at a low temperature induced by
Fe doping suggests the presence of a Skyrmion lattice. Upon completely replacing the Mn
with Fe, i.e., Fe3Sn is an in-plane ferromagnet with very high magneto-crystalline anisotropy
(1.02 x 106 J/m3). Unlike in Mn3Sn, in which AHE is of the intrinsic type, the anomalous
Hall signal in Fe3Sn has intrinsic and extrinsic Hall contributions. The intrinsic Hall con-
tribution arises from the k-space Berry curvature. The extrinsic Hall contribution comes
from the skew-scattering, which decays quadratically with increasing temperature due to
electron-phonon scatterings. We have also studied the rare-earth-based Kagome magnet
HoMngGeg. Temperature-dependent electrical resistivity demonstrates various magnetic-
transition-driven anomalies. A crossover from negative to positive magnetoresistance (MR)
is observed. While the linear nonsaturating positive MR exists in the low-temperature re-

gion are mainly driven by the linear Dirac-like band dispersions as predicted by the first-

vii



principles calculations, the negative MR observed in the high-temperature region is due to
the spin-flop type magnetic transition. Consistent with anisotropic Fermi surface topology
as observed from the density functional theory calculations, we find anisotropic magnetore-
sistance at low temperatures. A significant anomalous Hall effect has been noticed at high
temperatures in addition to a switching of the dominant charge carrier from electron to hole
at around 220K.
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Chapter 1

Introduction

Symmetry, a natural phenomenon governing the fundamental principles of physics explained
by the phenomenological Ginzburg-Landau theory []I}, 2]. Until the 1980s, this theory suc-
cessfully elucidated various phases transitions in condensed matter by studying the local or-
dering parameters. Phase transitions were defined through the minimization of Landau free
energy under external changes like temperature, pressure, and magnetic field. However, the
discovery of integer quantum Hall effect (IQHE) in 1980 [3] and fractional quantum Hall
effect (FQHE) in 1982 [4] first illuminated the experimental realizations of the quantum
phases without breaking any local symmetry. In Quantum Hall Effect (QHE) experiment, a
2D electron gas system exhibit quantized plateaus in Hall conductance and protected con-
ducting edge states called as topological phases. These topological phases are based on
the breaking time-reversal symmetry (TRS), long-range order, or global symmetry of mat-
ter [2]. The global symmetry of matter is constructed through the introduction of quantum
superposition or long-range entanglement of interacting particles []I}, 2]. The evolution of
various topological phases, such as 2D topological insulator (2005) [5], 3D topological in-
sulator (2007) [6, 7], Dirac semimetal (2014) [8,9], and Weyl semimetal (2015) [[10, [11],
showcased the versatility of this research interests. These phases could originate either ex-
trinsically through the disorder-mediated scattering or intrinsically via the spin-dependent

band structure of matter.

Distinct topological invariants manifest different topological phases. Quantum Hall or
Chern insulator phases defined by the Thouless-Kohmoto-Nightingale-Njis (TKNN) num-
ber or Chern number [12,13]. In contrast, topological insulator and semimetal phases are
represented by the topological invariant Z, index, calculated from the Berry curvature in

the momentum space [[12,[13].

Topological quantum computation, in which the data encoding has to be error-free, re-
quires an appropriate topological material. So far, many systems have been proposed theo-
retically and experimentally for the topological quantum computation [[14]. To understand
the effectiveness and applicability of these systems for quantum computation, we need to un-
derstand their topological properties of these compounds microscopically. Among several

proposed topological systems, we think, kagome lattice systems are promising considera-

1



tions due to their unique electronic and magnetic structure [[15]. Therefore, this thesis aims
is to grow single crystals of various kagome systems and study their structural, electronic,

magnetic, and transport properties.

The first chapter of this thesis discusses the concept of topological invariance from ab-
stract mathematical perspective and its connection to condensed matter systems via Berry
phase. Then, we discuss the role of spin-orbit coupling in the topological phases. Next, I
move towards a brief discussion about different types of Hall effect and their connection to
the topological properties, such as quantum Hall effect, quantum spin Hall effect, anomalous
Hall effect, and topological Hall effect. Next, I discuss the role of symmetries in topolog-
ical systems and the properties of topological semimetals. Finally, I end this chapter by

discussing the properties of Kagome lattice systems.

In the second chapter, I delve into the experimental techniques. I begin by discussing the
different methods employed for single crystal growth. Subsequently, I focus on crystal char-
acterization methods, including X-ray diffraction (XRD) and energy dispersive X-ray anal-
ysis (EDXS). The magnetic properties of the single crystals were analyzed using a vibrating
sample magnetometer (VSM). Additionally, electrical and magneto-transport studies were
conducted using the physical property measurement system (PPMS) from Quantum Design,

specifically the [DynaCool model] with magnetic field strength of upto 9 Tesla.

From chapters three to six, I present the results on different Kagome samples that I have
grown during my Ph.D. tenures. In the chapter three, I present the work done on Mn3Sn. 1
observe a significant in-plane pure topological Hall effect which was diminished by doping
with Fe atoms. In chapter the four, I worked on the effect of Fe atoms doping in Mn3_ ,Fe,Sn
at the Mn site, as this system shows strong correlation between the electronic and magnetic
structures, allowing us to tune the magnetism and its topological properties. Chapter five
talks about the growth of Fe3Sn single crystal as there are a few reports on the single crystals
of this system. Fe3Sn shows a giant anomalous Nernst effect due a the non-trivial Berry
phase in the k-space. Here, we have studied its magnetic and Hall properties in detail. In
the chapter six, I present the single crystal growth of HoMngGeg. Although HoMngSng and
HoMngGeg shares similar structure, not many studies available in HoMngGeg discussing
its topological properties. Here, we studied its structural, magnetic, magneto-transport, and

electronic band structure. Finally, chapter seven leads to the conclusions of this thesis.
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Figure 1.1: Concept of topological invariance: A coffee mug can be transformed to a
doughnut and a sphere can be transformed to a cube. But a doughnut can not be trans-

formed to a sphere. Therefore from topology both doughnut & coffee mug and cube &
sphere are the same.

1.1 Topological Invariance

The term ‘Topology’ is derived from the realm of abstract mathematics. By introducing
topology, a mathematical geometry can be unaltered continuously from one shape to another
without breaking it [[16]. This concept can be easily visualized by the following example.
If we consider a coffee cup made of stretchable material, by applying external force, we
can shape it into a doughnut, as shown in Fig.. In short to a topologist, a coffee mug
and a doughnut are indistinguishable. In mathematical term, this equivalence or one-to-one
correspondence in topological space is called homeomorphism. In simple mathematical
definition, if A and B are two topological spaces and they are homeomorphic then there
is a continuous map f : A — Bandg: B — Asuchthat fog: A — Aandgo
f : B — B. The maps f and g are homeomorphisms, and we can write f -1 = g and
g*1 = f. Topological invariant properties are always preserved under homeomorphism. In
the example shown in Fig., the hole in the coffee mug and the doughnut is topologically

invariant.

1.2 Berry Curvature

In 1983, ‘Berry’ realized that if a quantum mechanical system is transported in a closed path
(C) in a parameter space [[17], it would acquire a phase which depends on the geometry of

the path called ‘Berry phase’. We can understand the concept of Berry phase using a simple
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(@) (b)

Figure 1.2: visualization of Berry curvature. (a) parallel transport in a 2D sheet where the
geometrical phase for the closed loop is 0 while in (b) a sphere the geometrical phase is 7
for the closed loop ‘C’. (c) Visualization of Berry phase in momentum space. The images
are reproduced from []

geometrical parallel transport mechanism []. For example, consider a tangent vector of
a surface in real space is to be transported in a closed path ‘C’ such that the tangent vector
does not rotate around the normal to the surface at any point. As seen in Fig.(a), the
tangent vector is to be transported in a 2D Euclidean surface along the path ‘C’. We can
see that there is no change in the angle between the initial and final tangent vector. On the
other hand, if we take a spherical surface and transport a tangent vector, as shown in the
Fig.(b), there will be 5 phase difference between initial and final tangent vector when
transported in the closed path ‘C’.

Consider a Hamiltonian 7 (R) acting on a quantum system where R(R}, R, R;...., R;;)
is a collection of vectors in a parameter space. For each R, there are n eigenstates |[1(R))
and corresponding eigenvalues E, (R) as discussed in [@, ]

HL(R)[$n(R)) = En(R)[(R)) (1.2.1)

We introduce an adiabatic closed path C = {R(t) | = 0 — T} in the parameter space.
According to adiabatic theorem, the initial eigenstate is not changed over time if the rate of

the variation of external parameter is very slow. We can write the state at time ‘t’ as

¥ (1)) = e~ i o WERWD @, (£)) (12.2)

where |®,,(t)) (at f = 0) is an auxiliary wavefunction whose dynamical phase is zero.

We can write



A . 0
(FOIHE[F(E) = (X (D)|ihm[F(E))
i rtay / . d i tgy ’
= <q>n(t)|eﬁjothn(R(t))(lhg)e hfothn(R(t))’q)n(t» (1.2.3)

— Eut £ (®0()| (1))
As E,, is an eigenstate of [¥(#)) the equation takes the form
i (@u(t)|DPu(t)) =0 (1.2.4)
If we represent |®,,(t)) in-terms of fixed eigenstate [n(R(#))) we can write
1D, (1)) = e 1) |n(R(H)) (1.2.5)
By putting this relation in equation , we get
(1) =i (n(R(t))[n(R(F))) (1.2.6)
For the closed loop C the Berry phase is defined as follows
in(C) = i f (n(R(1))|r [n(R(1))) AR

— 7{: A(R).dR

Here A(R) is called the Berry connection. Following Stokes theorem, we can rewrite
the Eqn. as

(1.2.7)

it (C) = i/S(VR x A(R))dS = i/SQ(R)dS (1.2.8)

Here, Q(R) = Vg x A(R) is called the Berry phase.

In condensed matter, there are mainly two parameter spaces, which physicists use (i)
Berry phase in the crystal momentum space (k) and (ii) Berry phase in the real space (r). If
we compare this Berry concept with classical electromagnetism, Berry curvature represents
a pseudo magnetic field, and the Berry phase is the magnetic flux. Berry phase in momentum
space is mainly generated by nontrivial band topology in the electronic band structure, while
in real space, it is mainly generated by nontrivial magnetic structure. Interestingly, the total

Berry phase acquired in a closed loop in the Brillouin Zone (BZ) is a multiple of 27t

/ Q(k)d%k = 272C (1.2.9)
BZ
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Figure 1.3: (Left) The atomic spin-orbit coupling effect on the orbital electron. (Right)
Band inversion phenomenon induced by SOC in solid systems.

Here, the C is topological invariant known as Chern number. The Chern number is

critical to determine whether a material is topological or not.

1.3 Spin-Orbit Coupling

In an atom, electron orbit around the nucleus with very high velocity, producing orbital
angular momentum [22]. As the electron has its intrinsic spin, it interacts with the relativistic
magnetic field, leading spin-orbit coupling or LS coupling. Solid state systems have an array
of atoms and charge carriers, experiencing the spin-orbit interaction. Thus the Hamiltonian
including the SOC is given by [23]

vv vv

H = — LS =— o. 1.3.1
°0C 2m3c? 4m3c? P (131

Where my is the mass of a electron, c is speed of light in vacuum, L and S are the orbital
and spin angular momenta, and V is the coulomb potential. In condensed matter systems,

we can replace S by Pauli’s spin matrices ¢ and L by momentum vector p.

SOC plays a vital role in topological systems by introducing band splitting and band
inversion [24]. For example, in topological insulators, the presence of strong SOC can swap
the highest occupied valence band with with the lowest unoccupied conduction band , which
eventually causes band inversion, as shown in Fig.. In case of nodal line semi-metal,
presence of SOC opens up a gap which eventually gives rise to very high Berry curvature
[25].



1.4 Hall Effect

The Hall effect is a phenomenon observed when a current-carrying conductor or semicon-
ductor is subjected to a perpendicular magnetic field. Discovered by Edwin Hall in 1879, the
Hall effect resulted in the generation of a transverse voltage known as the Hall voltage [26].
This voltage is perpendicular to both current and the applied magnetic field directions. This

transverse Hall voltage can be described as

IB
Vy = RHT (1.4.1)

Where Ry is Hall coeflicient is inversely proportional to charge carrier concentration n
such that Ry = % I and B are the applied current and external magnetic field strength. ¢
is the thickness of the sample. In general, current density (j) can be expressed in terms of

resistivity tensor (p) and electric field (E = Ex% + Ey7) as,

E .
E=pj — ( ") - (p"" px?f) (”‘) (14.2)
Ey Pyx Pyy/ \Jy
In terms of the conductivity tensor (") we can rewrite j as
' E
j=cE = (J) = (‘T” ny) ( ) (1.4.3)
Jy oyx Oyy) \Ey

which implies ¢ = p~! and using the relations pyy = Pyy and Py, = —pyx We can

express the conductivity in terms of the resistivity as

Oxx
Opy = % (1.4.4)
0+ 03y
and
Oy = 4 (1.4.5)
Y03+ 03y

Later, the Hall effect branched into different types such as quantum Hall effect (QHE),
quantum spin Hall effect (QSHE), anomalous Hall effect (AHE) and topological Hall effect
(THE).

1.4.1 Quantum Hall Effect

In normal Hall effect, we considered the electrons as classical particles but their motion is
confined in a 2D-plane. On the other hand, in the quantum picuture, the electrons motion
in a 2D-plane is treated quantum mechanically using the Schrédinge equation. Thus we can

choose the vector potential A(r) for yhe magnetic field applied along Z direction A(r) =

7



xBj i.e. ‘Landau gauge’ such that V; X A(r) = BZ. Now the Hamiltonian can be written
as [20, 21]]

g i) 5,

B 2
P2+ (py n %) ] (14.6)

Following the Born-von Karman boundary condition along y direction, we can write the

solutions of this Hamiltonian as

P(x,y) = %eikyy(i)ky(x), ky =2 n:integer

Now the Schrédinger’s equation becomes

2m

B 2
P+ (hky + %) ] b1, (%) = ex g, (¥) (1.4.7)

From a close observation of the above equation, we can find that it mimics a harmonic

oscillator in the x-direction. Thus, We can rewrite the Hamiltonian as

1 , mw? 2\ 2
H= o pit —" <x+le) (1.4.8)
Here, wp = eB/m is cyclotron frequency of electron orbiting on the plane perpendicu-

lar to magnetic field BZ the and Ig = 4/ ?—lg is the magnetic length. The energy eigenvalues

are given by

1
€n = (n + E) hwpg (1.4.9)
The number of available states in a Landau system is calculated to be N; = ]fp—‘;‘, where

A is the area of the sample perpendicular to the magnetic field B and ¢ is the magnetic flux

quantum ¢y = % In case of Hall effect we must include the electric field E = EyX and

thus the modified Hamiltonian can be rewritten for the potential energy [V (x) = —exE]
H=" |2+ (p+2 2 + exE (1.4.10)
“om [P\ T 0 o
and the corresponding energy eigenvalues are given by
ene = (1142 neop — ek (i3 + £ ) 4 "E (1.4.11)
nky 2 B B ma? 2B2 o
Now the energy levels depends linearly on k, which means there is a finite drift velocity
e L . .
along y direction with v, = %ST? = —%. Which is the cause of quantized Hall effect in

8
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Figure 1.4: Schematic presentation of (a) normal Hall effect (b) Spin Hall effect (SHE).
Quantum version of normal Hall effect or (c) integer quantum Hall effect (IQHE) and quan-

tum version of SHE or (d) quantum spin Hall effect (QSHE). (e) Experimental observation
of QHE taken from Ref [3]

y direction.

Though the system behaves as a band insulator, in presence of external magnetic field
due to quantization of Hall effect, one can see conducting edge states as demonstrated in
Fig.(c). Further, the potential energy term V' (x) can be expanded as V(x) = V(X) +
(x — X) %—Z (ignoring the higher order terms). Here we will also get drift velocity along y
direction vy = elB%—‘;. Interestingly, the edge modes are chiral and opposite i.e. v, < 0 for

x > 0and v, > 0 for x < 0 which explains the opposite current flow at the edges [27].

1.4.2 Quantum Spin Hall Effect

In spin Hall effect measurements, the strong spin-orbit coupling (SOC) pushes the spin-
up and spin-down electrons to opposite edges of a 2D material without even applying the
external magnetic field. Though the net charge current is zero in this case, there is a finite
transverse spin current. Quantum spin Hall effect (QSHE) is the quantized version of the
spin Hall effect. In QHE the time reversal symmetry (TRS) is broken due to the presence
of magnetic field but in QSHE the TRS is preserved. This QSHE is first observed in the

semiconducting HgTe quantum well, sandwiched between two CdTe layers [28,29].
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Figure 1.5: Anomalous Hall resistivity plotted as a function of applied field in a ferromagnet
Ni, taken from Ref [31]

1.4.3 Anomalous Hall effect

Soon after the discovery of Hall effect in a semiconductor in 1881, Edwin Hall observed an
anomalous Hall signal while replacing the semiconductor by ferromagnetic iron [30]. Thus,
named as the anomalous Hall effect (AHE). In a ferromagnet, initially the Hall resistivity in-
creases steeply, reassembly the magnetization M(H), saturating the Hall resistivity increases
linearly with applied field due to normal Hall contribution. So, the total Hall resistivity can

be written as,
pr = poRoH + poRsM (1.4.12)

where the first term represents normal Hall effect and the second term represents the anoma-
lous Hall effect. Ry is the normal Hall coefficient, Rg is the anomalous Hall coefficient, and
M is the magnetization. The AHE data from ferromagnet Ni, taken from Smit [31], is shown
in Fig. Recently, AHE has been observed in antiferromagnetic systrms as well [32,33].
While in antiferromagnet systems the AHE originates intrinsically, in ferromagnetic sys-
tems, there are also extrinsic origins [34]. So far, there exists three widely known micro-

scopic theories explaining the AHE in condensed matter systems [34]

(i) Intrinsic anomalous Hall effect: In 1954, Karplus and Luttinger introduced this con-

cept when they considered the inclusion of spin-orbit coupling which gives a finite contri-
bution from the inter-band scattering which only depends on the electronic structure of the
material [35]. Until 2002 this concept was not seriously considered by the scientific com-
munity, the AHE in topological systems compelled to vote on this theory. As per the KL

theory, for the given states of |1, k) (for n-th band with momentum k) and eigenvalues €, (k)
oint

of a Bloch Hamiltonian 7, one can calculate the intrinsic Hall conductivity i using the
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Kubo formula [34],

(n, K[vi(k)|n', k) (', K|vj(k)|n, k)

dk

mt 2

= ¥ [ fojalf(ent®)) = flew()] x Im

n;’ ! [en(k) — € (k)]?
(1.4.13)

Here, the velocity operator can be expressed as v;(k) = 1+ VH (k). The Berry connection

can be written as A, (k) = i (n,k|V|n’, k) which gives the Berry curvature
0, (k) = Vi x Ay(K) (1.4.14)

By solving the Boltzman’s semi-classical transport equation, one can get the equation of
motion as

% %g_i — 7B x 0, (K) (1.4.15)
The first term is the drift velocity of the electron in presence of external electric field and
second term suggests electron motion transverse to the applied electric field to produce the
anomalous Hall conductivity. As the intrinsic Hall conductivity (IHC) is calculated by inte-
grating over the entire Brillouin Zone (BZ), IHC would be temperature independent if there

is no change in the electronic band structure. Further, the anomalous Hall resistivity (p’”t)

O<pll'

mt

quadratically dependence with on the longitudinal resistivity (p;;) such that Pij

(i1)Extrinsic Anomalous Hall effect

(a) Skew-scattering mechanism: In 1955, Smit first proposed that the main reason for

the anomalous Hall effect is from the asymmetric (skew) scattering of electrons with the
impurities in the presence of strong spin-orbit interaction [36,37]. The Fermi’s golden rule
describe the probability of transition from a initial state n to final state n’ as W,_,,; =
27”] (n|AH|n") |?6(E, — E,s) where AH is the perturbation inducing the transition. In the
presence of SOC and magnetization the scattering probability of n — n’ and n’ — n

transitions is not same. The transition probability takes the form
Wi = -1 'k x k.M
e — — T X K".Vlg (1416)

If the transport life time (7) is high, the skew scattering contribution dominates the total
Hall effect and the anomalous Hall resistivity is linearly proportional to the longitudinal re-

sistivity pf}‘ew x p;; [B4].

(111) Side-jump mechanism: In 1964, Berger introduced the side-jump mechanism to

explain the anomalous Hall effect [38]. In semiclassical approach when a gaussian wave
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packet scatters from a spherical impurity, the wave packet with incident wave vector k dis-
place transverse to its initial direction. This phenomenon is called side-jump. In this case
anomalous Hall resistivity is quadratically proportional to longitudinal resistivity pf]?de (e plzl
Interestingly, unlike in the skew-scattering mechanism, in the side jump case the Hall con-
ductivity is independent of the longitudinal conductivity [38]. Thus, the extrinsic side Hall
side __ e (esoc

conductivity is 0} i = R E_F) where €5oc is the spin-orbit coupling energy and Er is

Fermi energy.

1.4.4 Topological Hall effect

However, recently a different component of the Hall effect, which is distinguishable from
the AHE, has been discovered in many non-coplanar magnetic systems. This special type
of Hall effect now widely popular as the topological Hall effect (THE) is mainly found in
the system with non-coplanar chiral spin structure. While the AHE in non-collinear systems
is originating from finite k-space Berry curvature, the THE comes due to finite real space
Berry curvature in the system. This topological Hall effect is mainly found in the skyrmion
crystals [39, 40], canted antiferromagnets [41, 42], and spin glass systems [43]. The total

Hall resistivity can be expressed as,

oxy(H) = p%,(H) + pyy (H) + o3, (H)

(1.4.17)
= poRoH + poRsM + oy, (H)

Now, as this THE is coming from non-coplanar chiral spin structure, the value of topological
Hall resistivity (pzy) can be negligible in the presence of strong magnetic field, as all spins

try to align in the direction of applied field. So, in high magnetic fields region pgy — 0 and

we can rewrite the Eqn. as,

T
Pxy M

=R Ro— 1.4.18
o H o+ SH ( )

By fitting the Hall resistivity data with Eqn. in the high field region, we estimate
the normal and anomalous Hall coefficient (R and Rg). By inserting R and Rg values in
the main Eqn. , we can extract topological Hall resistivity contribution from the total
Hall resistivity.

In special cases the non-coplanar magnetic structures can become topologically non-
trivial spin textures in presence of certain magnetic interactions inside the system. Such
examples are skyrmion, anti-skrymion, and biskyrmion [40, #5-49]. The quantity which

distinguishes among this non-trivial spin structures is called the topological charge or wind-
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Figure 1.6: (a)Different types of Hall contributions to the to the total Hall resistivity. Here,
pPxy: total Hall resistivity; pry: normal Hall resistivity; pfy: anomalous Hall resistivity; pgy:
topological Hall resistivity. (b) Néel and (c) Bloch type skyrmions, images are taken from
Ref [34]

ing number Q [49].

Skyrmion: Skyrmions are a special kind of non-coplanar arrangement of spin-strucutres,
where the winding number Q = ;- [ m.(dym x 9,m)dxdy would be either +1 or —1. A
skrymion would form in a magnetic system if there exists atleast two competitive interactions
in the system. In general, Hamiltonian of a magnetic system can be expressed (including

several magnetic interactions) as

H=— Z JijSi-S; — h ZS]Z + Hpm + Hsingle—ion + Haipole + Hrxkxy — (1.4.19)
<i,j> j
The first term corresponds to Heisenberg interaction, second term is due to Zeeman splitting,
third term is for Dzyaloshinskii—-Moriya interaction, fourth term corresponds to single-ion
anisotropy, fifth term refers to dipole-dipole interaction, and sixth term is due to Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction. In a non-centrosymmetric system the Dzyaloshinskii—
Moriyaterm Hppyr = Zi,j D;;. (S; x S]-) would play a critical role. In a non-centrosymmetric
system the inversion symmetry is broken resulting finite D;; term. Several non centrosym-
metric systems fall into this category such as MnSi and FeGe [50,51]]. In rare-earth based
triangular magnets, the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction (in which the
localized spins are coupled though the conduction electrons) along with magnetic frustra-
tion, can stabilize skyrmions as seen in GdyPdSis [48] and Gd3RugAljp [52]. In case of
centrosymmetric magnets, like FesSny [53], the competition between single ion anisotropy

and the dipole-dipole interaction is the main source of the skrmion formation. As the charge
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carriers move through a skyrmion, they experience real space Berry curvature which is noth-
ing but a pseudo magnetic field. The strength of topological Hall resistivity depends on this

pseudo magnetic field expressed by
vy = PRoBefy (1.4.20)

where P is the polarization factor, P = Uspon / Msat, Ro is the normal Hall coefficient, and
By is the effective pseudo magnetic field [54-56]. This effective pseudo magnetic field

depends on the skymion density as

Beff = Pongk (1.4.21)

Here, ¢ is flux quanta and n4 is skyrmion density [54-56]. Thus, the skyrmion density in

a system can be indirectly estimated using the topological Hall resistivity data.

1.5 Symmetries

As discussed earlier, a system will be topologically invariant if it is protected by atleast one
of the two symmetries. They are (i) time reversal symmetry (TRS) and (ii) Point group

symmetry.

1.5.1 Point group symmetry

After imposing the Point-group symmetry if lattice is unchanged, we say that the system is
invariant under point-group operation [57]. Point-group symmetries are unitary operators.
There are several point-group symmetries such as inversion, reflection, rotation, and rotore-
flection. Among them the inversion symmetry plays an important role in developing topo-
logical state in a condensed matter system. Under inversion symmetry, a left-handed system
would become right-handed. It is an unitary operation such that k — —k and P? = 1. If P

is inversion operator acting on the position £, then the expectation value would become

(pIP~'2Pl¢p) = — (p|2]9) (15.1)
So, £ is odd under inversion. In inversion invariant system the energy eigenvalues can be
written as
Eys(—k) = Eys(k) (1.5.2)
and for Berry curvature,
Q(—k) = Q(k) (15.3)



1.5.2 Time reversal symmetry

Time reversal symmetry is an antiunitary operator. If it acts on position X is would be
unchanged. If it acts on the momentum p and spin §, their signs will be reversed in such
way that

TR: X — %X, p— —p,8§— —8§ (1.54)

In a spin-1/2 system, TRS acts as,
TloT = —0; (i = x,y,2) (1.5.5)

Where ¢7; are Pauli’s spin matrices. If a system in invariant under the time reversal symmetry,

the Hamiltonian of the system would be unchanged. Then,
En’_s(_k) - ETl,S(k) (1.5.6)
and for the Berry curvature, there would be a sign change

Q(—k) = —Q(k) (1.5.7)

1.6 Topological Semimetals

In 1928, Dirac introduced his famous relativistic equation for the fermions by incorporating
both the single particle quantum mechanics and the special theory of relativity [58,59]. The
wave equation of spin 1/2 electron in the relativistic limit (Dirac equation) can be written in
the covariant form as

(ihy#'9), —mc)p =0 (1.6.1)

Here y = 0,1,2,3.... is the dimensionality of the space, c is the speed of light in vacuum,
and m is the rest mass of the fermion. Dirac proposed this equation for free fermions, in the
vacuum, in the high energy limit where the energy of the particles is linearly dependent with
its momentum according to Einstein’s equation E2 = (pc)? + (moc?)2. In condensed mat-
ter systems, there are several other interactions are present. Thus, the electrons inside the
systems are not independent but collectively they are quasiparticle excitations which follow
Dirac wave equation, called as Dirac fermions (massive, m # 0) in the condensed matter

systems. The systems hosting the Dirac fermions are called Dirac semimetals.

Soon after Dirac proposed his revolutionary wave equation, in 1929, Hermann Weyl
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Figure 1.7: (a) Band diagram of free Dirac particle with mass m (b) Energy band diagram of
a massless Dirac fermion which form a Dirac point at the band touching point. Dirac point
splits into minimum. (c) Two Weyl points due to time reversal symmetry (TRS) broken.
(d) Four Weyl points due to inversion symmetry (IS) broken. (e) Surface states of a Dirac
semimetal. Images are reproduced from []

derived the equation [@, ] for the massless fermions, which is

ihop+ = £cp.op+ (1.6.2)

Where ¢4 represents the wave vector with chirality ‘+ or “—’ corresponding Hamilto-
nian H4 = =£cp.o. Here o is Pauli’s spin matrices. Until recently, the concept of massless
fermions only existed in high energy physics. But in these recent days several condensed
matter systems showed the presence of massless fermions called the Weyl fermions. The
systems hosting the Weyl fermions are called the Weyl semimetals. There should be atleast
two Weyl points in a Weyl semimetal with chirality ‘+’ and ‘—’ with corresponding en-
ergy eigenvalues E = +pc. At p = 0, a doubly degenerate Weyl node forms. In a Weyl
semimetal, the Weyl nodes with ‘+’ and “—/ chiralities are separated by crystal momentum
k. Now, if two Weyl points with opposite chirality merge at a single k point in the momen-
tum space, a Dirac node with four-fold degeneracy will be generated making it a massless
Dirac fermion. [, @] In other words, if we break the degeneracy of a Dirac point, we can
get at least two Weyl points.

Figure (b) represents a Dirac cone formed by linear band crossings. This Dirac point

is protected by both inversion (IS) and time reversal (TRS) symmetries. By breaking one
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Figure 1.8: (a) Type I and (b) Type II Weyl semimetal and their energy contours in ky-ky
space. (c) Fermi arcs connecting the Weyl points in the surface. (d) finite Berry curvature
introduced by the Weyl pair and topological Chern number associated with the different
planes inside the momentum space. Images are reproduced from [|19]

of these two symmetries, the Dirac point splits into two Weyl points. If TRS is broken there
will be minimum two Weyl points, protected by inversion symmetry, while the IS is broken
system generates four minimum Weyl points that are protected by the time reversal symme-
try [see Fig. (c) and (d)]. Maintaining time-reversal symmetry (TRS) makes sure that
Weyl nodes in both positive and negative momentum (k and -k) exhibit same chirality and
to counterbalance these Weyl nodes with the same chirality, a pair with opposite chirality
emerges. In TRS broken Weyl semimetal, two Weyl nodes with opposite chirality arise at

an equivalent energy level due to the inversion symmetry protection [64].

The first Dirac fermion is observed in graphene [65], a 2D Dirac semimetal. Realization
of 3D Dirac semimetal (DSM) is challenging as the mass term 7 in the electronic Hamil-
tonian will open up a gap in the presence of SOC, hence extra symmetries are required to
protect the Dirac point. There are mainly two ways to get a 3D DSM. One is band inversion
mechanism, where the Dirac nodes emerge as a result of lattice symmetries (often rotational
symmetry) inducing accidental band crossings into an inverted band structure of a topologi-
cal insulator and another one is symmetry enforced Dirac node [64]. The main characteristic
of a Dirac semimetal is the presence of two Fermi arcs linking a pair of Dirac points on the
surface [see Fig.(e)]. Dirac semimetals exhibit remarkable electrical transport properties

such as ultra-high mobility and significant magneto-resistance.

Depending on the orientation of the Weyl cone in the energy-momentum space, a Weyl
semi-metal can be of two types (in general) (1) Type-I Weyl semimetal which gives point-

like Fermi surface and (ii) Type-II semimetal where the Weyl cone is tilted in E-k space and
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Figure 1.9: (a) Geometric frustration in triangular Ising antiferromagnet. (b) Possibility of
different ground states in triangular Ising antiferromagnet

because of the tilt, both the hole and electron bands present around the Weyl points. The
constant energy contour reveals the Weyl point as a point where both the bands touch each
other [see Fig. (a) and (b)]. A unique characteristic of Weyl fermions is the presence of
magnetic monopoles. The topology of the Weyl point on the Fermi surface is connected
to the Berry curvature, acting as an effective magnetic field in the momentum space. Weyl
nodes on the Fermi surface serve as magnetic monopoles, acting as both a source and sink
for the Berry curvature. The magnetic charge of a Weyl node, known as chirality, can be
calculated by integrating over the Fermi surface enclosing the node [see Fig.(d)]. Weyl
points on the Fermi surface also create Fermi arcs, connecting the surface projections of
two Weyl nodes in Weyl semimetals as shown in Fig.(c). These Fermi arcs are guaran-
teed to exist due to the magnetic monopole nature of Weyl fermions. Further, topologically

protected Fermi arcs on opposite surfaces are connect the bulk Weyl points [64].

1.7 Kagome lattice systems

The crystal and/or lattice structure plays a vital role in predicting exotic physical properties in
a system. As mentioned earlier, the topological state in a matter is protected by symmetries
which is inbuilt in the crystal structure. For example, symmetry enforced degeneracy plays
a crucial role in protecting the Dirac crossings in a 3D material [64]. Apart form the band
structure topology, some other quantum phenomena are also being influenced by the lattice
structure. One of such examples is the geometrical frustration, leading to the quantum spin
liquid state. Kagome lattice systems are becoming very popular these days due to their their

unique structure which has the potential to host several interesting physical properties.
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1.7.1 Frustration

In general, frustration appears in a system if there exists several competitive interactions
such that there is no definite ground state. A simplest example would be a triangular Ising
antiferromagnet as shown in Fig.(a). As one can see that the spin configuration of the
third site always be in frustrated state i.e., no definite spin ordering with respect to the other
two neighbouring spins. In this case there are six different spin states are possible, as shown
in Fig.(b) which prevents ordering. The ground state would be a superposition of all
the six states which makes the spins entangled to each other. Now, along with long range
entanglement of the spins, this new state originates features like the fractional spin excita-
tions leading to quantum spin liquid state [66—68]. Kagome lattice consisting hexagons with
corner sharing triangles has inbuilt geometrical frustration, provides a stage for the quan-
tum spin liquid state. KCugAlIB1O4(SO4)5Cl1 [69] and YCuz(OH)gBry[Bry(OH) _,] [70]

are some examples of the kagome lattice systesms.

1.7.2 Electronic properties

The electron tight-binding Hamiltonian H = —¢ Z<i]'>,a(c;r/ »Cjo + h.c.) for a kagome lat-
tice, with nearest-neighbor hopping denoted by -t and h.c. denotes the Hermitian conjugate
where ¢; , and c;r’ - are the spin-electron annihilation and creation operators, displays a pe-
culiar feature in its electronic band structure [15,[71] as shown in Fig.(d). A perfect
flat band appears at an energy of E3 = 2t which spreads across the whole Brillouin zone
[Fig.(g)]. This flat band emerges from subdimensional eigen-wavefunctions where hop-
pings cancel out exactly due to the lattice geometry as shown in Fig.(b). Also Dirac
cones would emerge at the corners of the hexagonal BZ [Fig.(e)]. In addition two van
Hove singularities also appear at the boundary of the BZ [Fig.(f)]. The spin-orbit cou-
pling causes a gap to appear at the Dirac point within the band structure. Introducing an
out-of-plane magnetization Hy, = —Mz),;  _ :t%szc;l-,szcizsz to the kagome lattice, where
M., represents the z-direction Zeeman field, effectively removes the spin s = +1/2 de-
generacy. Consequently, the topological gap transforms into a Chern gap, resulting in the
emergence of chiral edge states on the kagome lattice. This Chern gap can be tuned by
the strength of SOC and direction of magnetization. The Chern gap gives rise to quantum
anomalous Hall effect [15,72],. On the other hand, the flat bands could potentially give

fractional charge excitations producing fractional quantum Hall effect.

So far, several Kagome systems have been explored and demonstrated their interesting
properties [32,73-76]. For example, Co3Sn,S; has trigonal crystal structure with Co atoms

forming the Kagome lattice. It shows giant intrinsic anomalous Hall effect originated from
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Figure 1.10: (a) a Kagome lattice. (b) Electron confinement within a kagome lattice featur-
ing nearest-neighbor hopping, where the plus and minus signs denote the phase of the flat
band eigenstate at adjacent sublattices. (c) Tight-binding Hamiltonian and (d) electron band
structure obtained using this Hamiltonian. (e) Dirac cones (f) van Hove singularities (g) Flat
band in the hexagonal Brillouin zone. (h) Chern gap open up due to spin-orbit coupling (1)
fractional charge excitation due to the persence of flat band. (d)-(i) are taken from Ref [15].

the k-space Berry curvature due to the broken time reversal symmetry [[77]. It also shows
the Weyl fermions producing chiral anomaly in this system [73,[77]. Mn3X (x = Sn, Ge)
are well known antiferromagnets. Previously, the anomalous Hall effect was only observed
in ferromagnets. In 2015, Nakatsuji et. al. [32] first time showed the presence of anomalous
Hall effect in Mn3Sn, though being an antiferromagnet. The intrinsic anomalous Hall effect
of Mn3X systems is due to the non trivial Berry curvature associated with the time rever-
sal symmetry broken type-II Weyl point present in these systems, making them topological
magnetic Weyl semimetal [33,78-80]. On the other hand, FeSn and CoSn are known to
show flat bands in their electronic band structure [74, 81, 82]. AV3Sbs (A = alkaline met-
als) compounds exhibit superconductivity [[75,83] along with charge density wave (CDW).
These are promising candidates for the topological superconductivity which can host Majo-
rana fermions [84]. Recently, rare-earth based Kagome systems RMngSng [76] are gaining
a lot of research interests posses a clean Mn-based Kagome network. Also, TbMngSng is

discovered to show quantum limit Chern magnet [[72].
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Chapter 2

Experimental Details

There are two ways to look into exotic topological properties in condensed matter systems.
One is theoretical approach in which solving model Hamiltonian of a system (analytically
or numerically) reveals its topological properties. Another one is experimental approach, in
which a researcher work on real systems by synthesizing materials and studying its various
topological properties. This thesis is based on experimental approach. Here, we have briefly

discussed about the experimental methods used and their working principles.

2.1 Single Crystal Growth

A single crystal is a substance where the atoms are arranged in a consistent and unbroken
pattern throughout the material. Unlike polycrystals, single crystals have no grain bound-
aries or structural interruptions within the substance which is very important to understand

the material’s true nature and to determine its potential applications.

There are variety of techniques to grow single crystals. A single crystal can be grown by
the (i) liquid to solid, (ii) vapour to solid, and (iii) solid to solid phase transitions. For exam-
ple, Bridgman, Czochralski, and flux methods are based on liquid to solid phase transition.
Whereas, chemical vapour transport (CVT), chemical valour deposition (CVD) transform
the substance from a vapour phase to a solid phase. The example of solid to solid phase tran-
sition hapens during the solid-state reaction, in which the initial components that are used to
grow crystals are in solid form and the crystals would be grown by diffusion. In this thesis, I
have mainly used flux growth method and solid state single crystal growth (SSSG) method.
To grow Mn3_,Fe,Sn and HoMngGeg single crystals I have used flux growth method and
to grow FesSn single crystal I have used SSSG method. The details of these methods are

discussed in the below sections.

2.1.1 Flux growth method

Before going into the details of flux growth method, one needs to understand the basic things
like binary phase diagram, supersaturation condition, nucleation, and finally the crystalliza-

tion process.
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Figure 2.1: Binary phase diagram of component A and B. Image is reproduced from [85]

Binary phase diagram: Phase diagrams represent the relationships among different phases

within a pressure-temperature-composition (p-T-x) space dictated by thermodynamic prin-
ciples. Phase diagram can be classified, based on the number of components present in
the systems, such as single, binary, and three component phase digram. In two component
binary phase diagram pressure would be fixed while the different phases will be shown in
temperature (T) and composition (x) space. For example, Fig. depicts a binary phase di-
agram of two components A and B. AB is a compound that is formed by the elements A and
B. There are many zones and zone boundaries. A(s)+AB(s) zone suggests that in this region
both A and AB are present but in solid form and the zone A(s)+AB(s) and AB(s)+B(s) are
separated by the zone boundary AB line. Whereas AB(s)+L zone has solid AB compound
and a liquid phase.

Crystal nucleation and growth: As one can see from Fig., if we consider the vertical

dashed line in the phase digram, we can see the three temperature regions 17, Tp, and T3
with different characteristics. In the temperature region T7, the system will be in liquid form
dissolved in the flux (molten). Further reducing the temperature to T, the molten would be
in the supersaturated liquid state. A slight decrease in the temperature starts the crystal nu-
cleation process with micron sized crystals, these crystals are called the seed crystals. As

the temperature gradually decreases to T3, the seed crystals grow bigger in size. Note that,
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Figure 2.2: Flow chart of flux growth method

T3 should be the temperature at which the flux should be in the liquid form. At T3, one need

to separate the crystals from the flux by centrifuging.

In this method, the flux comes from one of the elements of the desired compounds, such
as A or B in case of AB. On the other hand, if the flux melting temperature is very high, one
can choose a low-temperature-melting third-party flux. In this case both A and B elements

get dissolved in the third-party flux to form AB.

Figure @ describes the flux growth method sequentially. First, all the required precursor
elements are weighed for appropriate quantity and mixed inside an argon filled glove box to
avoid any oxidization and moisture formation. Then the mixture is poured into an alumina
crucible and covered with quartz wool. This crucible is inserted into a quartz ampoule. After
that, the quartz ampoule is sealed under partial argon atmosphere. Next, this whole object
is subjected to undergo heat treatment inside a high-temperature electric box furnace, that
is set to a fixed temperature at which all the elements would be melted. Then the furnace
temperature is cooled down slowly to lower temperature (~ 2°C/hr). After that, the red-hot
quartz ampoule is taken out of the furnace and placed it into a centrifuge to separate out
the flux from the crystals. The formed crystals will be found on the top of the quartz wool
which act as a filter to remove the excess flux as shown in Fig. . This way one can use

the flux-growth technique to grow the single crystals.
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Figure 2.3: (a) Binary phase diagram of Fe-Sn system taken from Ref [86]. (b) Schematic
presentation of growth of Fe3Sn where Sn atoms diffuse to Fe chunks. (b) Fe3Sn grains
transformed to single crystals after heat treatment.

2.1.2 Solid State Single Crystal Growth (SSSG)

In the flux growth method, the precursors have to be melted either congruently (where the
precursors are in stoichiometric ratio and have finite melting point) or incongruently (by
adding other element or by taking more amount of one of the precursor element to reduce
the meting temperature of the system) but in some systems it is possible that some com-
pound could melt neither congruently nor incongruently. In such cases, it would be ideal
to use other approach and one such approach is solid state single crystal growth (SSSG)

technique which is a solid to solid phase transition.

For example consider the phase digram of Fe-Sn binary system as shown in Fig. B(a).
As one can see there are many compounds such as Fe3Sn, FesSns, Fe3Sny, FeSn, and FeSn,.
Now, if one choose to grow Fe3Sn single crystal, it has no congruent melting point and Sn
can not be used as a flux as FesSn3 also forms around at the same temperature which prevents
incongruent melting. So, here Fe3Sn single crystal can be formed using SSSG method. In
this method, high purity powder of Fe and Sn elements can be mixed and ground properly
to make a homogeneous solid solution. With the application of temperature (where Fe3Sn
phase is stable in the phase diagram) the Sn atoms can diffuse to Fe grains and can form
small Fe3Sn grains in the mixture as shown schematically in Fig. @(b). After a prolonged
period of heat treatment (anealing), these micrometer size grains can merge together to form

small milimeter size single crystals. This method is based on diffusion process which is why
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it is a slow process.

2.2 Structural characterization: X-ray diffraction

To know the structural information of the as grown single crystals, it is necessary to per-
form X-ray diffraction measurements on the grown samples. As we know, the inter-atomic
distances in a solid is very small (~A), so the visible range electromagnetic wave cannot be
used for the diffraction as its wave-length is ~ 10% A. Instead, X-ray is used to determine
the crystal structure using the diffraction phenomenon as its wave length is comparable to
the inter-atomic distances. In the X-ray diffraction technique, an X-ray beam of particular
wavelength A is incident on the surface of the crystal as shown in Fig. @(a). The angle be-
tween the X-ray and the crystal surface is called the incident angle (6). The X-ray reflected
from different lattice planes, which introduces phase difference, causing constructive or de-
structive interferences. From Fig. @(a) we can see the path difference is 2dsin6 hence the
phase difference is 27”2dsi nf. For constructive interferences, the phase difference has to be

even multiple of 7r. Thus,

Z%stinﬁ =2nnm — 2dsinf = nA (2.2.1)

Where 7 is an integer. The Eqn. is called Bragg’s law of diffraction. By collecting the
diffracted X-rays as a function of 6, one can observe intensity peaks at specific 6 values, in-
dicating constructive interference. Through the calculation of the lattice plane distance (d),

using the Bragg’s relation, we can estimate the lattice constants and symmetry of the crystal.

A XRD setup is schematically depicted in Figure @(b). The process begins with the
generation of X-rays by initiating an electron beam within a highly evacuated X-ray tube
(Coolidge tube) through thermionic emission from a heated tungsten (W) cathode. This
electron beam is directed towards a copper (Cu) anode to produce characteristic X-rays.
Subsequently, the generated characteristic X-ray passes through various slits to form a fo-
cused X-ray beam that impinges on the sample surface. The diffracted X-ray beam is then
guided through additional slits such as the Parallel slit analyzer, Soller slit, and receiving
slit to enhance beam focus and the peak intensity of the collected XRD data. XRD measure-
ments were conducted using a Rigaku SmartLab X-ray diffractometer (9 kW) with Cu-Ka
radiation (A = 1.54061&) [see Figure @(c)]. In this setup, electrons emitted from the W-
cathode are accelerated by a voltage difference of 20-45 kV between the cathode and anode,
while the electron current is maintained within 10-200 mA. This configuration generates

an electron beam of up to 9 kW, which strikes the Cu anode to produce Cu Kal X-rays.
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1. X-ray source
2. Incident slits
3. Sample stage
4. Receiving slits

5. X-ray detector

Figure 2.4: (a) X-ray diffraction from parallel Bragg planes. (b) Schematic diagram of X-
ray diffractometer. (c) 9kW Rigaku-Smartlab XRD instrument at SNBNCBS.
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The diffracted beam is recorded using a hybrid photon counting (HPC) detector. It’s im-
portant to note that the mentioned diffractometer utilizes a 6 — 6 goniometer setup, where
the sample stage remains stationary while the X-ray tube and detector rotate to capture the
XRD pattern. The angular positions of the X-ray tube and the detector are recorded as 6 and
6, respectively. Alternatively, other XRD setups such as the Rigaku MiniFlex II employ a
0 — 26 goniometer, where the X-ray tube is fixed at position and the detector is rotated by
26 to record the data.

Rietveld refinement is an advanced analytical tool generally used on the X-ray diffrac-
tion (XRD) data to precisely analyze the crystal structure of materials. It employs a least-
squares optimization approach to iteratively refine the parameters of the crystal structure
model [87]. This method calculates the difference between the observed and calculated
diffraction pattern, squares these differences, and then adjusts the model parameters to min-
imize their sum. During Rietveld refinement, various parameters are refined, such as atomic
coordinates, thermal displacement parameters (B-factors), atomic occupancies, and lattice
parameters. It also takes into account instrumental factors and sample characteristics by con-
voluting the calculated diffraction pattern with a profile function. This function describes
the shape and broadening of diffraction peaks, considering the factors like instrumental res-
olution and sample microstructure. The calculated intensity in Rietveld refinement can be

expressed using the following equation:

Icalc,i(e) = Fi : PZ'(Q) ' C(G) -V-R
Where:

* F; is the structure factor for the i-th diffraction peak, representing the contribution of

each atom in the crystal to the diffraction intensity.

* P;(0) is the profile function describing the instrumental broadening and sample char-

acteristics at the given angle 6.

 C(0) is the geometric correction factor, accounting for the variation in X-ray intensity

with scattering angle 6.
* V is the the unit cell volume of the crystal.

* R is a scaling factor that accounts for the sample thickness, absorption, and instru-

mental efficiency.

The structure factor F; depends on the atomic positions, atomic scattering factors, and

other parameters describing the crystal structure. The profile function P;(6) characterizes
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the shape and broadening of the diffraction peak due to instrumental effects and sample
properties. The geometric correction factor C(6) adjusts for the variation in X-ray intensity

with scattering angle.

2.3 Composition characterization: Energy Dispersive X-

ray Spectroscopy (EDXS)

Energy Dispersive X-ray Spectroscopy (EDXS) also known as EDX, is a commonly em-
ployed to determine the elemental composition of the materials. In this technique, high

energy electrons are bombarded to the sample.

When the sample is subjected to bombardment by a high-energy electron beam, the elec-
trons bound within the inner shells of the atoms are excited. Consequently, vacancies are
created in these inner shells. Electrons from the outer shells transit to fill these vacancies,
emitting X-rays in the process. The energy of these emitted X-rays is equivalent to the en-
ergy difference between the two energy levels, which are defined by the principal quantum
number #n. The quantum numbers n = 1,2, 3, and 4 are respectively represented by K, L,
M, and N shells. A schematic diagram illustrating the process of generating different char-
acteristic X-rays is shown in Fig. (a) . For instance, when an electron transitsfrom the L
to the K shell, the emitted X-ray is designated as K,. Similarly, when the transition occurs
from the M to the K shell, the resultant X-ray is labeled as Kg. Analogously, transitions from
the M and N shells to the L shell yield L, and Lg X-rays, respectively. Since each element
in the periodic table possesses a distinct atomic structure, the detection of characteristic
X-rays emitted from a sample enables the identification of the elements present within it.
In Fig. B(c), a typical Energy Dispersive X-ray Spectroscopy (EDX) image is displayed,
illustrating characteristic X-ray peaks such as K, Kﬁ, L,,and Lﬁ corresponding to different
elements within the sample (in this instance, Fe and Sn). The intensity of a specific X-ray
peak is influenced by the likelihood of a particular electron transition. Generally, transitions
from the L to K shell exhibit higher probabilities than those from the M to K shell. Conse-
quently, K, peaks tend to have higher intensities compared to Kg peaks for both Fe and Sn.
For quantitative analysis, the background intensity [depicted by the black line in Fig. (b)
EDX spectra] is initially subtracted from the acquired spectrum. Subsequently, the relative
intensity of the peaks originating from various elements provides the weight percentage.
The atomic percentage is then determined by dividing the corresponding atomic weight of

each element.
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Figure 2.5: (a) Different energy levels of electrons and transition to lower energy levels
generated K,L lines. (b) Schematic diagram of scanning electron microscope. (c) A typical
EDXS spectrum containing characteristic X-rays emitted from elements.

29



2.4 Field Emission Scanning Electron Microscopy (FESEM)

: It is a powerful imaging technique used for high-resolution visualization of the surface
morphology of materials at nanometer scales. It operates on the principle of scanning elec-
tron microscopy (SEM), where a focused beam of electrons is scanned over the surface of
a sample, and the resulting signals are used to generate images with high spatial resolu-
tion. FESEM offers several advantages over conventional SEM, primarily due to its use of a
field emission electron source. This source produces a highly focused electron beam with a
smaller probe size and higher current density compared to conventional SEM, enabling en-
hanced imaging resolution and sensitivity to surface features. It provides exceptional imag-
ing resolution, typically in the range of a few nanometers to sub-nanometer level. It is highly
sensitive to surface features and can reveal surface morphology, texture, and composition
with great precision. This technique also can detect the surface properties such as rough-
ness, porosity, and surface defects. FESEM supports various imaging modes, including sec-
ondary electron (SE) imaging, backscattered electron (BSE) imaging, and energy-dispersive
X-ray spectroscopy (EDS) for elemental analysis. Each imaging mode offers unique insights
into sample characteristics and composition. Figure. (c) shows a schematic presentation
of different components of FESEM instrument. First, the electron gun emits the high-energy
electrons which are then primarily focused by the magnetic lenses and after fine tuning by
the secondary coils and the objective lenses it falls on the surface of the specimen or sample.

In thi way one can identify the surface morphology.

2.5 Magnetic Measurements

The magnetic measurements are carried out using the vibrating Sample Magnetometry (VSM).
The VSM works on the method of varying magnetic field, while simultaniously detecting
the magnetization response. Faraday’s law states that a changing magnetic field induces an
electromotive force (EMF) in a closed circuit. This induced EMF can result in the flow of
electric current if the circuit is closed. In the context of VSM, when a varying magnetic
field is applied to the sample, the magnetic moments within the sample respond by aligning
themselves with the direction of the applied field. This alignment process involves changes
in the magnetic flux passing through the sample. According to Faraday’s law, this changing
magnetic flux induces an EMF in the detection coil (pick-up coil) or sensor of the VSM sys-
tem. If the magnetic flux passing through the coil is denoted as ®p, then the electromotive

force (EMF), represented as €, generated in the coil can be expressed as € = — dt%. Here,

dl% signifies the rate at which the magnetic flux changes with time. Following the Lenz’s

law, the direction of the induced current flow from the EMF is determined. As a result,
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Figure 2.6: (Left) Schematic diagram of VSM instrument. (Right) Quantum Design (9T
Dynacool) Physical properties measurement system (PPMS) at SNBNCBS

the induced current flows in such a direction that it produces a magnetic field opposing the

varying applied magnetic field passing through the coil.

Various components of a VSM setup are illustrated in Fig. @ The magnetic sample
is fixed to a non-magnetic stick, which is connected to the vibration unit of the setup (VSM
module). This stick is then inserted to a superconducting magnet where magnetic field is
uniform. The external magnetic field somewhat aligns the magnetization along the field. As
the sample oscillates up and down at high speed, the magnetic field generated by the mag-
netic 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 according to Faraday’s law
of induction. The voltage generated in the pickup coil, denoted as V., can be expressed as

%. Expressed in terms of the vertical position of the sample (z), d;% can also be written

as %’é—?. Consequently, for a sample oscillating sinusoidally at a frequency f and ampli-
tude A, the induced voltage can be represented as Vi = 271 fCy A sin(27tft), where C
is the coupling constant, and m is the sample’s magnetic moment intended to be measured.
Thus, from the coil voltage, the sample magnetization at an applied magnetic field can be

determined.

Our magnetization measurements were conducted using the VSM embedded in the Quan-
tum Design Physical Property Measurement System (PPMS), where magnetic fields were

varied up to 9 T across a temperature range from 2 K to 300 K. During the measurements,
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the sample underwent oscillation with a frequency of f = 40 Hz using the VSM linear mo-
tor. This vibration generated a voltage in the pickup coils. The setup is capable of detecting
extremely low magnetic moments, down to the order of 107® emu. Moreover, the PPMS
includes a VSM oven option, enabling VSM measurements to be conducted at elevated tem-

peratures ranging from 400 K to 1000 K.

2.6 Electrical Transport Measurements

In metals or low band-gap semiconductors, the charge carriers freely move inside the system
randomly in absence of any external force. Under the external force (electric or magnetic
field) the charge carriers inside the materials will starts to follow in a specific path and
encounter with several interactions such as electron-electron [88,89], electron-phonon [90,
91], electron-spin [92], and electron-hole [93]. These low energy interactions influence the
electrical resistivity. Therefore, the electrical resistivity measurement is an important tool
of studying those interactions. There are mainly two methods exist to measure the electrical
resistivity of a sample, (i) linear four-probe method, (ii) Van der Pauw method. For my

transport measurements, I mainly used the linear four-probe technique

2.6.1 Linear four probe method

Linear four-probe technique is superior compared to the linear two-probe technique as the
former minimizes the contact resistances in a much better way. The outer probes inject
a known current into the material, while the inner probes measure the voltage. This con-
figuration ensures that the voltage drop across the contacts does not affect the accuracy of
the resistivity measurement. The four-probe setup eliminates the effects of lead resistance,
which can distort measurements in traditional two-probe methods. Lead resistance refers to
the resistance of the wires connecting the probes to the measurement instruments. Figure

@ represents the four-probe measurement set-up.

The four-probe measurement set-up has different components necessary to build tem-

perature dependent resistivity measurement equipment.

(i) Sample preparation: First, we need to make the four-probe connections to the sam-
ple. Cu-wires (25-75 ym diameter) are generally used to make the contacts to the sample.
The Cu-wires are attached using Epo-Tek H20E silver-epoxy where the resin and the hard-
ener are mixed with 1:1 weight ratio. The mixture along with the contacts are cured by

warming it at 80°C inside the glove-box to avoid any oxidization. Then, the sample was
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Figure 2.7: (a) Left image shows schematic presentation of four-probe connections and
Right image shows four-probe connections in real material. (b) Schematic image of a tem-
perature dependent resistivity set-up. (c) Temperature dependent resistivity set-up at our
Lab.
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mounted on the cryostat bar using Apiezon N Grease which is a electrical insulator but very
good thermal conductor to make the sample thermally connected to the cryostat.

(i1) Cryostat and Temperature controller: Next to vary the sample temperature, the cryo-
stat was kept under vacuum using Pfeiffer turbo pump and the the Cryomech compressor
was used to lower the cryostat temperature to 3.5 K. Then an ITC 503 Proportional—-integral—
derivative (PID) controller was used to sweep the temperature.

(iii) Lock-in amplifier: Usually, in metallic samples the resistance is very low (~ pu{) —
m() range). So its very hard to use conventional method where we can pass a current and
measure the voltage drop against the probes and from then we can calculate the resistance.
For instance, if we pass few mA current then the voltage drop will be (4V-nV range) which
is in the resolution range of usual volt-meter. Here, we use Lock-in amplifier which am-
plifies the signal and reduces any other noise signals. A lock-in amplifier uses the phase
sensitive detection (PSD) technique. First, the lock-in amplifier modulates the input signal
of interest with a reference signal. This modulation is typically achieved by multiplying the
input signal with a sinusoidal reference signal at a specific frequency, known as the refer-
ence frequency. Consider the voltage of the sample is Vsgyp1e = Vssin(wst + ¢s) and the

reference signal is Vs = Vysin(wyt + ¢r). After multiplying these two voltages we get

Vpsp = VsVysin(wst + ¢s)sin(wyt + ¢y)

1 1 (2.6.1)
= EVSVrCOS[(ws —wp)t+ ¢s — ¢y — EVSVrCOS[(wS + wp )t + ¢s + Pr]
If we choose ws = w; then the above output becomes
1 1
Vpsp = EVSVrcos [ps — ¢pr] — EVSVrcos [2wst + ¢s + ¢4] (2.6.2)

If this output is passes through a low-pass filter, then we are left with Vpsp = %VS V,cos [qbs —
¢r|, which is a dc signal. So, by using this mechanism we can clearly get the voltage while
the noise signals is filtered out. By changing the reference signal amplitude, we can amplify

the voltage signals.

As for the resistivity data acquisition, first an ac-voltage is passes through a known stan-
dard resistance (Rg;y) substance followed by the sample. The current flowing through the
sample can be calculated as [ = % where Vj;; is voltage drop across the standard resis-
tance measured using Keithly 2000 digital multimeter (DMM). The samples voltage first
passes through a transformer-based pre-amplifier (Standford Research Systems 554 pre-
amplifier) where the noise signals are filtered out and the voltage signal is amplified sig-

nificantly (100 times) then enter into the lock-in amplifier (Standford Research Systems 830
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DSP Lock-in), where the voltage (V) is measured. Thus, the resistance of the sample would
C e e RsampreA .

be Rsample = %%. The resistivity is calculated by p = sz Here, A is crossec-

tional area and L is the length between the voltage probes of the sample. The automation

of the instruments and the data acquisition is done using the LabVIEW programming and

General Purpose Interface Bus (GPIB) connections.

2.6.2 Magneto-transport Measurements

In the previous section we have mentioned about how the resistivity of a sample is measured
by varying the temperature alone. Here, using Quantum Design physical properties mea-
surement system (PPMS 9T), along with temperature we can also vary the magnetic field,
thus called as magneto-transport measurements. Magneto-transport measurements are usu-

ally performed to identify the magnetoresistance (MR) and Hall effect properties.

Figure @(a) depicts the schematic representation of different parts of a magneto-transport
set-up. To achieve high magnetic fields, the electromagnets made out of superconducting
wires is a good choice as the superconductor below the superconducting transition tempera-
ture does not dissipate any heat. In PPMS, Niobium-Titanium (Nb-Ti) alloys is used for the
superconducting magnet, its superconducting temperature is about 10K [94]. The super-
conducting magnet is kept inside the chamber is cooled down to 4.2 K using a CryoMech
Helium compressor. The sample is mounted on the puck which is attached to a rotator.
The magnetic field strength is varied using a current controller and all this attachment is
connected to a CPU. As for the measurement the resistivity is measured using ac current
signal applied to the sample as discussed in the previous section. For magnetoresistance we
use linear four-probe connection, while for Hall measurement, we use transverse connection
such that the voltage terminal are always perpendicular to the current terminals and the field

will always be perpendicular to both current and voltage terminals as shown if Fig@
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Figure 2.8: (a) Schematic diagram of magneto-transport set up. (b) Rotator stick and rotator
puck and sample mounted on the puck. (c) Quantum Design physical properties measure-
ment systems (PPMS 9T) at SNBNCBS.
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Figure 2.9: Schematic of Hall probe geometry
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Chapter 3

Topological Hall Effect Instigated in Kagome
Antiferromagnet Mn;_,Sn due to Mn-deficient

Induced Noncoplanar Spin Structure

3.1 Introduction

Hall effect is one of the pioneering discoveries in condensed matter physics [95], gained
a lot of attentiveness both from the fundamental and technological applications [96, 97].
Specifically, in the fundamental science, the Hall effect branched into various exotic phe-
nomena such as the spin Hall effect (SHE) [98], the quantum Hall effect (QHE) [99-101],
the anomalous Hall effect (AHE) [35], and the recently emerging topological Hall effect in
helimagnets. Particularly, the topological Hall effect is a direct manifestation of real-space
Berry phase acquired by the conduction electrons moving around the topologically stable
knots, also called the skyrmions, in chiral spin structures [39,102,[103]. Topological spin
structures in helimagnets are driven by the geometrical frustration in triangular lattice or
Dzyaloshinskii-Moriya interaction (DMI) in the absence of centrosymmetry of the crys-
tal [32,104—-108]. There exists several geometrically frustrated Kagome systems such as
Co3SnyS; [[77,109], FesSny [110], EuCdyAs; [[111] and non-centrosymmetric crystals such
as the cubic B20 chiral magnets MnSi [40], FeGe [112], MnGe [[113], Cu;OSeO3 [114],
and MnyRhSn [115] showing topological Hall effect. Importantly, most of these magnetic
topological systems show THE besides the magnetization driven anomalous Hall effect hin-
dering the potential applications of THE in the topological electronics [49,116,117]. Thus,
finding materials merely with topological Hall effect is desirable for the technological ap-
plications.

In this letter, we report on the topological Hall effect of Mn3_Fe,Sn (x=0, 0.2, 0.25,
and 0.35) single crystals. Our studies show a large and pure room-temperature topological
Hall effect with topological Hall resistivity pzy ~ 2 uQ)-cm in Mn3Sn at a low critical field
of 0.3 T. To our knowledge, no other system shows such a pure and large THE signal at room
temperature in its bulk form except Gd,PdSi3 which shows THE, with negligible AHE sig-

nal, but only at very low temperatures (< 25K) [48]. The value of P;{y increases further
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Figure 3.1: (a) Powder XRD data from crushed single crystals of Mn3Sn, single crys-
tal of Mn3Sn, and Mny gFey,Sn. Inset in (a) shows photographic image of Mn3Sn and
Mnj gFeg2Sn single crystals. Left-panel in (b) shows primitive unit cell of the hexagonal
crystal structure of Mn3Sn and the right-panel in (b) defines the crystal planes, zx-plane
(0110) and xy-plane (0001) on the hexagonal unit cell. (c) Resistivity measured along the
a-axis, Pxx, as a function of temperature is plotted for both MnzSn and Mnj gFep »Sn. (d)
Resistivity measured along the c-axis, p;z, as a function of temperature is plotted for both
Mn3Sn and Mnj gFep»Sn. Right-side inset in (d) shows schematic representation of the
spin-reorientation above and below the transition temperature of 260 K for Mn3Sn and 125
K for Mnj gFe »Sn. Left-side inset in (d) shows thermal hysteresis of the resistivity, p,; (T),
between heating and cooling cycles of data collection on Mn3zSn. (e) First derivative of o,
with respect to the temperature. (f) xy-plane (o) and zx-plane (o) Hall resistivity mea-
sured as a function of temperature from Mn3Sn with a magnetic field of 1T applied parallel
and perpendicular to the c-axis. Schematics in (f) show the measuring geometries used for
recording the data of py,, and pzx. (g) Similar data of (f) but measured from Mn; gFeg»Sn.
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to 2.3 u()-cm with decreasing temperature down to 260 K, but abruptly disappears below
260 K due to magnetic reorientation from coplanar AFM to spin-spiral structure [#41,118].
We uncover highly anisotropic topological properties of these systems at room tempera-
ture. That means, anomalous Hall effect (AHE) has been noticed in the zx-plane, while the
topological Hall effect has been noticed in xy-plane. Moreover, the room-temperature THE
decreases with increasing Fe doping and it is almost suppressed by the Fe doping of x=0.35.
Additionally, low temperature topological properties emerge by Fe doping. In the below,

we explore in detail our experimental findings.

3.2 [Experimental details

For the growth of Fe doped single crystals, we followed the same method by adding the
desired amount of iron powder (Alfa Aesar, 99.99%) to the Mn-Sn mixture. In this way,
we obtained several shiny hexagonal-rod-shaped single crystals with typical dimensions of
2 x 1 x 1 mm3. Powder X-ray diffraction (XRD) was performed using Rigaku SmartLab
9kW Cu K, X-ray source. Stoichiometry of the crystals were found to be Mnj g5(1)Sny g51)
and Mny 76(1)Feq 21(1)Snq 03(1) using Energy Dispersive X-ray Spectroscopy (EDXS). From
the EDXS data, we can observe that both compounds have marginally higher Sn concen-
trations. For simplicity, we denote the compositions as Mn3zSn and Mnj gFep,Sn. Elec-
trical transport and Hall effect measurements were performed using the four-probe tech-
nique. Copper leads were attached to the sample using EPO-TEK H21D silver epoxy.
Temperature-dependent resistivity data were recorded from physical properties measure-
ment system (PPMS, Dynacool, Quantum Design) within the temperature range of 2-350
K. Hall measurements were done by sweeping the magnetic fields between -4 T and 4 T.
Magnetic properties studies were done using the vibrating sample magnetometer (VSM)
option of PPMS (Dynacool, Quantum Design) within the temperature range of 2-350 K and

magnetic field was varied between -4 T and 4 T.

The powder XRD pattern of the crushed single crystals shown in the bottom panel of
Figure(a) in the main text confirms that Mn3Sn crystalizes into hexagonal phase with a
space group of P63/mmc (194). No impurity peaks have been detected from the XRD pat-
tern, which suggests pure-phase Mn3Sn single crystals. From the XRD pattern refinement
of Mn3Sn we obtain lattice parameters a=b= 5.679(2) and c=4.533(4) which are compara-
ble to the reported values of Mn3Sn [[118,119]. The XRD patterns have taken on the single
crystals of Mn3Sn and Mnj gFeg »Sn show multiple reflections corresponding to (0002) and
(0004) planes.
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3.3 Results and Discussions

Electrical resistivity measured along the a-axis (pxx) plotted as a function of temperature
in Fig. (C) for both Mn3Sn and Mn; gFep»Sn. From Fig. (c) we can observe that the
Qxx resistivity of the parent compound shows a metallic nature, and interestingly for the first
time, we find a hump-like structure at around 260 K [shown in the inset of Fig. ©)],
whereas, in the case of Fe doped Mnj gFe(»Sn, the resistivity decreases with increasing
temperature which is a kind of bad-metallic behaviour [120]. Similarly, electrical resistiv-
ity measured along the c-axis (p;;) plotted as a function of temperature in Fig. (d) for
both Mn3Sn and Mnj gFe 2Sn. As can be seen from the p,, resistivity data, both parent and
Fe doped systems show metallic behavior at low temperatures except for a significant in-
crease in the impurity resistivity from 0.3 mQ)-cm to 0.63 m()-cm with Fe doping. Further,
we observe a kink at around 260 K in Mn3Sn which has been ascribed earlier to the spin
structure reorientation of Mn atoms from a high-temperature noncollinear inverse triangular
structure to a low-temperature noncoplanar spiral structure [41],118]. But with Fe doping,
we find that the spin reorientation transition temperature decreased to 125 K at which the
kink has been observed from the p,, resistivity of Mny gFep>Sn as shown in Fig. (d).
Inset in Fig. (d) shows thermal hysteresis in the p,, resistivity of MnzSn taken around
260 K between heating and cooling cycles. Thermal hysteresis in the p, resistivity is con-
sistent with the previous report on Mn3Sn except that it was found at 270 K [41] and 275
K [118]. Such a thermal hysteresis is attributed to the first-order type magnetic transition
from triangular to spiral structure in this system [118]. On the other hand, we do not observe
such a thermal hysteresis in the p,, resistivity of Mnj gFep>Sn despite having the magnetic

transition at around 125 K.

To pinpoint the spin-reorientation transition temperature (Tsg), we plotted dp,/dT as
a function of temperature as shown in Fig. B.1| (e). From the first derivative, we can reaffirm
Tsr=260 K for Mn3Sn and 125 K for Mn, gFe(»Sn. In addition, we also observe a decrease
in dp,;/dT with increasing T for both systems below 10 K possibly due to weak local
potentials at low temperatures [[21] and above 143 K due to an electronic phase transition.
Eventually, dp,,/dT becomes zero at 265 K and beyond this temperature, it is negative for
Mn; gFep»Sn. That means, Mn, gFep»Sn shows a metal-insulator (MI) transition at around
265 K. On the other hand, in Mn3Sn, the MI transition seems to be happening at much-
elevated temperatures as dp,,/dT approaches zero at around 345 K [122]. To emphasize
here, Mn3Sn shows nearly isotropic resistivity between a and ¢ axes, while Mny gFeg>Sn

shows a large resistivity anisotropy.

Fig. (f) depicts Hall resistivity in the xy-plane (0, ) and in the zx-plane (o) plotted
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Figure 3.2: (a) xy-plane (px,) Hall resistivity plotted as a function of the magnetic field
from Mn3Sn. The measuring geometry is shown in the top-right inset of (a) and zoomed-
in data at low magnetic fields are shown in the top-left inset of (a). Bottom-right inset in
(a) shows the Hall resistance (raw data) measured on two different samples (S1 and S2) of
Mnj3Sn at 300K. (b) zx-plane (p.y) Hall resistivity plotted as a function of the magnetic field
from Mn3Sn. The measuring geometry is shown in the top-right inset of (b). (c) and (d),
(e) and (f), and (g) and (h) are similar Hall resistivity data of (a) and (b) but measured from
Mnj gFeg2Sn, Mnj 75Fe( 25S5n, and Mnj ¢5Feq 355n, respectively.

as a function of temperature from Mn3Sn measured with a magnetic field of 1 T applied
parallel and perpendicular to the c-axis. From Fig. (f), we notice an increase in 0y from
320 K down to 260 K, which then instantaneously become nearly zero below 260 K. This
sudden decrease in p,y at 260 K coincides with the spin-reorientation transition tempera-
ture of the studied sample. The observation of drastic changes in the p,, Hall resistivity at
260 K is in good agreement with previous studies on a similar system except for a slightly
higher transition temperature of 270 K [#41] and 275 K [[11§]. On the other hand, we ob-
serve no significant change in p,,, from 320 K down to 2 K, which is nearly zero all the time.
Next, Fig. (g) depicts pyy and pz, Hall resistivity plotted as a function of temperature for
Mnj; gFeg »Sn measured with magnetic field of 1 T applied parallel and perpendicular to the
c-axis. From Fig. (g), we notice an increase in pzy from 320 K down to 125 K, which
gradually decreases with temperature from 125 K down to 40 K, and then saturates below 40
K. The decrease in p,y coincides with the spin-reorientation transition temperature of 125 K
as observed from the magnetization measurements on the doped sample [see Fig. @(b)]. On
the other hand, pyy slowly increases from 320 K down to 125 K and exponentially increases
from 125 K down to 40 K, and then tends to saturate below 40 K. Interestingly, we notice an

extremely large oy, value of 31 Q) — cm with 1 T field at 2 K which is negligible in Mn3Sn.
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Figure 3.3: Magnetization as a function of temperature, M(T), plotted for Mn3Sn (a) and
Mnj gFeq2Sn (b). In figures, Tgg is spin reorientation transition temperature, Tgg is spin-
glass transition temperature, and T is Curie-Weiss temperature. The data is collected with
an external magnetic field of 500 Oe applied both in parallel and perpendicular to the c-axis.

Magnetization as a function of temperature M(T), plotted for zero-field cooling (ZFC)
and field cooling (FC) modes with an external magnetic field of 500 Oe applied parallel and
perpendicular to c-axis is shown in Fig. @(a) for Mn3Sn and in Fig. @(b) for Mn; gFe( 2 Sn.
When the field is applied perpendicular to c-axis (H L c), in Mn3Sn, a huge drop in mag-
netization is noticed at 260 K for both FC and ZFC modes, while the magnetization drop
still present for the field applied parallel to c-axis (H || ¢) but relatively small compared to
H 1 c. The magnetization drop at 260 K for H | ¢ can be understood as a result of spin-
reorientation from inverse-triangular to spin-spiral structure [32,]106—108,[123,(124]. Further
reduction in temperature leads to spin-glass transition at 40 K as we find a cusp-like splitting
in the magnetization curve between ZFC and FC modes as shown in Fig. @(a). Quantitative
comparison of our Mn3Sn magnetization data with the existing literature is quite challenging
as the magnetic properties of this system are highly sensitive to the growth conditions and
the chemical compositions [125]. However, the spin-reorientation and spin-glass transitions
are inline with the previous reports [32,[{106-108].

For a better understanding of the magnetism of these systems, we performed isothermal
magnetization M(H) measurements as shown in figure @ Figs. @ (a) and @ (b) depict
M(H) isotherms from Mn3Sn for H||c and H_Lc, respectively. From Fig. @ (a), we see

significant magnetic hysteresis in Mn3zSn for H||c at 2 K without saturation even at an applied
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Figure 3.4: Magnetization isotherms, M(H), of Mn3Sn for field applied parallel (a) and
perpendicular (b) to the c-axis measured at various temperatures. Similarly, magnetization
isotherms of Mnj gFey2Sn for field applied parallel (c) and perpendicular (d) to the c-axis
measured at various temperatures. (e) and (f) show magnetization relaxation data plotted
as a function of time, measured at 5 K with an external field of 500 Oe applied parallel and
perpendicular to the c-axis from Mn3Sn and Mnjy gFeg 2 Sn, respectively.

field of 4 T. But at higher temperatures, the magnetic hysteresis disappears. The observed
magnetic hysteresis at 2 K is possibly due to short-range magnetic ordering due to spin
fluctuations in the spin-glass state. As shown in Fig. @ (b), for H_L ¢ also the isotherms
M(H) are found to be similar to H||c with significant magnetic hysteresis at 2 K again due
to glassy spin nature. In contrast, we find a weak ferromagnetic-like hysteresis with large
coercivity and remanence at 300 K. Moreover, the slope dM/dH obtained at higher fields (>
3 T) decreases with increasing temperature, hinting at reduced antiferromagnetism in Mn3Sn
at higher temperatures. Therefore, we conclude that the observed magnetic hysteresis at low

temperatures for both HL ¢ and H|

¢ in Mn3Sn is due to the short-range magnetic interactions
below < 40 K. The anisotropic magnetization between H_L ¢ and H||c in Mn3Sn is in good

agreement with previous magnetic studies on Mn3Sn [[119].

Figures @(c) and @(d) depict M(H) isotherms measured on Mnj gFeq >Sn at various
temperatures for both H||c and H_Lc, respectively. From Fig. @(c), for H|

c, we can see
that the Fe doping induces a long-range ferromagnetic ordering as the magnetic hysteresis
is found with increased coercivity at 2 K. But the magnetic hysteresis disappears at temper-
atures of 100 and 150 K, while still having a sigmoid-like M(H) curve. On the other hand,

at the temperatures of 260 and 300 K, we observe that the system completely transforms
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into antiferromagnet as we find linear M(H) isotherms. Next from Fig. @(d), for Hl c, we
observe M(H) isotherm with a coercivity of 850 Oe at 2 K. Interestingly, we also notice a
field-induced asymmetric M(H) curve at 2 K that is not visible for H||c. We further observe
reduced coercivity of 220 Oe at 260 K, which is nearly constant up to 300 K without any
field-induced asymmetry in the M(H) loop. Note here that the coercivity of Mnj gFeg2Sn
is almost a factor of 2 less compared to the parent system for H_l ¢ at 300 K. Whereas, the

coercivity of Mny gFe(2Sn is nearly 2 times higher compared to Mn3Sn at 2 K for H||c.

The glassy-spin nature of the systems is further examined by performing magnetiza-
tion relaxation measurements for both Mn3Sn and Mny gFey2Sn as shown in Figs. @(e)
and @(f), respectively, measured with an applied magnetic field of 500 Oe in the FC
mode at 5 K. Magnetization relaxation for a spin-glass system can be explained using the
Stretched function, M(t) = A exp[—(£)*] [126]. Here, A is an exponential factor, ¢ is
the time, T is a characteristic relaxation time constant, and « is stretching exponent which
is temperature dependent and can take the values 0 < a < 1 [[127]. From the Stretched
function fitting to Mn3Sn [see Fig. @(e)], we obtain #=0.96+0.04 and 7=(1.034+0.17)10°
s for H||c. Similarly, a=0.85+0.1 and 7=(1.834-0.77)10° s are obtained for H.lc. The
« values close to 1 and higher relaxation time constants suggest Mn3Sn to be nearly an
isotropic spin-glass system. On the other hand, the best fit for the magnetization relax-
ation curves from Mn; gFe »Sn is obtained using the modified Stretched function M(t) =
My + A exp[—(L)*] [43,]128,]129]. Here, the additional term M) is the magnetization
due to long-range ferromagnetic ordering at t=co [[130]. From the fitting [see Fig. @(f)]
we obtained My= 0.2110.1 emu/g, 7=56724+512 s and a=0.4740.01 for HHC Similarly,
we obtained M= 0.14£0.01 emu/g, T=7316.8 4+ 31.9 s and «=0.76+0.02 for H L c. Here,
different « values (< 1) for different crystal orientations found in Mn; gFey»Sn suggest for
anisotropic ferromagnetism induced with Fe doping, which is consistent with the anisotropic
magnetization isotherms, M (H), shown in Figs. @(c) and @(d).

Fig. B.J shows Hall resistivity, pxy(H) for H || cand p.y(H) for H L c, of Mn3_ Fe,Sn
measured at sample temperatures of 260 and 300 K. From Fig. (a), we observe that the
Hall resistivity (0xy) of MnzSn is as high as 2.3 u()-cm at 260 K driven by a critical field
of 0.3 T which is slightly reduced to 2 Q)-cm at 300 K. From p,,(H) of Mn3Sn shown
in Fig. @(b), we observe anomalous Hall resistivity (AHR) as high as 6.5 p()-cm at 300
K that in good agreement with previous studies on this system [[131]. Next, from pxy(H )
of Mnj gFe(»Sn as shown in Fig. (c), we observe Hall resistivity as high as 2 u()-cm
at 260 K at a critical field of 0.19 T which then reduces to 1.6 p()-cm at 300 K. Com-
pared to Mn3Sn, we notice significant decrease in AHR in Mnjy gFe(»Sn [see p.x(H) from
Fig. @(d)], particularly at room temperature. Ideally, anomalous Hall effect is not expected
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in the in-plane Hall resistivity [pxy(H )] of these systems [32]. But we find non-negligible
anomalous Hall signal from the o, (H) data of Mnj 75Feg 25Sn [see Fig. (e)], possibly a
component of p,(H) [see Fig. (f)] projected due to difficulties in making perfect Hall
connections on the sub-millimeter sized crystals. However, from the zoomed-in p,(H)
data of Mnj 75Feg 255n [see inset in Fig. (e)] we can clearly identify a cusp in Hall signal
(marked by blue circles) at a critical field of 0.1 T. Similarly, Fig. (g) shows oy, (H) of
Mny g5Feg 35Sn in which again we find non-negligible anomalous Hall signal coming from
pzx(H) [see Fig. @(h)]. Most importantly, we do not find any visible cusp in px,(H) data
of Mnj g5Feg35Sn. Thus, as we go from Mn3Sn to Mny g5Feg355n we can clearly notice
two things: i) The intensity of cusp in pxy(H ) and the critical field at which the cusp ap-
pears decrease with increasing Fe doping and ii) Anomalous Hall signal in p,»(H) decreases
with increasing Fe doping. Particularly, p,,(H) and p.(H) of Mnj g5Feg 35Sn are nearly

suppressed at room temperature.

Next, coming to the important results of this study, Figs. (a)—(d) show topological
Hall resistivity (THR), pzy(H ), of Mns_yFe,Sn (x=0, 0.2, 0.25, and 0.35) extracted from
the total Hall resistivity [pxy(H )] shown in Figs. (a), (c), (e), and (g), respec-
tively. Note here that the total Hall resistivity shown in Fig. has contributions from
normal Hall resistivity (pg) which varies linearly with the field (pg = RouoH), anomalous
Hall resistivity (pﬁ) which depends on the magnetization (pﬁ =S5 ApZM), and topological
Hall resistivity (pIT{). All these contributions lead to a total Hall resistivity as per the relation
o = N+ 4+ pL = RopoH + Sap>M + pF;. Here Ry is a normal Hall coefficient and
S 4 1s an anomalous Hall coefficient. To find the topological Hall resistivity one has to sub-
tract the normal and anomalous Hall contributions from the total Hall resistivity, following
a method that has been explained thoroughly in several reports [32, 54,(79,[131]]. However,
since the anomalous Hall effect is negligible in py, of these systems, we extracted pzy by
simply subtracting the normal Hall contribution in the case of x=0 and x=0.2. For x=0.25
and x=0.35, we extracted sz by subtracting the anomalous Hall component originated from
Pzx(H). Overall, Fig. @ suggests that room temperature sz is maximum in Mn3Sn which
then decreases with increase in doping and completely gets suppressed by x=0.35 of Fe dop-
ing. Moreover, the critical field at which the THE takes places also decreases with increase

in doping.

Fig. @(a) and @(b) show o, (H) and o (H ) of Mn; gFeg 2Sn, respectively measured
at low temperatures (<150 K). Interestingly, unlike in Mn3Sn (see Ref. [132] for low tem-
perature data), significant Hall resistivity was found in Mnj gFe( 2Sn as high as 36 pu()-cm
at 2 K at an applied field of 4 T. We further observe hysteresis in p,,,(H) when measured at 2
and 5 K, which is consistent with our magnetization M (H) data [see Fig.@(c)]. This sug-
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Figure 3.5: xy-plane topological Hall resistivity (pfy) plotted as a function of the field from
Mng3Sn (a), Mny gFeg 2Sn (b), Mny 75Feq 255n (¢), and Mg gsFeg 355n (d).

gests that the anomalous Hall resistivity observed in Mnj gFe »Sn is mostly originated by
the Fe-doping induced ferromagnetism [[132]. Further, unlike in Mn3Sn, from Fig. @(b),
we can see finite p,y in Mnp gFe 2Sn even at 2 K which increases with temperature. We find
Pz~ 9.5 uQ)-cm at 150 K. We also notice field-induced asymmetric hysteresis in p,, (H)
at 2 and 5 K. Observation of asymmetric hysteresis in p,x(H) is consistent with the field-
induced asymmetric M(H) isotherm measured at 2 K [see Fig.@(d)]. Fig. @(c) depicts
pzy(H ) extracted from Mnjy gFeq»Sn by following the above discussed technique. While
Mn3Sn shows no topological Hall resistivity in the xy-plane below 260 K, Mn; gFe>Sn
shows topological Hall resistivity as high as 4.5 u()-cm at 2 K, which gradually decreases
with increasing temperature. But at 100 K, we notice that the sign of pgy switches from
negative to positive for the positive magnetic fields and from positive to negative for the
negative magnetic fields as shown in Figs. @(c). Fig. @(d) shows the normal Hall coef-
ficient (Rp) and the anomalous Hall coefficient (S 4) plotted as a function of temperature,
from which we notice negative normal Hall coefficient at low temperatures, suggesting for
dominant electron carriers and at high temperatures Ry becomes positive due to dominant
hole carriers. The normal Hall coefficient sign switching is in-line with the sign change
observed in the topological Hall resistivity [see Fig. @(c)]. Further, the anomalous Hall
coefficient gradually decreases with increasing temperature from 0.18 V™1 at 2 K to 0.01

V~1at 150 K and beyond 150 K S 4 is temperature independent.

Overall, the room-temperature pure and large topological Hall effect observed in Mn3Sn
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Figure 3.6: Low temperature (<150 K) Hall resistivity of Mnj gFegSn plotted as a func-
tion of field from the xy-plane (a) and zx-plane (b). (c) topological Hall resistivity (pzy)
plotted as a function of the field. (d) Normal Hall coefficient (Rp) and anomalous Hall co-
efficient (S 4) are plotted as a function of temperature (see the text for more details).

is an important discovery of this study as to date no other system shows pgy as high as 2 u(Q}-
cm at 300 K for such a low critical field of 0.3 T. Moreover, earlier studies on MnzSn reported
topological Hall resistivity, pzy, in the range of 0.3 - 2.1 u()-cm besides large anomalous
Hall signal [41,]133,134]. Also, a few systems other than Mn3Sn show room-temperature
THE but again with coexisting AHE. For instance, noncollinear ferromagnet LaMn;Ge;
shows topological Hall resistivity of ~ 1u{)-cm, in addition to a comparable anomalous
Hall resistivity of 0.5 uQ)-cm at 300 K [[135]. Frustrated Kagome ferromagnet, Fe3Snj,
shows topological Hall resistivity of 2y{)-cm besides a large anomalous Hall resistivity of
4.5 pQ)-cm at 300 K [[136]. Similarly, there exists many chiral and skyrmionic systems
such as CrTe; [[137], NiMnGa [[138], MnyPtSn [[139], and YMngSng [[140] showing room-
temperature topological Hall resistivity with a significant AHE signal. So far, Gd,PdSi3 is
the only system showing a large topological Hall resistivity of 2.5 pu()-cm, with negligible
AHE signal, but at very low-temperatures (< 25 K) [48]. Interestingly, Mn, gFey»Sn also
show pure room-temperature THE with pzy% 1.6 u()-cm at a critical field of 0.2 T, which
then increases up to ~ 4.5u()-cm with decreasing temperature down to 2 K at a critical field

of 1.7 T. Note here that the low temperature THE in Mnj gFeg »Sn is coexisted with AHE.

Topological Hall resistivity has been observed in many skyrmionic [39, 48,102, 103]
and non-coplanar spin-structured systems [42,51,[135,140]. There exist various proposals

to understand the stabilization of the skyrmion lattice in solids such as (i) DM interaction in
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noncentrosymmetric systems [108,141},[142], (i1) uniaxial magnetocrystalline anisotropy in
the centrosymmetric systems [46,47,[143,144], and (iii) in the systems with chiral domain
walls [[145-148]. Based on our experimental findings, we propose that the clean room-
temperature xy-plane THE signal found in Mn3_,Fe,Sn for x=0, 0.2, 0.25 is originated
either from the real-space Berry phase due to skyrmion lattice generated from the field-
induced domain walls (DW) [41,]145,149,]150] or from the non-coplanar spin structure [39,
48,102,103]. However, the low-temperature large THE found in Mny gFeg2Sn and in other
Fe doped systems (x=0.25 and 0.35, reported separately in [[132]) could be originated from
the magnetocrystalline anisotropy induced by Fe doping [[132,]143,151]].

3.4 Summary

In summary, for the first time, we show a room-temperature pure in-plane topological Hall
effect in Mns_,Fe,Sn which decreases with increasing Fe doping and is suppressed by a
doping concentration of x=0.35. We show that the room-temperature topological properties
are highly anisotropic in these systems. We also discovered that a small amount of Fe doping
in Mn3Sn causes dramatic changes in the low temperature topological properties. Additional
experimental studies using Lorentz transmission electron microscopy (LTEM) would be
helpful to map the skyrmionic lattice in these systems. Moreover, our findings demand
suitable theoretical models for understanding the high-temperature topological Hall effect

in the Kagome lattice systems.
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Chapter 4

Tuning of Topological Properties in the Strongly
Correlated Antiferromagnet Mn3;Sn via Fe

Doping

4.1 Introduction

Magnetic topological materials are the illustrations of an interplay between magnetic and
electronic states of matter, providing an important stage for illuminating several exotic phe-
nomena such as the anomalous Hall effect (AHE) [35,[152,[153], the topological Hall effect
(THE) [39, 54, 154], the skyrmionic lattice [40, 155,[156], and etc. On the other hand, the
kagome lattice in which atoms are arranged in star-like formation anticipates a geometrical
frustration, leading to noncollinear antiferromagnetic (AFM) ordering [[142,]157-161]]. So
far, several kagome intermetallics have been explored to a great extent due to their poten-
tial magnetic topological properties. For instance, CozSn;S5 is a magnetic Weyl semimetal
showing giant AHE in addition to chiral anomaly [[73, 77], Mn3Sn(Ge) are time-reversal
symmetry broken Weyl semimetals, despite being antiferromagnets, show large AHE in-
duced by the nonzero k-space Berry curvature [32,33,78,[79], Fe3Sn, which is a kagome
ferromagnet generates skyrmionic bubbles in addition to the giant AHE [53,162], YMngSng
is a rare earth based kagome system showing several competing magnetic orders and large
THE [[140], and Gd3Ru4Alj; posses low temperature skyrmion lattice induced by the mag-

netic frustration [52].

Skyrmions, the vortex-like spin texture formation in the real space, are topologically
protected and characterized by their topological charge called the winding number [44].
The skymions pursuit futuristic technological applications in the high-density data stor-
age devices [49, [163], fine current controlled devices [[164], and information processing
devices [165]. There exist several systems showing skyrmion lattice that is originated
from different mechanisms. For example, in noncentrosymmetric magnetic systems such as

MnS:i [[156], FeGe [112], and FeCoSi [155] the skyrmion lattice formation was understood

OResults presented in this chapter are published in Phys. Rev. B 106, 144429 (2022)
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by the Dzyaloshinskii-Moriya interaction (DMI) under the strong spin-orbit coupling [50,
104]. In the centrosymmetric magnetic systems such as Lapy_5,Sry12,Mny;O7 [46] and
Fe3Sny [53] the competition between magnetic dipole interactions and uniaxial magne-
tocrystalline anisotropy stabilizes the skyrmion lattice [[143,151,166]. In addition, recent
studies show the existence of skyrmions in rare-earth based intermetallics Gd;PdSiz and

GdsRugAly, due to the magnetic frustration [48,52].

Mn3Sn is a kagome itinerant antiferromagnet with a Néel temperature of 420 K, has
hexagonal crystal structure with a space group of P63/mmc [32,[122]. Here, the Mn atoms
form kagome network in the ab plane of the crystal, showing chiral 120° inverse triangular
spin structure stabilized by the DM interaction [108, 142]. Due to a slight distortion in
kagome lattice and as well off-stoichiometry of the system, usually, weak-ferromagnetism
is present in this system [32,161]. Moreover, low-temperature magnetic structure depends
on the elemental ratio of Mn and Sn, annealing temperature, and crystal growth techniques.
Thus, some studies report helical spin structure in Mn3Sn at low temperatures [|119,167]
while the other studies realized spin-glass state below 50 K [[123,168]. Atroom temperature,
Mnj3Sn shows noncollinear antiferromagnetic ordering with 120 inverse triangular spin
structure [32,108,142,[161|]] leading to large anomalous Hall effect. Particularly, Mn3Sn is
of great research interest as the triangular-coplanar magnetic order reshapes into a spiral-
noncoplanar magnetic ordering with a finite net magnetization along the c-axis at a critical
spin-reorientation transition temperature (Tsg ~ 260 K) [32,[108, 142] which is not found
in Mn3Ge [[169]. As a result, the large AHE is suppressed below Tgg in Mn3Sn but not in
Mn;3Ge [80].

Theoretically, Mn3Sn is not expected to show topological Hall effect (THE) as the sto-
ichiometric Mn3Sn does not possess chiral-spin texture. However, there are few reports
claiming the observation of a small topological Hall resistivity due to the field induced
chiral-spin texture in polycrystalline Mn3Sn [[131]] at low temperature and due to domain
wall formation in the single crystalline Mn3Sn at room temperature [[133,]134]. On the other
hand, Fe3Sn sharing similar crystal structure of Mn3Sn is a ferromagnetic metal with an easy
axis of magnetization in the ab plane that can be shifted to the c-axis with doping [[170,[171]].
Motivated from the polymorphic magnetic properties of Mn3Sn and flexibility of manipu-
lating the easy axis in Fe3Sn, we have substituted Fe atoms at Mn sites of Mn3Sn to enhance
the topological properties of Mn3Sn as Fe substitution introduces ferromagnetism to the

system.

In this work, single crystals of Mn3z_,Fe,Sn (x=0, 0.25, and 0.35) were systematically
studied for their electrical resistivity, magnetic, and topological properties. While Mn3Sn
is found to be metallic in nature up to room temperature with a spin-reorientation driven

kink at 260 K, with Fe doping the system shows magnetism induced metal-insulator (MI)
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transition at 240 K for x=0.25 and 150 K for x=0.35. In addition to MI transition, x=0.35
system shows disorder induced resistivity upturn with a minima at T,,=50 K. As for the
magnetic properties, Mn3Sn is found to show a sudden drop in magnetization at a spin-
reorientation transition temperature of 260 K and spin-glass-like transition below 40 K.
On the other hand, with Fe doping ferromagnetic transition has been introduced alongside
with enhanced magnetic anisotropy. Also, anisotropic anomalous Hall resistivity has been
induced at low temperatures with Fe doping. Particularly, the out-of-plane Hall resistivity
(0zx) increases with decreasing temperature for all the compositions from 300 K down to
their respective magnetic transition temperatures where a sudden change in Hall resistivity is
noticed. Though not much change in out-of-plane Hall resistivity is noticed with Fe doping
at 2 K, the in-plane Hall resistivity (0xy) is gigantically enhanced from -0.25 pQ)-cm to 48
puQ-cm in going from x=0 to x=0.35. Along with the anomalous Hall resistivity, a large

topological Hall resistivity also is observed for both Fe doped systems at 2 K.

4.2 Experimental details

Single crystals of Mn3_,Fe,Sn (x=0, 0.25, and 0.35) were prepared by self flux method [41,
118,1172]. First, Mn (Alfa Aesar 99.995%), Fe (Alfa Aesar, 99.99%), and Sn (Alfa Aesar
99.998%) powders were taken with a ratio of (7-x) : x : 3, mixed thoroughly before in-
serting into a preheated quartz tube, and sealed under partial Argon pressure. The mixture
was then heated up to 1000°C, slowly cooled down to 900°C, and then was air quenched to
room temperature by taking out the ampoule from furnace. In this way, we obtained shiny
hexagonal and rod shaped single crystals with a typical size of 1.5 mm X 1 mm X 1 mm.
X-ray diffraction (XRD) measurements were done on different surfaces of the single crystals
using Rigaku SmartLab equipped with 9 kW Cu K, X-ray source. Elemental compositions
of the crystals were calculated to be Mnj 97Snq g3, Mnj 74Feq 26Sn, and Mnj; g4Feg 36Sn us-
ing energy dispersive X-ray spectroscopy (EDXS) technique. For convenience we denote
the compositions Mnj 97Sn1 o3, Mnj 74Feg 26Sn, and Mnj g4Feq 36Sn by x=0, x=0.25, and
x=0.35, respectively, wherever applicable.

Electrical resistivity measurements were carried out in the linear four-probe method
and Hall measurements were done in the measuring geometry shown in the schematic of
Fig. (e). Magneto-transport and magnetization measurements were performed in Phys-
ical Properties Measurement System (9T PPMS, DynaCool, Quantum Design) using ETO
and VSM options, respectively. Hall resistivity was measured for two different orientations
as shown in Fig. (e). pPxy stands for current along the x direction and field along the z
direction where Hall voltage was measured along the y direction. Similarly p,, stands for

current along z direction, field along the y direction, and Hall voltage was measured along
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Figure 4.1: (a) and (b) show typical XRD patterns of Mn3Sn single crystal taken from
two different orientations as shown in the inset images. (c) Schematic hexagonal lattice
of Mn3Sn in the ab plane where Mn atoms form kagome geometry and Sn atoms sit in
the center of hexagon. In (d), x, y, and z -axes correspond to [2110], [0110], and [0001]
orientations, respectively. Magnetotransport measuring geometry is shown in (e), where
Pxy is measured with current along the x-axis and external magnetic field applied along the
z-axis to find Hall voltage along the y-axis and p; is measured with current along the z-axis
and field applied along the y-axis to find Hall voltage along the x-axis.
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Figure 4.2: Temperature dependent resistivity (0,,) is measured with current along the
z-axis for Mns_ ,Fe,Sn where (a) x=0, (c) x=0.25, and (e) x=0.35. (b), (d), (f) show tem-
perature dependent magnetization for x=0, x=0.25, and x=0.35, respectively, measured in
the field-cooled (FC) mode.

the x direction. To eliminate longitudinal voltage contribution due to any possible mis-

(H)—p(=H)
2

alignment of the probes, the Hall resistivity was calculated by £ . Temperature

dependent Hall resistivity measurements were done using both positive (H) and negative

(-H) applied fields and then calculated using the formula £ (T’H)_Zp (I.=H)

4.3 Results and Discussions

XRD patterns shown in Figs. (a) and (b) represent intensity reflections of (0002)
and (0110) hexagonal planes, respectively, taken from Mn3Sn single crystal. Figs. @(a),
(c), and (e) depict zero-field out-of-plane resistivity (0,,) measured between 2 and 300 K
from Mn3Sn, Mn; 75Feq25Sn, and Mnj g5Feq 355n single crystals, respectively. Overall,
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Figure 4.3: Zero field cooled and field cooled magnetization data for (a) x = 0, (b) x =
0.25, and (c)x = 0.35

a metallic nature of resistivity is observed from Mn3Sn, except that a kink has been no-
ticed at Tsg = 260K where a spin-reorientation (SR) transition from in-plane noncollinear
AFM order to an out-of-plane spin-spiral structure occurs [[118,]119]. Observation of kink
in the electrical resistivity of Mn3Sn is consistent with earlier reports [41},[118,122]. On
the other hand, we observe a metal-insulator (MI) transition in Mnj 75Feg »5Sn at 240 K,
which further reduced to 150 K in Mnj g5Feg 35Sn as shown in Figs. @(c) and @(e) with
increasing Fe concentration. Earlier, the authors found a MI transition at 265 K in the case
of Mny gFep,Sn [[173]. In addition to the MI transition, in Mnj g5Feq 35Sn, we identify
low-temperature resistivity upturn with a minima at T,,=50 K. The resistivity upturn at low
temperature could be due to (i) weak localization [|174-176], (i1) Kondo effect [[175,177],
or (iii) elastic electron-electron (e — e) scattering [175,178]. In order to elucidate the mech-
anism of resistivity upturn, we fit the data with relevant formulae involved in the above
mentioned three mechanisms. We got the best fitting for the e — e scattering which takes the
form p(T) = po — aT? + BT?, as Fe doping induces disorder in addition to the electron
carrier population. See the references [119,161,[167,[174,175,177-180] for more details.

To witness the effect of Fe doping on the magnetic properties, we performed tempera-
ture dependent magnetization M(T) with field applied parallel (H || z) and perpendicular
(H L z)to the z-axis. From the M(T) data of Mn3Sn as shown in Fig. @ (b) we find a sud-
den drop in the in-plane magnetic moment at Tsg=260 K due to spin transformation from
inverse triangular to helical or spiral configuration [41,[118]. Similarly, we find drop in the
out-of-plane magnetic moment as well at Tgg=260 K but not as large as the in-plane. Reduc-
ing the sample temperature to below 40 K, we observe increasing in-plane and out-of-plane
magnetic moments due to spin-glass-like transition [118,168]. With Fe doping, in the case
of x=0.25, isotropic increase in magnetization is observed [see Fig. @(d)] for both H || z

and H | z field orientations with a ferromagnetic-like transition at a T¢=240 K. With fur-

56



0.07} 0.07
0.00 0.00
-0.07 -0.071
{(d)
0.10} 0-85
— x=0.25
=
Y
::-; 0.00 - 0.00 g
> | :
-0.10¢ g J -0.851 e
07 20 0 2
0.154 (e) x=20.35 1.80 (f)
0.00 0.00 //
-0.154 3 1 -1.80- x =0.35]
-0.1 l0.0 [O! N I
4 2 0 2 4 6 -3 0 3 6
HoH (Tesla) HoH (Tesla)

Figure 4.4: (a), (c), and (e) show M(H) isotherms of Mn3_ ,Fe,Sn measured at 300 K for
x=0, x=0.25, and x=0.35, respectively. (b), (d), and (f) show M(H) isotherms measured at
5 K for x=0, x=0.25, and x=0.35 respectively. Zoomed-in images of respective isotherms
are show in the insets. Inset of (d) points to the asymmetric hysteresis (see the text for more
details).

ther lowering sample temperature the in-plane magnetic moment gets saturated, while the
out-of-plane magnetization show additional ferromagnetic-like transition at Tc+=40 K, en-
hancing the anisotropy of the magnetic structure at low temperatures. Further, with more Fe
doping, i.e., from x=0.35 we see a ferromagnetic-like transition at T-=150 K for both orien-
tations though the out-of-plane magnetization (1.6yp/ f.u.) is much stronger compared to
in-plane magnetization (0.3up/ f.u.) at 2 K. Decreasing T¢ with increasing Fe concentra-
tion is consistent with a previous report [[181]. In conjunction, from the magnetization data
shown in Figs. @(b), (d), and (f) and the electrical resistivity shown in Figs. @(a), (c), and
(e) we find that the metal-insulator transition occur nearly at the same temperature of ferro-
magnetic transition in Mnjy 75Feq 25Sn and Mnj g5Feq 355n, suggesting that ferromagnetism

could be a plausible origin of MI transition in these systems.

57



021' —O—HJ_Z

0.14 o-Hjz  *=0

0.07-

000{  o——o—2

0.24-
0.16+
0.08+

Coercivity (T)

0.00{
3.901

2.60+

1.304

0.00+

0 50 100 150 200 250 300
Temperature, T (K)

Figure 4.5: Coercivity plotted as a function of temperature for both H || z and H L z. Top
panel shows the data from Mn3Sn, middle panel shows the data from Mn; 75Feq 25Sn, and
the bottom panel shows the data from Mny g5Feq 355n.

Fig. @ depicts magnetization isotherms M(H) measured at various sample temperatures
for both H || z and H L z orientations. Figs. @(a), @(C), and @(e) show isotherms of
x=0, x=0.25, and x=0.35 samples, respectively, measured at 300 K and Figs. @(b), @(d),
and @(f) show isotherms of x=0, x=0.25, and x=0.35, respectively, measured at 5 K. From
the inset of Fig. @(a) we observe significant hysteresis for Mn3Sn at 300 K, similar to a
previous report where a weak in-plane (H L z) ferromagnetism is observed with an effective
magnetization of 0.004 up/ f.u. [32]. Origin of this weak ferromagnetism is understood
from the kagome lattice distortion or off-stoichiometry of the composition [32,]118]. On the
other hand, the out-of-plane magnetization (H || z) changes linearly with applied field like
a typical AFM system.

Next examining the isotherms measured at 5 K [see Figs. @(b), (d), and (f))], from
Mnj3Sn, the M(H) curves look almost linear for both H || z and H L z except that a small
hysteresis due to spin-glass transition is observed. On the other hand, from the x=0.25 and
x=0.35 systems we observe significant changes in the out-of-plane magnetic structure with
Fe doping as the coercivity and spontaneous magnetization increase dramatically, while
changes in the in-plane magnetic structure are minimal with Fe doping though the M(H)
loop modifies from linear to sigmoid-like ingoing from x=0 to x=0.35. For x=0.35, the

out-of-plane magnetization (1.8 yp/ f.u.) and coercivity (4 T) are extremely large com-

58



pared to the in-plane magnetization (1 pp/ f.u.) and coercivity (50 Oe), demonstrating an
enhanced magnetic anisotropy with Fe doping. From a closer observation on the M(H)
curve of x=0.25, we find field induced asymmetric M(H) loop [see inset of Fig. @(d)], also
observed previously on the metamagnetic Heusler alloy NisoMn3s5Ini5_ By [182] and spin-
glass SrRuO3/SrIrO3 superlattice [#3], possibly due to metastable magnetic phase churned
out by Fe doping.

To quantify the magnetic anisotropy induced by the Fe doping, we plotted the coercivity
measured at various sample temperatures for both H || zand H L z orientations in Fig. @
As can be seen from the top panel of Fig. , for x=0, there is not difference between the
in-plane and out-of-plane coercivities and almost constant from 300 K down to 50 K. How-
ever below 50 K, though isotropic, it increases drastically with decreasing temperature. For
x=0.25, again we find almost constant and nearly zero in-plane and out-of-plane coercivities
from 300 K down to 50 K. Below 50 K, both in-plane and out-of-plane coercivities increase
with decreasing temperature. However, the out-of-plane coercivity (H || z ) is almost three
times higher than the in-plane coercivity (H L z ) at 2 K. Similarly, in the case of x=0.35,
the in-plane coercivity always found to be zero for all the measured temperatures, while
the out-of-plane coercivity starts increasing from zero at 100 K to 4 T at 2 K. Further, we
estimate the magnetocrystalline anisotropy energy density (Ky;) using the Stoner-Wohlfarth
model [183,184] by considering the z-axis as the easy axis (uniaxial) of magnetization.
Concentrating only at the low temperature (2 K) where the coercivity is maximum, uniaxial
magnetocrystalline anisotropic energy density (K{;) is calculated to be 1.2x 10* J/m?3 for
x=0.25 and 5.3 x 10° J/m?3 for x=0.35. These values are significantly higher compared to
previously reported in-plane magnetocrystalline anisotropic energy density of ~ 103 J /m?3
from Mn3Sn [[119].

The effect of Fe doping on the topological properties of Mn3Sn is studied by performing
Hall measurements at low temperatures. As shown in Fig. @ we measured out-of-plane
[02x(T)] and in-plane [p., (T')] Hall resistivities as a function of temperature at an applied
magnetic filed of 1 T. From Fig. @(a) we can notice that p,, of Mn3Sn increases (nega-
tively) with decreasing temperature from 300 K down to Tsr=260 K, and below p,, sud-
denly becomes zero. On the other hand, from Fig. @(b) we can see that pyy, of Mn3Sn is
almost constant from 300 K down to 2 K. Fig. @(c) depicts pzy of x=0.25 in which we can
notice an increase (negatively) in Hall resistivity linearly with decreasing temperature down
to Tsg=115 K, and below this temperature p,, slightly increases to -3.6 u()-cm at 2 K.
Fig. @(d) depicts pyy of x=0.25 in which we can notice slight increase (positively) in Hall
resistivity with decreasing temperature and reaches to 30 y()-cm at 2 K. Inset in Fig. @(d)
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Figure 4.6: Out-of plane Hall resistivity (0,y) plotted as a function of temperature measured
under the field of 1T from (a) x=0, (¢) x=0.25, and (e) x=0.35. (b), (d), and (f) show in-
plane Hall resistivity (0xy) plotted as a function of temperature measured under the field of
IT from x=0, x=0.25, and x=0.35, respectively. Insets of (d) and (f) show the first derivative
of their Hall resistivity with respect to temperature.
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Figure 4.7: Field dependent out-of-plane Hall resistivity p,, measured at different tem-
peratures from x=0 (a), x=0.25 (c), and x=0.35 (e). Curved blue arrows in (c) indicate field
sweeping direction. Similarly, field dependent in-plane Hall resistivity py, measured at dif-
ferent temperatures from x=0 (b), x=0.25 (d), and x=0.35 (f).

represent dpyy /dT having a minima at 40 K, consistent with the ferromagnetic transition
temperature of Tc+=40 K [see Fig. @(d)]. Fig. @(e) depicts o,y plotted for x=0.35 in
which we can notice increase (negatively) in Hall resistivity linearly with decreasing tem-
perature down to 2 K, except that a hump at Tc=150 K is observed. Fig. @(f) depicts pyy of
x=0.35 in which we notice increase (positively) in Hall resistivity with decreasing temper-
ature and gets saturated to 48 y()-cm at 2 K. Inset in Fig. @(f) depicts dpx, /dT showing
minima at the ferromagnetic transition temperature of Tc=150 K [see Fig. @(f)].

From the Hall measurements shown in Fig. @(a) it is clear that the large Hall resistivity
(pzx) observed from Mn3Sn at high temperatures is mainly driven by the nonzero k-space
Berry phase [32,78]. However, at low temperatures (< 260 K), the Berry phase disappears
due to spin reorientation, and thus, p is negligible. Whereas the Berry phase is always
absent in the xy plane of Mn3Sn, pyy is in general negligible [32]. In this study, we notice
Tsr=115 K for x=0.25 while no spin-reorientation transition is observed for x=0.35. Worth
to mention here that the authors have found spin-reorientation transition at 125 K in the case
of Mny gFe(2Sn [[173]. Thus, linear increase (negative) in p,, with decreasing temperature
down to 115 K for x=0.25 and down to 2 K for x=0.35 is due to nonzero k-space Berry
phase [see Figs. @(c) and @(e)]. Astonishingly, the in-plane Hall resistivity (0xy) has
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Figure 4.8: (a) and (c) are the field dependent in-plane Hall resistivity (0x,) measured at
various temperatures from x=0.25 and x=0.35, respectively. The circles are experimental
data and the solid black curves are fits to the equation pg = pn +p4 = RopoH +RsM (see
the text for more details). (b) and (d) show the derived in-plane topological Hall resistivity
(pgy) from x=0.25 and x=0.35, respectively.

been gigantically enhanced with Fe doping as high as 30 y()-cm for x=0.25 and 48 uQ)-cm
for x=0.35 at 2 K. Note here that the in-plane Hall resistivity (0xy) is due to the ferromag-
netism induced by the Fe doping.

On the other hand, with Fe doping, the spin-reorientation transition temperature reduces

to low-temperatures and eventually disappears for higher Fe concentration.

Field dependent Hall resistivity, o,x(H) and py,(H), from all the samples measured at
different temperatures are shown in Fig. @ Here we mainly focus at low temperatures (<
150 K) as the doping induced ferromagnetism significantly increases the Hall resistivity at
low temperatures. Since below 260 K, Mn3Sn is already in the spin-spiral texture we find
only the ordinary Hall effect as the out-of-plane Hall resistivity (0,x) linearly depends on the
field [see Fig. @(a)]. Similarly, we again find ordinary Hall effect from the in-plane Hall
resistivity (0xy) as well [see Fig. @(b)]. Fig. @(c) depicts pox(H) of x=0.25 in which we

observe anomalous Hall resistivity (AHR) with a sudden jump near zero field. Consistent
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with asymmetric M(H) data of x=0.25 shown in Fig. @(d), asymmetric hysteresis in AHR
is noticed at low temperatures (2 and 5 K). As for py, (H) of x=0.25 shown in Fig. @(d),
we observe sign reversed anomalous Hall resistivity compared to px(H). Moreover, low
temperature pxy(H ) curves show hysteresis in AHR resembling the M(H) data of a typi-
cal ferromagnetic system [see H || z data in Fig. @(d)]. Fig. @(e) depicts pox(H) of
x=0.35 in which we observe an anomalous Hall resistivity with a sudden jump near zero
field, similar to x=0.25. However, unlike in x=0.25, we do not find asymmetric hysteresis
in p.x(H) at low temperatures. Although at zero field we observe a sudden jump in oy,
at higher fields p,y is dominated by the ordinary Hall effect as it linearly depends on the
field. Fig. @(f) depicts px, (H) of x=0.35 in which we observe sign reversed anomalous
Hall effect compared to p.,(H), again similar to the case of x=0.25. Moreover, the p,, (H)
curves show hysteresis in AHR resembling the M(H)data of a typical ferromagnetic system
[see H || z data in Fig. @(f)]. From Figs. @(d) and @(f) we observe increase in AHR

hysteresis with decreasing temperature in both x=0.25 and x=0.35 systems.

The Hall resistivity of a ferromagnetic metal can be expressed as p(H) = p™N(H) +
pA(H ) = uoRoH + RsM [35], where Ry is normal Hall coefficient which is inversely
proportional to carrier density (Rg = 1/ng), Rs is anomalous Hall coefficient, and M is
magnetization. However, we are unable to fit properly ny( H) of x=0.25 and x=0.35 using
this formula at low temperatures as demonstrated in Figs. @(a) and @(c). This is because
pxy(H) has significant contribution from the topological Hall resistivity pgy which can ex-
tracted using the formula pzy(H) = pxy(H) — pN(H) — p”(H) as plotted in Figs. (b)
and @(d) for x=0.25 and x=0.35, respectively. A maximum P{y of 5 u() — c¢m has been
derived at a critical field of 0.35 T from x=0.25 and 22 1) — cm has been at a critical field
of 4 T from x=0.35 at 2 K. The maxima of p;{y decreases with increasing temperature and
disappears at around 150 K in x=0.25 [see Fig. @(b)], while the maxima of pgy in x=0.35
becomes negligible above 50 K [see Fig. @(d)].

The topological Hall resistivity is generated by the itinerant electrons by acquiring real
space Berry curvature when passing through the nontrivial spin structure of a scalar spin
chirality x;x = (4S;.[0S; x 6Sk]) [39,56]. The nontrivial spin structure is topologically
protected and produces skyrmion lattice, characterised by the nonzero topological charge
called the winding number Q [|185,]186]. By taking into account the skyrmionic picture, we
can estimate the skyrmion density (715;) using the relation Beg = ¢ong [54-56]. Here, ¢y
is magnetic flux quantum (h/e) and B.g is the effective magnetic field. Also, the topolog-
ical Hall resistivity pT is directly related to Beg as pT ~ PRyBes [39,54,56,[141]]. Here,
P is the local spin polarization of charge carrier (P = pspon/ phsar) [39,56]. From the fit-
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tings shown in Fig. @(a) we derived Ro=—1 x 10~ m3/C and from the M(H) data shown
in Fig. @(d) we estimated P = 0.07 for x=0.25. Here,}spon=0.659 pp/ f.u. taken from
Fig. @(d) and psa=9 pup/f.u. 3 up/Mn) [32,124]. Using these values, Beg is calcu-
lated to be 720 T. Also, the skyrmion density is estimated to g ~ 1.7x107 m—2 with a
skyrmion size (helical period) of about Ay ~ 2.4 nm. Similarly, for Mnj g5Feq 355n, by
taking the fitted value of Ry = —1.5 x 107 m®/C and calculated value of P = 0.19,
the estimated effective field B.g ~ 770 T which gives a skyrmion density ng ~ 1.9 X 1017
m~? and the skyrmion size Ay, ~ 2.2 nm. The skyrmion size is estimated using the formula
Agp = (’g %)% [48]. For x=0.35, we used pspon=1.76 pip/ f .u. taken from Fig. @(f) and
Usat=9 up/ f.u. (3 up/Mn) [32,124]. Note here that we presumably considered the same
atomic magnetic moment of 3 yp/atom for both Mn and Fe [170]. Further, by assuming
that ~ 11.4% (x=0.35) of Fe doing into Mn3Sn does not significantly change the lattice pa-
rameters [[187] we estimated the skyrmion density of 9 x 1017 m~2 for x=0.25 and 12 x 107
m~2 for x=0.35. skyrmion density values estimated from the crystal structure information

are in good agreement with the values estimated from the topological Hall resistivity data.

The skyrmion sizes (Agy), 2.4 nm from x=0.25 and 2.2 nm from x=0.35, obtained in this
study are comparable to the skyrmion size of 2.49 nm observed from GdyPdSis [48]. On
the other hand, the helical period of ~ 1 nm is obtained from polycrystalline Mn3Sn [131]
which is a factor of 2.4 smaller compared to the size of Mnj 75Feq 25Sn. However, the B20
systems in their bulk form show much longer-period helical structures (skyrmions). For in-
stance, MnSi shows a helical period of ~18 nm [[188], FeGe shows a helical period of ~=70
nm [[189], and CupOSeO3 shows a helical period of =62 nm [|190]. Worth to mention here
that all three above B20 systems show very large helical periods compared to our studied

samples of Mny 75Feq »5Sn and Mnj g5Feq 355n.

Several mechanisms are proposed to understand the stabilization of the skyrmion lattice
in solids such as (1) DM interaction in noncentrosymmetric systems [[108, [141], (ii) chi-
ral domain wall induced skyrmion lattice [145-148], and (iii) uniaxial magnetocrystalline
anisotropy in the centrosymmetric systems [46,53,[143,144]. It is quite possible to tune the
magnetic anisotropy by doping with alien atoms [191]. For instance, doping Ni or Pd in
Fe3P at the Fe site converts the in-plane anisotropy to the uniaxial out-of-plane anisotropy
and thus the formation of antiskyrmions [192] and Li ion doped in Mott insulator LayCuOy4
acts as a vortex center for the skyrmion [193]. Overall, our study demonstrates that Fe dop-
ing into Mn3Sn converts the in-plane magnetic structure of Mn3Sn to a uniaxial anisotropic
magnetic structure having easy magnetic axis in the z-axis. Hence, Fe doping generates

sufficient uniaxial magnetocrystalline anisotropy in Mn3Sn in addition to the geometrical
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frustration which help to stabilize the low temperature skyrmion lattice.

4.4 Summary

In summary, we have thoroughly examined the effect of Fe doping on the electrical resis-
tivity, magnetic, and topological properties of Mn3Sn. Low temperature magnetic structure
has been significantly modified with Fe doping. Especially, we find that Fe doping induces
ferromagnetism below 240 K in x=0.25 and below 150 K in x=0.35. In addition, we ob-
serve ferromagnetism driven metal-insulator transition in Fe doped systems that is absent
in Mn3Sn. We further observe e — e scattering driven resistivity upturn at low temperature
with a resistivity minima at 50 K in x=0.35. Fe doping induces magnetic anisotropy such
way that the easy magnetisation axis shifts from in-plane in Mn3Sn to the out-of-plane (z-
axis) in x=0.35. Thus, the large uniaxial magnetocrystalline anisotropy in addition to the
competing magnetic interactions at low temperature produces nontrivial spin texture which
is responsible for the induced low temperature THE with Fe doping. Further, the topologi-
cal properties of Mn3Sn are very sensitive to the Fe doping. That means, although Mn3Sn
does not show THE at low temperatures, 8% (x=0.25) of Fe doping shows topological Hall
resistivity as high as 5u() — cm at a critical field of 0.35T and 11.4% (x=0.35) of Fe dop-
ing shows topological Hall resistivity as high as 22u() — cm at a critical field of 4T when

measured at 2 K.
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Chapter 5

Effect of Electron-Phonon Scattering on the
Anomalous Hall Conductivity of Fe;Sn : a

Kagome Ferromagnetic Metal

5.1 Introduction

Hall effect due to which the fast-moving charge carriers get deflected transversely under the
external magnetic fields in metals and semiconductors [26] has found lately many real-life
technological applications [[194, 195]. While an ordinary Hall effect has been noticed in
the nonmagnetic metals, an anomalous Hall effect (AHE) was found in the collinear fer-
romagnetic metals [30,34] and in the non-collinear antiferromagnetic metals [32,33,79].
Moreover, the anomalous Hall effect produces substantially higher Hall resistivity than the
ordinary Hall effect, and the field dependent Hall resistivity perfectly scales with magnetiza-
tion [30,34]. Though the origin of AHE in non-collinear AFM metals is widely understood
by the presence of non-zero Berry phase in momentum space, several mechanisms were

proposed to understand the AHE in collinear ferromagnets.

Foremost, Karplus and Luttinger (KL) predicted that the AHE in ferromagnetic met-
als originates from the interband scattering of the charge carriers under spin-orbit cou-
pling [35], which is recently connected to the Berry curvature of the electronic state of
solids [[196]. Since the KL theory does not take into account the impurity scattering effects
and mainly talks on the intrinsic band structure, considered as the intrinsic theory of AHE.
Later on, Smit ef al., proposed an extrinsic theory of AHE by incorporating the impurity
scattering [37]. The extrinsic AHE happens by two scattering mechanisms, (i) the skew-
scattering: whereby the charge carriers scatter asymmetrically by the localized magnetic
impurities [37] and (ii) the side-jump: whereby the charge carrier takes a small side jump up
on scattering with impurity under spin-orbit coupling [38,[197]. Although many ferromag-
netic metals are known to show the AHE [34], the Kagome ferromagnets are quite fascinat-

ing systems as they show an intrinsic geometrical frustration, leading to several exotic elec-

OResults presented in this chapter are published Phys. Rev. B 108, 094404 (2023)
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tronic properties such as the flat-bands near the Fermi level [81,82,198-201], quantum spin-
liquid ground state [66, 68], Chern insulating state [5, 202], Weyl fermions [61, 203, 204],
Dirac fermions [61,65,205], and magnetic topological Skyrmions [44,156], manifesting the
anomalous and topological Hall effects.

Thus, the ferromagnetic metal Co3Sn,S; is found to exhibit giant intrinsic anomalous
Hall conductivity (0xy = 505 S/cm) [73] due to the presence of Weyl nodes near the Fermi
level [77] and Fe3Sn; is found to show extremely large anomalous Hall conductivity (0y, =~
1150 S/em) [206] below 2K and large topological Hall conductivity (-0.8751€) cm) above
room temperature [53,134]. On the other hand, recently, a few reports on polycrystalline
Fe3Sn suggested it to be a ferromagnetic metal in which the Fe atoms form a Kagome net-
work in the ab plane. Further, it was also shown that Fe3Sn exhibits a large magnetocrys-
talline anisotropy energy [170,[171]] in addition to the anomalous Nernst effect [207]. Al-
though the previous report shows temperature-dependent anomalous Hall conductivity to
some extent, a thorough understanding of the anomalous Hall effect in Fe3Sn is still miss-
ing, especially the influence of electron-phonon scattering on the AHC.

Fe3Sn belongs to the NizSn-type family of crystal structure with an in-plane Kagome
network. Unlike its sister compound Mn3Sn which is a non-collinear antiferromagnet metal,
FesSn is a collinear in-plane (ab-plane) ferromagnetic metal. In this paper, we mainly fo-
cus on the anomalous Hall effect of Fe3Sn as a function temperature. For this, we have
grown high-quality single crystals of Fe3Sn and performed magnetic and magnetotransport
studies. Our results unravel two important contributions to the total Hall conductivity of
Fe3Sn. One of them is the temperature independent intrinsic Hall conductivity originated
from the electronic band structure and the other one is the temperature dependent extrinsic
Hall conductivity originated from the asymmetric skew-scattering. Most importantly, we
observe that the extrinsic skew-scattering Hall conductivity strongly depends on the inelas-

ext
tic electron-phonon scattering rate (7y), %X = ( %x0__ In addition, the linear dependence

v/ 70+1)?
of longitudinal electrical resistivity confirms the presence of electron-phonon scattering at
higher temperatures. We further show that Fe3Sn is a soft ferromagnet with an easy-axis
of magnetization lying parallel to the ab plane. We derive a magnetocrystalline anisotropy

energy density as large as 1.02 x 106 J/m3,

5.2 Experimental details

High quality single crystals of Fe3Sn were grown by the solid-state crystal growth (SSCG)
technique. In SSCG method, the crystals are grown out of polycrystalline matrix. Initially,
Fe powder (99.99%, Stern chemicals) and Sn powder (99.995%, Alfa Aesar) were taken
in stoichiometric ratio, grounded thoroughly, and heated at 810°C for 7 days. As prepared
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Figure 5.1: (a) Schematic crystal structure and Kagome lattice of Fe3Sn. (b) Powder XRD
pattern of crushed Fe;Sn single crystals. Inset of (b) shows intensity reflections correspond
to (0220) Brag planes. Left panel in (c) presents EDS spectra of FezSn along with tabulated
elemental ratios and photographic image showing typical Fe3Sn single crystals. Right panels
in (c) show the elemental mapping of measured single crystal for Fe and Sn.
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Figure 5.2: (a) and (b) Magnetization measured as a function of temperature on Fe3Sn
single crystals and pellets, respectively. Inset of (b) is Curie-Weiss fitting of inverse sus-
ceptibility plotted as a function of temperature. (c) and (d) are the magnetization isotherms
[M(H)]for H || y and H || z, respectively. Insets in (c) and (d) show the saturation magne-
tization. (e) and (f) Hall resistivity and Hall conductivity, respectively, plotted as a function
of field at various sample temperatures for H || y.

Fe3Sn powder was again grounded and pressed into a pellet which was then annealed at
810°C for another 45 days. Several small rod-shaped shiny crystals with a typical size of
I mmx0.2 mmx0.2 mm were grown on the surface of the pellet. X-ray diffraction (XRD)
technique was performed on a rod-shaped single crystal and on the crushed crystals using
Rigaku SmartLab 9kW Cu K, X-ray source. Elemental analysis was done using the Energy
Dispersive X-ray Spectroscopy (EDS of EDAX) suggests an actual chemical composition of
Fe; 9gSn, which is very close to the nominal composition of Fe3Sn. For the electrical trans-
port and magnetotransport measurements linear four-probe and Hall probe connections were
made, respectively, using the copper wire and silver paint. Magnetic and magnetotransport
measurements were carried out on the 9T Physical Properties Measurement Systems (PPMS,
Quantum Design-DynaCool) using VSM and ETO options. To eliminate the longitudinal
voltage contribution due to any misalignment of the connections, the Hall resistivity was
measured by applying both positive and negative magnetic fields and average Hall resistiv-

ity was calculated by p H=w.

5.3 Results and Discussions

Fig (a) depicts schematic crystal structure of Fe3Sn where the Fe atoms form a Kagome
structure with Sn sitting at the center of the Kagome lattice. Fig. (b) shows the powder
XRD pattern of crushed Fe3Sn single crystals, confirming the hexagonal Ni3Sn type crystal
structure with the space group of P63/mmc (No. 194). Inset of Fig. (b) depicts the
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Figure 5.3: Magnetization isotherms [M(H, £ f)] measured at various sample temperatures
for H || y (a) and H || z (b). Here, H, 7 1s the effective magnetization field after excluding
the shape demagnetizing factor of the approximately rod-shaped sample using the formula,
Herp = H — NgM, where Ny is the demagnetization factor. For our rod-shaped sample,

the calculated N ' = 2 + ﬁ% for H || yis 0.45and N;' = 1+ 1.6 for H || z is

0.15[209]. Here, a=0.2 mm and ¢=0.7 mm are the sample diameter and length, respectively.

XRD performed on a rod-shaped single crystal, showing intensity of reflections from the
(0 2 2 0) Bragg plane, suggesting that the length of rod-shaped crystals is parallel to the
c-axis. Rietveld refinement performed on the powder XRD of crushed single crystals using
the Fullprof software [208] derives the lattice parameters a=b=5.4631(4) and c=4.3552(4),
in good agreement with previous reports [[170]. Left panel of Fig. (c) shows the EDS
data from which the atomic and weight percentage of the elements are tabulated on the top-
left inset of Fig. (c). Photographic image of typical Fe3Sn single crystals is shown in
Fig. (c). Elemental mapping performed for Fe and Sn using the EDAX is shown in the
right-side panel of Fig. (c), implies good homogeneity of single crystals.

Temperature dependent magnetization [M(T)] between 2 and 300 K performed on FezSn
single crystal with the field (H) applied parallel to y-axis (H || y) and parallel to z-axis
(H || 2) in the field-cooled mode is shown in Fig. @(a). From Fig. @(a) it is evident
that below 300 K, M(T) is completely temperature independent. Fig. @(b) shows M(T)
performed between 300 and 800 K on FesSn pellet in the zero-field-cooled mode in order
to identify the ferromagnetic transition. From Curie-Weiss fitting of the inverse suscepti-
bility (x ! (T)), using the formula x = %, we derive a Curie constant of C = 7.1 0.1
emu.mol 10e 1K~ and a Curie-Weiss temperature of 8 = 689 + 2 K, which are consis-
tent with a previous report [[170]. The effective magnetic moment of Fe atom in Fe3Sn is
found to be ]/teff(Fe)=2.51 up using the relation ]/teff=2.828 VC [210].

Figs. @(C) and @(d) depict the magnetization isotherms [M (H )] measured at various
sample temperatures for H || y and H || z, respectively. The saturation field for H || y is

around 0.5 T whereas it is 2 T for H || z, clearly suggesting that Fe;Sn has an easy-axis of
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magnetization parallel to the ab-plane. Also, the absence of hysteresis in the M (H) data for
the filed applied parallel both directions makes this system a good soft ferromagnet. The
saturation magnetic moment per Fe atom is found to be M;=2.2 pup which is close to value
of effective magnetic moment i,¢¢=2.51 pp. From the magnetization isotherms shown in
Figs. @(c) and @(d), we estimated the magnetocrystalline anisotropic energy density K, =
1.02 x 10° J/m3 using the relation K;, = pg fOMS [Hy(M) — H;(M)] dM after excluding the
geometrical demagnetization factor [209]. Here, M; represents saturation magnetization,

H; and Hy represent H || z and H || y, respectively.

Hall resistivity (pzy) as a function of field is shown in Fig. @(e) measured at various
sample temperatures. Here, the current is applied along the z-axis and the magnetic field
is applied along the y-axis to measure the Hall voltage along the x-axis of the crystal as
depicted in the inset of Fig. @(e). Itis evident from Fig. @(e) that Fe3Sn shows anomalous

Hall effect with a little normal Hall effect that is visible at very high temperatures. Next,
B p%f e
the longitudinal resistivity measured along the z-axis of the crystal. Fig. 5.3(f) shows 0y

the Hall conductivity (o) is calculated using the formula 0, =

where 0, is

plotted as a function of field in which we observe a large anomalous Hall conductivity in
the range of 410-425 S-cm~! between 75 and 250 K when measured at 5 T, and a sudden
drop to 370 S-cm ™! is observed upon lowering the sample temperature below 75 K. Though
high temperature Hall conductivity obtained in this study is consistent with previous report
made on polycrystalline FezSn [207], the low temperature Hall conductivity of 200 S-cm ™!
at 2 K observed in Ref. [207] is significantly smaller than our findings (= 370 S-cm™! at 5
K).

Next, Fig. @l(a) depicts temperature dependent longitudinal resistivity (0;) measured
with current applied along the z-axis of the crystal. We notice that p,, quadratically depends
on the temperature (0, T?) up to ~75 K, demonstrating a Fermi-liquid type nature
of the resistivity at low temperatures [211]]. Nevertheless, above 75 K, p,, shows linear
depends on the temperature (0, o T) due to a strong electron-phonon interaction [212].
The temperature dependent resistivity profile of our Fe3Sn single crystal is consistent with
previous report on the polycrystalline FezSn [207]. Particularly, the linear dependence of p
above 75 K is in very good agreement with Ref. [207]. Temperature dependent longitudinal
conductivity (0;) also is shown in Fig. @(a). In general, the total Hall resistivity presented
in Fig. @(e) can be expressed by the empirical formula, py = p% + pﬁ [34]. Where, the
first term represents normal Hall contribution p% = 1uoRoH and the second term represents
the anomalous Hall contribution which in turn depends on the magnetization (M) as pﬁ =
uoRsM. Here, Rpg and Rg are normal and the anomalous Hall coefficients, respectively.

Further, with the help of normal Hall coefficient (Rp) one can calculate the charge carrier

1

(g) density using the relation, n = Rolq]

. Since the field dependent anomalous Hall effect is
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Figure 5.4: (a) Longitudinal electrical resistivity (p;;) and electrical conductivity (0;)
plotted as a function of temperature. (b) and (c) Normal Hall coefficient (Rg) and Anoma-
lous Hall coefficient (Rg) plotted as a function of temperature, respectively. Charge carrier
density (1) is shown in the inset of (b). Top inset in (c) shows anomalous Hall scale factor
(5p) and bottom inset in (c) shows anomalous Hall angle percentage (AHA%). (d) Anoma-

lous Hall conductivity (-02.) as a function of temperature. (e) -cZ. vs. 02, plot. The dashed

line in (e) is a linear fitting using the relation —(7;}5 = pg’;gazzz + b. (f) Extrinsic anomalous

Hall conductivity c€X! plotted as a function of temperature. The solid green curve in (f) is a
; ; xt ‘7;356

fit with the equation 0%y' = CIESIE
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a replica of magnetization, anomalous Hall resistivity saturates beyond a critical field and
becomes almost field independent while the normal Hall resistivity linearly depends with
field.

Thus, in order to separate the anomalous Hall resistivity from the normal Hall contri-
bution, we fitted the high field region of the total Hall resistivity with a linear function of
field and subtracted the normal Hall contribution from the total Hall resistivity. In this
way, we extracted various important parameters such as the normal (Rp) and anomalous
(Rs) Hall coefficients. Fig. @(b) depicts Rg plotted as a function of temperature. The
positive Ry values throughout the measured temperature range as observed in Fig. @(b)
suggest hole-carrier dominant electrical transport in FesSn. Inset of Fig. @(b) demon-
strates almost temperature independent hole carrier density (7,) which is of the order of ~
10?2 cm—3, suggesting FezSn to be a good metal. Fig. @(c) shows the anomalous Hall
coeflicient (Rg) plotted a function of temperature. Top-left inset of Fig. @(C) presents the
anomalous Hall scaling factor (Sg), defined as Sy = _X/fé‘ = l; 021;5 (= Nfi‘zz

a function of temperature. We observe that Sg is almost temperature independent within

= ), plotted as
the error-bars. Moreover, the value of Si=0.03+0.01 V1 derived in this study is within
the range of 0.01-0.2 V1, for any typical ferromagnetic metal [213,214]. Bottom-right
inset of Fig. @(C) shows temperature dependent anomalous Hall angle (AHA), defined as
the deviation of electron flow from the current direction, is calculated using the formula
AHA (%)= %’z‘ % 100(%). We clearly notice that AHA(%)~3% at 250 K which decreases
with temperature. The value of AHA(%)~3% is close to the AHA values reported on a
similar Kagome ferromagnetic system Fe3zSny (=1.1%) [214], Kagome antiferromagnetic
systems such as Mn3Sn (*3.2%) [32] and Mn3Ge (=5%) [33], but much smaller than the
Shandite Kagome ferromagnet Co3SnySy (~=20%) [[73].

Several mechanisms were proposed for understanding the anomalous Hall effect in mag-
netic and nonmagnetic metals. In most of the proposals, the anomalous Hall resistivity (pgc)
is represented mainly by the function of longitudinal resistivity (o), pgc = f(pzz). More
explicitly, (1) The intrinsic Karplus-Luttinger mechanism of AHE describes the Hall resis-
tivity o« p%z due to the interband scattering in presence of strong spin-orbit coupling [35], (ii)
The extrinsic side-jump mechanism of AHE describes the Hall resistivity « p2, due to side-
jump scattering of charge carriers at the impurities [38], (iii) The extrinsic skew-scattering
mechanism of AHE describes the Hall resistivity & p,, due to skew-scattering of charge
carrier at the impurities [37)], (iv) a p3, (1 < a < 2) dependency of pg was proposed in the
case of bad metals [215]. For our case, the mechanism (iv) can be ignored as the longitudi-
nal conductivity of Fe3Sn is found to be 0,,=31.4 Z—i (where c is the lattice constant) which
is in the metallic regime [216]. Recently, a new mechanism (TYJ) was proposed by Tian

et. al. [217] in order to understand the AHE in ferromagnetic metals. According to TYJ
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theory, the anomalous Hall resistivity is described by pZ. = f(pzz0, pzz) Which includes
the residual resistivity (0;z0). Thus, following the TYJ theory [217,218], the anomalous
Hall resistivity takes the form p2. = (10,0 + 5;)520) + beeZ, and the anomalous Hall con-
ductivity is represented by —oZ = (a0, + ﬁazgé)Ufz +b = 202, +b. Here, a and
j are real constants, 0,0 = 1/p,0 is the residual conductivity, and b is the intrinsic Hall
conductivity originated from the momentum space Berry curvature. It is well known that
the intrinsic Hall conductivity (b) is usually temperature independent [34, 73] except for the
systems showing electronic or magnetic phase transitions [[118,[196]. Since FezSn shows
neither electronic nor magnetic transition within the measured temperature range of 2-250
K, change in the Berry phase is not expected. From Fig. @(d), we notice that the anomalous
Hall conductivity is almost constant at higher temperatures, but decreases below 150 K. To
understand this phenomenon, we employed TYJ mechanism to fit the data of -0Z% vs. 02,
as shown in Fig. @](e), demonstrating a good fitting within the error-bars. From the fitting
, we extracted intrinsic Hall conductivity b=485+ 60 S/cm that is close to the previously
reported values on polycrystalline FesSn (/= 500 S/cm) [207] and predicted by a theoretical

calculation (= 600 S/cm at E¢) [219].

Next, Fig. @(f) shows the extrinsic Hall conductivity (c¢X!) extracted from the total
conductivity by subtracting the intrinsic Hall contribution (b). From Fig. @l(f), itis evident
that the extrinsic Hall conductivity decreases with increasing sample temperature. Further,
the sign of extrinsic Hall conductivity is opposite to the intrinsic Hall conductivity, result-
ing into the reduced total Hall conductivity at lower temperatures. As we know, in the clean
limit, for /T — 0 (T is the relaxation time) the extrinsic skew-scattering contribution
diverges [220]. On the other hand, from Fig. @(f), we can see that as the sample tempera-
ture decreases the extrinsic Hall conductivity rapidly increases. This observation indicates
that skew-scattering playing a major role to generate the anomalous Hall conductivity in
Fe3Sn. The longitudinal resistivity (o) suggests electron-phonon scattering at higher tem-
peratures in this system. In order to understand the phonon influence on the anomalous Hall
conductivity, we employed the mechanism proposed by Shitade and Nagaosa [216] which
involves the electron-phonon inelastic scattering rates (vy). In this mechanism, the extrinsic

Uext

Hall conductivity decays with -y following the relation ¢%¥f = W Since the in-

elastic scattering rate is proportional to the longitudinal resistivity [y ~ (0zz — pzz0)] and

0zz — Pzz0 linearly depends on temperature [(0zz — 02z0) & T]above 75 K [see Fig. @(a)],

ext

we can rewrite the equation as 023 = (a;:’ﬂ)z. Here, a = 0.011 4- 0.003 K~ ! represents the
ext

measure of inelastic electron-phonon scattering strength. In this way, we could fit the oy

data very well as shown in Fig. @(f). Thus, our results clearly demonstrate the influence of
electron-phonon interaction on the extrinsic skew-scattering anomalous Hall conductivity

which decreases with increasing temperature. Finally, we would like to mention here that
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during the course of our manuscript preparation a preprint on the magnetic studies of Fe3Sn
single crystals has appeared [221]. The magnetic properties presented in their study are
consistent with our findings. Particularly, the magnetocrystalline anisotropy energy density
of 1.23 x 10° J/m?3 reported in Ref. [221] is in good agreement with the value of 1.02 x
10° J/m3 found in this study.

5.4 Summary

In summary, we have successfully grown high quality single crystals of Fe3Sn. In this study,
we mainly focussed on understanding the anomalous Hall effect as a function temperature.
Our results unravel two main contributions to the total Hall conductivity of Fe3Sn. One of
them is the temperature independent intrinsic Hall conductivity originated from the elec-
tronic band structure and the other one is the temperature dependent extrinsic Hall conduc-
tivity due to the asymmetric skew-scattering. Most importantly, we find that the extrinsic
skew-scattering Hall conductivity is significantly influenced by the electron-phonon scat-

ext

tering at higher temperatures and obeys the relation ¢¢' = % In addition, the longi-
tudinal electrical resistivity () confirm the presence of electron-phonon scattering as the
resistivity linearly depends on the temperature. We show that Fe3Sn is a soft ferromagnet
with easy-axis magnetization lying parallel to the ab plane. We estimate a magnetocrys-

talline anisotropic energy density as large as 1.02 x 10° J/m3 in FezSn.
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Chapter 6

Anisotropic Nonsaturating Magnetoresistance
Observed in HoMngGeg : A Kagome Dirac

Semimetal

6.1 Introduction

The combination of frustrated magnetism, strong electronic correlations, and quantum topol-
ogy in the kogome systems immensely attracts the researchers from the fundamental sci-
ences and potential technological applications points of view [[100,222-228]. Particularly,
the interplay among these peculiar physical properties in the kagome lattice features intrigu-
ing quantum phenomena including the quantum spin liquid phase [229-232], flat bands [[74,
81,198,200], Dirac and Weyl fermions [32,73,[74,79,206,233], Chern quantum phase [72,
234, and Skyrmionic lattice [52,235]. So far, the transition metal-based kagome systems
have been extensively explored to find the Weyl fermions in Mn3Sn(Ge) [[79, 80], giant
anomalous Hall effect in Co3SnyS, [73], Nernst effect in Fe3Sn [207], Skyrmion lattice
in FezSny [53]. On the other hand, the recent discovery of a nearly ideal quantum limit
Chern magnet with massive Dirac fermion in TbMngSng has ignited an intense search for
the rare-earth based kagome systems [[72].

Following this discovery, several experimental reports appeared discussing the tuning of
topological properties in RMngSng (R = Gd-Tm, Lu) [76], large anomalous Hall effect in
RMngSng (R = Tb, Dy, and Ho) [236], Chern magnetic state in TbMngSng [72], Dirac-like
band crossings in HoMngSng [237], linear unsaturated magnetoresistance in RMngSng (R
= Gd, Tm, Lu) [[76]. Among these, HoMngSng is a ferrimagnetic metal in which the spins
of the Ho-4f sub-lattice align antiferromagnetically with spins of Mn-3d sub-lattice. Thus,
the interplay between the ferrimagnetism and the electronic band structure plays a vital role
in shaping the linear non-saturated magentoresistance of these systems [76,237,238]. On
the other hand, though HoMngGeg shares similar crystal of HoMngSng, no systematic study

is available on HoMngGeg in detail discussing the magnetotransport properties.

OResults presented in this chapter are accepted in Phys. Rev. B (in press).
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Figure 6.1: (a) Powder XRD pattern taken on the crushed singles crystals of HoMngGeg
overlapped with Rietveld refinement. The left inset in (a) shows optical image of as-grown
single crystals. The right inset in (a) represents the XRD pattern corresponding to (0001)
Bragg planes of the HoMngGeg single crystal. (b) EDXS data taken on HoMngGeg single
crystal. Insets in (b) show the elemental mapping of Ho, Mn, and Ge atoms. (¢) Schematic
representation of the primitive unit cell of HoMngGeg. (d) Kagome lattice plane formed by
the Mn atoms when projected onto the ab-plane.

HoMngGeg crystallizes into HfFegGeg-type hexagonal structure with the space group
P6/mmm, orders antiferromagnetically at a Néel temperature of 466 K [239]. The mag-
netic moments of Mn and Ho are arranged in a skew-spiral fashion and the plane of mag-
netic moments (Ho and Mo) is angled at 60° with the z-axis in HoMngGeg [240], whereas
in RMngSng systems the moments of R and Mn are aligned antiparallelly to form a fer-
rimagnetic structure having an easy-axis of magnetization angled with z-axis. The angle
between the z-axis and the easy-axis of magnetization strongly depends on the rare-earth
element [240]. Furthermore, the magnetic structure of these systems is very sensitive to
the sample temperature [241]. For instance, in the low-temperature region (< 55 K), the
Ho and Mn magnetic moments form a skew-spiral (EVS) structure, coupled antiferromagnet-
ically, with a plane of moments making an angle 65 with the z-axis, producing finite net
magnetization along both the in-plane and out-of-plane directions. But as the temperature
is increased the skew-spiral structure gets distorted and other magnetic transitions emerge
at 220 and 260 K. Beyond 260 K, the SS structure completely gets destroyed and the system

enters into an antiferromagnetic state are around 300 K.
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In this work, high-quality single crystals of HoMngGeg were grown using the Sn flux
to study the magnetic and magnetotransport properties. Electrical resistivity demonstrate
an overall metallic nature throughout the measured temperature range with a few magnetic
transition-driven anomalies. A crossover from negative to positive magnetoresistance (MR)
is observed at a critical temperature of 150 K. While the linear nonsaturating positive MR
exits in the low-temperature region mainly driven by the Dirac-like linear band dispersion,
the negative MR observed in the higher temperature region is due to the spin-flop type mag-
netic transition. Most importantly, we identify a large anisotropy in the magnetoresistance
due to the anisotropic Fermi surface present in this system. Further, we observe anomalous
Hall effect in addition to a switching of dominant charge carriers from electrons to holes at
around 220 K, ingoing from high temperature to low temperature. Also, we performed den-
sity functional theory calculations on HoMngGeg by considering the skew-spiral magnetic
structure that is experimentally obtained [241] for a better understanding of our magneto-

transport data.

6.2 Experimental and First-principles Calculation Details

Single crystals of HoMngGeg were grown using Sn flux. Firstly, Holmium (Ho) chunk (Alfa
Aesar, 99.9%), Manganese (Mn) powder (Alfa Aesar, 99.95%), Germanium (Ge) powder
(Alfa Aesar, 99.99%), and Tin (Sn) shots (Alfa Aesar, 99.995%) were weighed in the ra-
tioof 1 : 6: 6: 24. The mixture was kept in an alumina crucible and sealed the crucible
together with the mixture inside an evacuated quartz ampoule. The mixture was heated up
to 1000°C at a rate of 50°/hr and kept there for another 18 hrs before cooling the molten
mixture down to 600°C at a rate of 5°C/hr. Finally, the molten is annealed for another two
days at 600°C. Then, the ampoule was quickly transferred to a centrifuge to separate the Sn
flux from the samples. In this way, we obtained several hexagonal-shaped HoMngGeg sin-
gle crystals with a typical size of 2mm X 2mm X 0.4mm as shown in the inset of Fig. 2?(a).
X-ray diffraction (XRD) was done on flat-shaped single crystals and as well on the pow-
ders of crushed crystals using Rigaku SmartLab with 9 kW Cu K, x-ray source. The exact
chemical composition of the as-grown single crystals was found using the energy dispersive
x-ray spectroscopy (EDXS). The electrical resistivity and magnetotransport measurements
were measured with the four-probe and Hall-probe connections. Electrical, magnetic, and
magnetotransport measurements were carried out in the 9 T physical properties measure-
ment system (PPMS, DynaCool of Quantum Design) using the VSM and ETO options. To
eliminate the longitudinal voltage contributions due a possible misalignment of the Hall

connections, the Hall resistivity was calculated using the relation pH(H)_ZM
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To understand the magnetotransport properties, the electronic band structure of HoMngGeg
was calculated using the density-functional theory (DFT) within the Perdew-Burke-Ernzerhot-
type generalized-gradient approximation (GGA) [242] as implemented in the Quantum Espresso
(QE) simulation package [243]. The electronic wavefunction is expanded using plane waves
up to a cutoff energy of 100 Ry. Brillouin zone sampling is done over a 10x 10 x 6 Monkhorst-
Pack k-grid. The crystal structure was optimized through the variable-cell relaxation method
as implemented in QE. Notably, the non-collinear skew-spiral magnetic structure was con-
sidered to determine the ground state electronic properties. The band structure was produced

with and without considering the spin-orbit coupling (SOC).

6.3 Results and Discussions

Figure (a) depicts x-ray diffraction (XRD) pattern of the crushed HoMngGeg single crys-
tals overlapped with Rietveld refinement performed using the Fullprof software. The Ri-
etveld refinement confirms that HoMngGeg crystallizes into the hexagonal kagome HfFeg Geg-
type crystal structure with a space group of P6/mmm (No. 191). The refined lattice param-
eters are a = b = 5.2415(5) and ¢ = 8.1831(4) . The right-inset in Fig. (a) shows the
XRD pattern taken on the flat surface of the single crystal, confirming that the crystal growth
plane is parallel to (0001)-plane direction. Fig. (b) depicts the EDXS data conforming
the exact chemical composition of the sample Hog 9g¢Mns5 74Geg. For convenience, hereafter
we represent it by the nominal composition of HoMngGeg. Since the crystals were grown
out of Sn flux, the crystals were found with a maximum 2% of Sn impurity. The elemental
mappings done for Ho, Mn, and Ge as shown in the top insets of Fig. (b) imply a good

homogeneity of the studied single crystals.

Longitudinal electrical resistivity [pxx(T)] is plotted as a function of temperature, as
shown in Fig. @(a), measured without magnetic field (red-colored data) and with yoH = 9
T of magnetic field (blue-colored data) applied parallel to the z-axis [0001]. The low-
temperature resistivity (< 100 K) can be reasonably fit with the quadratic equation of the
Landau Fermi-liquid theory, pxy(T) = po + aT?. Here, pg = 8.42 uQ — cm is the
residual resistivity due to impurity scattering and « = 2 x 107 uQ) —cm/ K? is the
electron-electron scattering coefficient. Further, in the resistivity data (uoH = 0 T) we
observe kinks at Ty ~ 260 K and T, ~ 220. The transition temperatures Ty and T,
shift towards higher temperatures under the external magnetic fields. For instance, at a
field of 9 T, the transition temperature T7 shifted beyond 300 K which we could not iden-
tify, while the transition temperature T, shifted to 245 K. This observation clearly indi-

cates the magnetic origin of the kinks. Fig. @(b) depicts the magnetoresistance percentage

80



(a) 200- y [0110] T y@
I Ve
~~ 150 . \3&‘;\‘
% \ > x [2110]
[}
G &
3 10040 o7
& o 9T
50 pot aT? 1]l x [2110]
H |l z [0001]
ol
T T T T T T T
)
10 “etend, HeoT
—_ s, Ho
=3 [ - Ot~ — e
< %%
OE: '10 1 S, S
Rt
-20 ’w»,’
(© MH=005T
0.10+ T 35K Ty 220K
— 1
5 0084 N\ !
< i ! 300K
™ 1 !
2 006\ |
= . !
004 !
— HL1z(ZFC) — H |z (ZFC)
0024 _ i,/0) — HIZ(FO) |

T T
50 100 150 200 250 300 350
T(K)

Figure 6.2: (a) Longitudinal resistivity pyy plotted as a function of temperature with current
applied along x [2110]-axis for both 0 T (red curve) and 9 T (blue curve) fields applied along

z [0001]-axis of the crystal. (b) Magnetoresistance MR(%)= % x 100(%)

plotted as a function of temperature. (c) Magnetization plotted as a function of temperature
[M(T)] for both H || zand H L z directions measured under field-cooled and zero-field-
cooled modes with ygH = 0.05 T.

[MR% = (pxx(T,H) — pxx(T,0))/pxx(T,0)] plotted as a function of temperature from
which another transition is identified at T3 ~ 35 K though it is not clearly visible from the
pxx(T) data [see Fig. @(a)]. Overall, the longitudinal electrical resistivity shows metallic
nature throughout the measured temperature range with a residual resistivity ratio (RRR) of
Pxx(300K)/0xx(2K) = 20.

Fig. (c) presents the magnetization plotted as a function of temperature [M(T)] un-
der the magnetic field 4oH = 0.05 T applied parallel (H || z) and perpendicular (H L z)
to the z-axis, measured both in the field-cooled (FC) and zero-field-cooled (ZFC) modes.
Clear overlapping between FC and ZFC data suggests that the magnetic moments are ther-
mally reversible in the system throughout the measured temperature range of 2 - 350 K.
On the other hand, previous neutron diffraction study on similar system revealed a complex
magnetic structure with different magnetic states at different temperatures [241]. For in-

stance, in the low-temperature region (< 55 K), the Ho and Mn magnetic moments form a
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Figure 6.3: (a),(b), and (c) Isothermal magnetization M ( H) measured at different tempera-
tures for the fields applied parallel to the z-axis (H || z). Insets in (a)-(c) show same for H L

z. (d),(e), and (f) Field dependent magnetoresistance [MR(%)= % X 100(%)]

measured for different temperatures.

skew spiral (§§) structure, coupled antiferromagnetically, with a plane of moments making
an angle 05 with the z-axis [see Fig. @(b)], producing finite net magnetization along both
the in-plane and out-of-plane directions. Between 55 and 220 K, both wave vector (4) and
phase angle (¢s) increase monotonically with temperature. In the 220-260 K region, the
SS structure gets distorted, accompanied by the Mn spin-reorientation, and thus eventually
leading to a weak ferromagnetism at 300 K. Beyond 300 K the skew-spiral structure be-
comes a cycloid. In line with previous studies [241, 244, 245] we also observe magnetic
transitions in the magnetization data at T; ~ 260 K, T, ~ 220 K, and at T3 ~ 35 K. Fur-
ther, a weak ferromagnetic-like magnetization jump is noticed at T ~ 300 K which is in
agreement with Ref. [241], 244] except for that the signal is relatively stronger in our case.
As can be seen from Fig. (c), the out-of-plane magnetization (H || z) dominates the in-
plane magnetization (H _L z) below 300 K, while the in-plane magnetization dominates the
out-of-plane magnetization above 300 K. This observation hints at the fluctuating magnetic

moments across the Tc.

Next, Figs. @(a), @(b), and @(c) depict magnetization isotherms [M (H)] measured
at different temperatures for H || z and H L z. We observe a weak ferromagnetic-like
M(H) data when measured at 2 K for both H || zand H L z at lower field region without
magnetization saturation. Further field-induced hysteresis is visible for H || z between 2

and 4 T, but not for H 1 z possibly due to the out-of-plane spin canting within this field
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Figure 6.4: (a) Angle dependent magnetoresistance [ADMR(%) =

range. This type of metamagnetic state is not observed at higher temperatures, instead, an
out-of-plane spin-flop transition has been found at a critical field (Hgr) that is tempera-
ture dependent, due to which a sudden increase in magnetization noticed [see Figs. @(b)
and(c)]. That means, we noticed the spin-flop type transition at the critical field Hgr =~
6.5 T, 5.8 T, 3.5T, and 2.8 T when measured at the temperatures 100 K, 150 K, 200 K,
and 250 K, respectively. However, no significant spin-flop transition is noticed at 300 and
350 K. Also, spin-flop transition is absent from the in-plane magnetization (H _L z) at any

measured temperature.

Isothermal magnetoresistance (MR) at different sample temperatures and with the fields
applied parallel to the z-axis are shown in Figs. @(d), @(e), and @(f). Fig. @(d)
demonstrates the MR measured at 2 K, where the MR is linear dependent (red-dashed line)
on the applied filed in addition to the hysteresis between the fields 2 and 4 T that is origi-
nated from the field-induced metamagnetic state [Fig. @(a)]. From Fig. @(e), we can see
that the linear dependency of MR is intact up to 50 K. But at 100 K, we observe a classical
parabolic magnetoresistance. Though this parabolic nature is sustained at higher tempera-

tures (150 and 200 K) as well, but beyond the spin-flop (Hgp) transition the MR starts to
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Figure 6.5: (a) Field dependent Hall resistivity py, measured for different sample temper-
atures overlapped with the fits (black curves). (b) Field dependent Hall conductivity oy,
plotted for 2, 50, and 100 K of sample temperatures. Inset in (b) schematically shows the
Hall effect measuring geometry. (c) Normal Hall coefficient (Ry) plotted as a function of
temperature. (d) Anomalous Hall coefficient (Rg) [left axis] and anomalous Hall scaling
factor (Sp) [right axis] plotted as a function of temperature.

decrease with increasing the field for a given temperature. Eventually, beyond the Hgr the
MR becomes negative above 150 K, consistent with the MR(T) data shown in Fig. (b) in
which we can notice negative MR above 150 K when measured with 9 T. However, the MR

becomes nearly field independent as the temperature reaches 350 K.

Overall, HoMngGeg shows a complex temperature dependent MR. Importantly, up to
50 K it shows a positive nonsaturating MR that is linearly depending on the applied field.
There exist several mechanisms explaining the linear MR, such as (i) the presence of linear
dispersive Dirac-like bands with very low effective mass near the Fermi level in the case
of topological materials [246, 247], (ii) quasi-random resistor network model in the case
of metal-semiconductor composites [248,249], and (iii) carrier density fluctuations due to
irregular current paths from the inhomogeneous or grain boundaries in the case of disor-
dered systems [250, 251|]]. We can safely rule out the (ii) mechanism as our system is not a
metal-semiconductor composite. Also, since our studied system is in the single crystalline
form with no significant grain boundaries and with good homogeneity, we can rule out the
mechanism (iii) also as the origin of linear MR. Previous reports on its sister compounds
RMngSng suggested that the linear MR could originate from the Dirac-like linear bands [[76].
In addition, previous band structure calculations on these systems showed several Dirac-like
linear band dispersions crossing the Fermi level [240,252]. To confirm that the linear MR
originates from the linear Dirac-like topological band structure, we performed density func-

tional theory (DFT) calculation as discussed later explicitly.
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Further, we measured the angle-dependent magnetoresistance (ADMR) with the current
and field directions kept always perpendicular to each other such that only the field direction
changes with the crystal axes as shown in the schematic of Fig. @(a). The angle-dependent

magnetoresistance is calculated as p""@%

» Oi,‘) () (%) while the applied magnetic field is kept
constant. As can be seen from Fig. 6.4(a), at 2 K the MR is positive for all the applied mag-
netic fields but very sensitive to the field angle, suggesting a strong anisotropic MR in this
system. Specifically, MR is minimum at the angles of 0°, 180°, and 360° and it is max-
imum at the angles 60°, 120°, 240°, and 300°. Also, the saddle points in the ADMR are
observed at 90° and 270° for all the applied fields. For a better visualization, we plotted
the ADMR in polar coordinates as shown in Fig. @(b), from which we can clearly observe
a butterfly pattern for the out-of-plane MR at 2 K. Worth to mention here that the ADMR
measured at 250 K is negligibly small (not shown) compared to the ADMR taken at 2 K.
Next, Fig. @(c) depicts the field-dependent MR plotted for different field angles (0°, 45°,
and 80° ) measured at 2 K, from which we observe linear MR at all field angles. Moreover,
we see that the MR reaches almost 25% for 8 =800 and the hysteresis which was present for
6 = 0 has vanished at the other two angles. Fig. @(d) depicts filed dependent MR taken
at 0° and 90° filed angles, from which we observe the absence of spin-flop transition effect
on the MR when measured at 90°, consistent with M(H) for H L z.

Next, Fig. @(a) demonstrate field-dependent Hall resistivity [0y (H)] measured at dif-
ferent sample temperatures. We see deviation in the Hall resistivity, leading to anomalous
Hall effect, at the spin-flop transition temperature. Usually, in ferromagnets, the Hall re-
sistivity can be expressed by py = RouoH + RspuoM [34], where Rg is the ordinary
Hall coefficient and Rg is the anomalous Hall coefficient. Although the anomalous Hall
effect (AHE) mainly appears in ferromagnets, recently it has been widely observed in non-
collinear antiferromagnets as well [32, 253-255]. From our Hall resistivity data, we can
see that the anomalous Hall effect is induced from spin-flop transition that is resembling
the M(H) data shown in Figs. @(a)—(c). Moreover, the above formula can be rewritten as
;ﬁ)_HH = Ro+ RSA—éI which imitates a linear equation and intercept on the y-axis gives Ry and
slope gives the anomalous Hall coefficient Rg. Using this formalism, we have reasonably
fitted the Hall resistivity as depicted in Fig. @(a). The anomalous scaling factor (Sp) is
calculated using the formula Sy = pgRs/p2,, where pyy is the longitudinal resistivity.
Fig. @(c) depicts the normal Hall coefficient (Ry) plotted as a function of temperature.
From Fig. (c), we further notice Ry changing from positive to negative at around 220 K

which indicates hole-type (electron-type) carrier dominance below (above) 220 K.
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Figure 6.6: (a) Hexagonal Brillouin zone showing the positions of various high symme-
try points. (b) Low temperature skew-spiral (5S) magnetic structure of HoMngGeg [241].
Here, 6; = 60° and ¢s = 71.2°. (c) Electronic band structure of HoMngGeg calculated
for the magnetic configuration shown in (b) with (black-colored) and without (red-colored)
including the spin-orbit coupling (SOC). The right-side panels of (c) show the zoomed-in
band structure to clearly see various Dirac points. (d), (e), and (f) show the calculated Fermi
surface maps in three-dimensional. (g) and (h) show the constant energy contours taken at
the Fermi level in the ky — k;, and ky — k; momentum planes, respectively.

As discussed above, a magnetic transition exists at around 220 K (Tp). It is possible
that the change in magnetic structure influences the electronic structure near the Fermi level
and thus the switching of charge carrier type at 220 K. This observation suggests a strong
correlation between the magnetic and electronic structures in these systems. Moreover, the
value of Rg decreases rapidly with decreasing temperature and becomes negligibly small
below 100 K. Whereas the Sy varies between 0.05 and 0.2 like in a typical ferromagnetic
metal [34,214]. Further from the relation ygRg = S Hpj%x, it is clear that for very low resis-
tivity pyy values the contribution from AHE (Rg) is negligible so that only the ordinary Hall
effect dominates at low temperatures. In Fig. @(b) we have plotted the Hall conductivity as

a function of temperature calculated using the formula, 0y, = — pzp%pz In Fig. @(b), we
xy TPxx
2
have fitted the Hall conductivity curves using the single band model, ovy = [; J: &}: :B)z]eB

as at low temperatures the hole carriers dominate the total Hall transport. Here, 7y, is hole
carrier density and py, is hole mobility. From the fits, we derived the hole carrier concentra-
tion of 1y, is 1.06 x 10?° cm~3 and hole mobility of ¢ = 0.049 m?/Vs at 2 K. These values

are consistent with a previous report on these systems [[76].

To uncover the mechanism of unsaturated linear MR, we performed density functional
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theory calculations as illustrated in Fig. @ For the DFT calculations, we considered the
magnetic structure as shown in Fig. @(b), depicted by the neutron diffraction study on this
system [241]]. Fig. @(C) displays the electronic band dispersion along the high-symmetry
k-path of ' — M — K — T’ calculated without and with considering the spin-orbit coupling
(SOC). From the electronic band structure, we notice several linear band crossings (Dirac-
like) at the K point in the vicinity of the Fermi level. One Dirac point (DP1) is observed
at a binding energy of 90 meV below the Fermi level (Er) that is gapless without SOC, but
under SOC the Dirac point is gapped by lifting the degeneracy. DP2 is found at a binding
energy of 40 meV below the Er which is always gaped. DP3 is found at a biding energy of
250 meV above Er which is gapless for both with SOC and without SOC. Our calculations
on HoMngGeg are inline with previous calculations performed on HoMngSng [237, 240].
Particularly, the calculations on HoMngSng demonstrated that gap size at the Dirac points
depends explicitly on the magnetic spin orientation with respect to the crystal axis [237,240].
Means, larger (smaller) gaps were predicted for the fields applied along the out-of-plane (in-
plane) direction. Since our calculations were performed with an angle of g = 609¢8 be-
tween the z-axis and plane of magnetic moments, which is neither out-of-plane nor in-plane,
we observe both gapped and gapless Dirac points. This observation hints for the possibility
of a critical angle of magnetic moments at which the Dirac states are gapless and robust
under SOC.

Apart from the linear band dispersions at the K point we also observe two hole-like
band dispersions (f1 and hy) crossing the Fermi level around K point and an electron-like
(e1) band dispersion crossing the Fermi level around the I' point. No bands are found at the
M-point crossing the Fermi level. In addition, we found several flat bands (fby, fb,, and
fb3) which are dispersionless throughout the Brillouin zone. Figs. @(d)—(f ) show the three-
dimensional view of the Fermi surface maps which are mainly contributed by three types of
Fermi pockets; one of them is the electron-like (e1) pocket with an almost cylindrical-shape
as shown in Fig. @(d), the second one is the hole-like (/1) pocket which is close to one-
third of a cylinder shared by each corner of the hexagon as shown in Fig. @(e), and the last
one is the hip-roof shaped hole-like (/1) pocket at the K point. With the help of these three
types of Fermi pockets, we estimated the hole carrier density 71;,=5.3 x 10?%/cm? and elec-
tron carrier density 1,=3.6 x 10?%/cm? to find the net hole carrier density of 1.7 x 102%/cm?3
using Luttinger’s theorem [256]. Interestingly, this value is close to the experimentally cal-
culated hole carrier density (1.06 x 102 cm™—3) from the Hall data at 2 K. Nevertheless,
the estimated hole and electron carrier densities are nearly equal, suggesting HoMngGeg to
be a semimetal. Figs. @(g) and @(h) illustrate the of the Fermi surfaces projected onto
the ky — ky and ky — k; plane, clearly showing the electron-like Fermi pocket at the I' and
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hole-like Fermi pockets at the K point.

As for the angle-dependent magnetoresistance (ADMR) measurements, the magnetic
field is always perpendicular to the current direction which does not change the Lorentz
force acting on the charge carriers. Further, the spin-electron scattering can be neglected at
low temperatures as the mean free path of charge carrier is much higher. This brings us to
conclude that the anisotropic ADMR has the electronic band structure origin than the mag-
netism origin. The Fermi velocity can be calculated as v, = 1V ex, which depends on the
local curvature of the Fermi surface cross-section. The smaller the orbit of the Fermi surface
cross-section the greater the local curvature, which in turn leads to a higher Fermi velocity.
Hence, high microscopic Lorentz force would act on the charge carriers [257-259]. Our
calculations indicate that the electron pocket e; and hole pocket /11 exhibit nearly cylindri-
cal shapes with their diameters and heights being quite similar in value, making them nearly
isotropic. Only the /1, hole pocket has an anisotropic shape (hip-roof shaped) which could
be the possible origin of this high anisotropic ADMR. Because when the field is applied
along the z-axis, the charge carriers are subjected to orbit on the ky — k, plane. Similarly,
for the fields applied along the y-axis the carriers would orbit on the ky — k; plane. As ob-
served in Fig. @(g), the Fermi sheets at K point are nearly circular for H || z [see Fig. @(a)
for @ = 0°]. Only the out-of-plane Fermi sheets (k, — k;) have substantial curvature [see
Fig. b.6(h)] which are detected experimentally for H || y [see Fig. b.4(a) for 6 = 90°].
Therefore, we think that the asymmetric MR is originated from the asymmetric out-of-plane
Fermi pockets. Further, as evidenced from our DFT band structure calculations, the linear
nonsaturating MR is mainly contributed by the linear Dirac-like bands present near the Fermi

level.

6.4 Summary

In summary, we have grown high-quality single crystals of HoMngGeg using the Sn flux.
Electrical resistivity demonstrate an overall metallic nature throughout the measured tem-
perature range with a few magnetic transition-driven anomalies. A crossover from negative
to positive magnetoresistance (MR) is observed at a critical temperature of 150 K. While
the linear nonsaturating positive MR exits in the low-temperature region mainly driven by
the Dirac-like linear band dispersions, the negative MR observed in the higher temperature
region is due to the spin-flop type magnetic transition. We found anomalous Hall effect
in addition to a dominant charge carrier switching across 220 K. We performed electronic
band structure calculations on HoMngGeg by considering the skew-spiral magnetic structure

of the system to realize large anisotropy in the out-of-plane Fermi sheets. We suggest that
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the large anisotropic out-of-plane magnetoresistance observed in HoMngGeg is originated
from the anisotropic out-of-plane Fermi surfaces. The band structure calculations predict
several Dirac-type band crossings at the K point in the vicinity of the Fermi level. The de-
rived nearly equal electron and hole carrier densities with the help of the calculated Fermi

surfaces, suggest HoMngGeg to be a kagome Dirac semimetal.
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Chapter 7

Conclusions

We can summarize our work as followings based on the four projects I have completed dur-

ing my Ph.D.

In the first project, we have focused on Mn3Sn. We have found topological Hall ef-
fect in pure form at room temperature which decays with Fe doping. We see how a small
concentration of Fe atoms doping in this system change its magnetic properties specially at
low temperature. The out-of-plane anomalous Hall effect is originated from k-space Berry
curvature in this system while the in-plane pure topological part can be possibly due to the

non-coplanar structure generated due to Mn deficiency in our system.

In the second project, we systematically studied the electrical resistivity, Hall, and mag-
netization of Mns,Fe,Sn single crystals. From resistivity, we see the introduction of metal
to insulator-type transition with 0.25 Fe doping. With higher x = 0.35 doping, we see a
low-temperature resistivity upturn at low temperatures along with MI transition at higher
temperatures. The magnetization study reveals ferromagnetic-like magnetization arising
from Fe doping at lower temperatures where the magnetization changes its easy axis towards
the z direction, although there is no such huge change in room temperature magnetization
properties. Though Mn3Sn only has ordinary Hall contribution below spin reorientation
temperature for p,y, we see AHE at a lower temperature due to Fe doping, which helps to
hold the inverse triangular magnetic structure. As for py,,, MnzSn does not have AHE at
any temperature. In contrast, due to induced ferromagnetism with Fe doping, a large AHR
and a significant topological Hall effect are present in the system. Ultimately, the sizeable
topological Hall effect shown by this system at low temperatures could be due to the for-
mation of skyrmions. The uniaxial magnetic anisotropy with Fe doping, along with inplane

magnetization, can make the possible environment for skyrmions.

Next, we have successfully grown rod shaped single crystal of FesSn using solid state
crystal growth technique. It has a hexagonal crystal structure and the Fe atoms form Kagome
network. From our results it is confirmed that Fe3Sn is a soft type ferromagnet with very high

Curie temperature and the easy axis of the magnetization lies on the ab plane of the hexago-
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nal lattice. The longitudinal resistivity shows the presence of Fermi-liquid behaviour at low
temperature region and electron-phonon contribution at higher temperature region. Along
with intrinsic Hall originated from Berry curvature, we have also observed the presence of
extrinsic skew scattering Hall effect. This extrinsic Hall conductivity decays quadratically

with temperature due to the electron-phonon interaction.

In the last project, in HoMngGeg, the electrical resistivity demonstrate an overall metal-
lic nature throughout the measured temperature range with a few magnetic transition-driven
anomalies. A crossover from negative to positive magnetoresistance (MR) is observed at a
critical temperature of 220 K. While the linear nonsaturating positive MR exits in the low-
temperature region mainly driven by the Dirac-like linear band dispersion, the negative MR
observed in the higher temperature region is due to the spin-flop type magnetic transition.
We found anomalous Hall effect in this antiferromagnetic system. We performed electronic
band structure calculations on HoMn6Ge6 by considering the skew-spiral magnetic struc-
ture of the system to realize large anisotropy in the Fermi surfaces. The band structure
calculations predict several Dirac-type band crossings at the K point in the vicinity of the

Fermi level.
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