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Abstract

Topological materials offer a versatile platform for the realization of novel quantum states
with potential applications in future electronics and quantum technologies. Among them,
kagome lattice systems are of particular interest due to their unique geometry, which gives
rise to a rich interplay of geometrical frustration, magnetism, and topological electronic
states. These features can host exotic phenomena such as Dirac and Weyl fermions,
flat bands, quantum spin liquids, skyrmion lattices, and anomalous and topological Hall
effect (AHE and THE). The primary goal of this thesis is to synthesize high-quality single
crystals of various kagome compounds and systematically investigate their structural,
electronic, magnetic, and magnetotransport properties.

We synthesized single crystals of Mn-rich and Ge-rich Mn3Ge, a noncollinear
kagome antiferromagnet that hosts Weyl fermions. Unlike Mn-rich Mns,,Ge, Ge-rich
Mns g4Ge exhibits multiple magnetic transitions below the Néel temperature, including
a spin reorientation (Tsg) and a low temperature ferromagnetic-like phase. Also, the
anomalous Hall conductivity peaks at Tsg and decreases with temperature. Together,
these findings demonstrate how strongly the magnetic and topological characteristics of
Mn3Ge depend on its chemical composition. We further studied the effect of Fe dop-
ing in Mns,)—sFe;Ge (0 = 0, 0.30, 0.62). Doping induces a transition from metallic
to semiconducting behavior at 6 = 0.30 and a metal-insulator transition near 100 K at
0 = 0.62. Fe substitution enhances in-plane ferromagnetism, increases magnetocrystalline
anisotropy, introduces a spin-glass-like state, and reduces the spontaneous AHE. Inter-
estingly, a THE signal emerges uniquely at 6 = 0.30 due to the formation of noncoplaner
spin texture. Furthermore, we synthesized single crystals of FesGe, a ferromagnetic topo-
logical kagome metal. We observed strong anisotropy in Hall conductivity and a rare
temperature-driven evolution of the intrinsic AHE, associated with a reorientation of the
magnetic easy axis from out-of-plane to in-plane. Additionally, a pronounced in-plane
THE emerges below the spin reorientation transition. Subsequently, we synthesized rare-
earth-based kagome Dirac semimetals RFegSng (R = Ho, Dy), which exhibit extremely
large magnetoresistance (XMR) up to 3 x 103%. Hall measurements reveal near-perfect
electron-hole compensation and high carrier mobility, accounting for the XMR behav-
ior. The angle-dependent magnetoresistance (ADMR) pattern varies significantly with

temperature, reflecting Fermi surface modulation.
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Chapter 1
Introduction

Topology is a mathematical concept, exploring the spatial features that remain intact
under smooth physical transformations, such as twisting or flexing, without involving
any breaks or separations [1]. In simpler terms, the topology classifies the objects based
on their fundamental connectivity rather than on their precise geometric shape. Since
both a sphere and a flat disc can be smoothly transformed from one to another and have
no holes, they are regarded as topologically similar. In contrast, a torus and a coffee cup,
each with a single hole, share a topological classification distinct from that of the sphere
and flat disc. This classification is quantified using a topological invariant known as the
genus number g, which counts the number of holes in a surface, here g = 0 for spheres
and discs, g = 1 for tori and cups (see Fig. 1.1).

Topology in condensed matter physics offers a fundamental way to understand
and predict the stable, quantized properties of quantum systems. Topological properties
help classifying different phases of matter beyond conventional symmetries. In conven-
tional systems, the normal state arises from symmetry-breaking mechanisms described
by Landau’s theory of phase transitions [2, 3]. In this framework, the free energy of
the system is represented by an order parameter, and variations in this order parameter
cause phase transitions. These transitions are associated with the spontaneous symmetry
breaking, where the macroscopic state of the system changes with external conditions,
such as temperature or pressure. In contrast, topological phases are characterized by
global invariants of the band structure, such as the Chern number or the Z, index. They
are protected by robust edge or surface states. Topological phase transitions require a
change in these topological invariants, making them stable against local perturbations,
in contrast to conventional phases, which follow the Landau theory of phase transitions.

The discovery of the quantum Hall effect (QHE) in 1980 [4] marked a significant
advancement in condensed matter physics, revealing the existence of topological phases
of matter. In this effect, a two-dimensional electron gas subjected to a strong magnetic
field exhibits quantized Hall conductance, which is remarkably robust against disorder.

This quantization arises from the presence of chiral edge states, which are topologically
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Figure 1.1: A sphere can be continuously deformed into a disc, demonstrating their topo-
logical equivalence. Similarly, a coffee cup can be deformed into a torus. However, a
sphere or a disk cannot be transformed into a torus or a coffee cup, revealing a funda-
mental topological difference.

protected and do not rely on spontaneous symmetry breaking. Instead, these phases are
characterized by topological invariants, reflecting the global properties of the electronic
band structure. Building on the discovery of the QHE, the exploration of topological
phases accelerated, unveiling a variety of novel quantum states of matter. Notable mile-
stones include the identification of the two-dimensional topological insulator (2005) [5],
the three-dimensional topological insulator (2007) [6, 7], the Dirac semimetal (2014) [8, 9],
and the Weyl semimetal (2015) [10, 11], illustrating the wide range of phenomena within
this domain. The emergence of these topological phases has reshaped our understanding
of matter, leading to deeper explorations into phases that defy traditional symmetry-

breaking mechanisms.

On the other hand, the kagome lattice, with its geometrically frustrated network
of corner-sharing triangles, is a platform for hosting exotic topological phases of mat-
ter. Coupling frustration with magnetism leads to quantum spin liquids [12, 13], massive
Dirac fermions [14], Weyl fermions [15, 16], and skyrmions [17], with potential implica-
tions in quantum technologies. Weyl fermions appear in kagome magnets like Co3SnySs
[16], MnsSn [15], Mn3Ge [18], and FezSns [19]. Quantum spin liquids emerge in frus-
trated systems such as KCugAlBiO4(SO4)5Cl [20] and YCus(OH)¢Bry[Br,(OH),_.] [21].
Skyrmionic textures, observed in Fe3Sns[17], GdsRuyAl5[22], and MnyGasSn[23], high-
light the deep connection between topology and magnetism.

A microscopic understanding of these novel topological quantum materials is crucial for



unlocking their potential applications in future quantum computing and spintronics tech-
nologies. Kagome lattice materials, with their unique magnetic structures and topologi-
cal properties, are prime candidates for hosting exotic quantum phenomena. Exploring
the intrinsic microscopic properties is crucial for assessing their potential applications in
quantum technology. To unravel the macroscopic and microscopic intricacies of these
exotic magnetic topological materials, their synthesis is a crucial first step. Therefore,
the primary objective of my thesis is to synthesize high-quality single crystals of diverse
topological quantum materials, specifically kagome compounds, and systematically ex-

plore their structural, electronic, magnetic, and magneto-transport properties.

Chapter 1 provides an overview of topological materials, beginning with the quantum
Hall effect and its role in establishing topological phases. It introduces key theoretical
concepts, including the Chern number and Berry curvature, and explores various topo-
logical systems, such as topological insulators, Weyl semimetals, and Dirac semimetals.
The chapter discusses kagome lattice systems and their unique properties. It concludes
with an overview of key physical phenomena, including magnetic behavior, anomalous

and topological Hall effects, and magnetoresistance.

Chapter 2 presents the experimental methodologies employed in this work. It begins
with a detailed account of single-crystal growth techniques, followed by the character-
ization methods used to assess structural and compositional quality, including X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy (EDXS), scanning electron mi-
croscopy (SEM), and transmission electron microscopy (TEM). The chapter also provides
an overview of the Quantum Design PPMS DynaCool system, detailing its operating prin-
ciples and modules like the vibrating sample magnetometer (VSM), electrical transport
option (ETO), and heat capacity option, used for measuring magnetic, electrical trans-

port, Hall effect, magnetoresistance, and specific heat properties of the crystals.

Chapters 3 to 6 present the experimental findings on various kagome materials synthe-
sized during my Ph.D. research. Chapter 3 examines Mns g4 Ge, where multiple anomalous
magnetic transitions occur at low temperatures. A significant change in the anomalous
Hall effect behavior is observed near the spin reorientation transition, a feature absent in
Mn-excess MnzGe. Chapter 4 extends this study to Mns,,)_sFesGe, exploring how Fe
substitution at the Mn site affects the electronic, magnetic, and topological properties.
Chapter 5 presents a comprehensive study on the directional dependence of magnetism
and the Hall effect in single-crystalline FesGe. We observed a temperature-dependent
intrinsic anomalous Hall effect in this material, an unusual behavior that is rarely re-
ported. Chapter 6 focuses on the synthesis of RFegSng (R = Ho, Dy) single crystals and

their magnetic, magnetoresistance, and Hall-effect properties. In addition, it explores the
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Figure 1.2: In a normal insulator, a distinct band gap separates the conduction and
valence bands. However, conductive surface states appear within the insulating bulk
gap in a topological insulator due to band inversion caused by strong spin-orbit coupling

(SOQ).

angle-dependent magnetoresistance behavior in these systems.

1.1 Topological Insulator

Insulators are characterized by their inability to conduct electricity due to a significant en-
ergy gap existing between their valence and conduction bands. Traditionally, distinctions
between different insulating materials have been made based on quantitative factors, such
as the band structure and the magnitude of the energy gap. Recent advancements have
revealed that insulators can be categorized based on the topological properties of their
band structures [1, 24-26]. In conventional insulators, the conduction and valence bands
follow a typical band ordering. However, when strong spin-orbit coupling (SOC) is intro-
duced, this band ordering gets inverted, giving rise to a distinct class of materials known
as topological insulators (TIs) (see Fig. 1.2). The inversion of the bulk band structure in
a topological insulator results in emergence of metallic surface states. Therefore, TIs are
uniquely characterized by the presence of surface states that are gapless and energetically
situated within the bulk energy gap. The surface states generally display Dirac cone-like
dispersion, characterized by spin-momentum locking, where the electron’s spin is oriented
perpendicular to its momentum direction. Numerous materials have been revealed to be
topological insulator [27, 28], including HgTe [29, 30], BisSes, BisTes, SbyTes etc[31, 32].

1.1.1 Quantum Hall Effect

Condensed matter physics has turned its attention to topological materials since K.V.
Klitzing discovered the quantum Hall effect (QHE) in 1980, a breakthrough recognized

with the Nobel Prize in 1985. QHE is observed in two-dimensional electron systems at
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Figure 1.3: A two-dimensional electron system exposed to a magnetic field B applied
perpendicular to its plane giving rise to chiral edge states, a hallmark of broken time-
reversal symmetry. The schematic is reproduced from Ref. [33].

very low temperatures in the presence of perpendicular magnetic fields. QHE manifests as
a stepwise quantization of the Hall resistance R,,, = h/Ne?*. This quantization arises from
topologically protected edge states, laying the groundwork for the concept of topological
phases of matter.

Figure 1.3 depicts a scenario where a two-dimensional electron system is exposed to an
external magnetic field B oriented perpendicularly to its plane. In the classical frame-
work, electrons follow curved paths due to the Lorentz force. These trajectories can be
categorized into two types: closed orbits in the bulk region, away from the sample bound-
aries, and open orbits near the edges. The latter repeatedly interacts with the sample
boundary, giving rise to skipping orbits. Under the influence of a magnetic field, these
skipping trajectories establish the emergence of propagating edge states that travel along
the sample boundary.

The quantization of periodic carrier motion in a strong magnetic field converts
a skipping trajectory into quasi-one-dimensional edge channels that go along the edges
of the sample [34, 35]. The momentum direction of the edge states P is intrinsically
linked to the orientation of the magnetic field. This inherent directionality of the edge
state provides protection against disorder, which is always present to some extent in real
materials. Random electrostatic potential fluctuations, which typically result in elastic
momentum scattering processes of the form P — — P, are the main source of disorder at
low temperatures. However, because there are no counter-propagating modes in chiral
edge states, such backscattering is strictly inhibited. This unidirectional transport, a
direct result of broken time-reversal symmetry, underlies the dissipationless conduction
observed in the quantum Hall effect [36].

This precise quantization of R, was initially explained using quantum mechanical
principles, specifically through the formation of Landau levels [37]. Landau levels arise
from the motion of two-dimensional electron gas in the presence of an external magnetic
field B. The dynamics of an electron with charge —e, mass m, and velocity X can be

described using the Lagrangian formalism. The corresponding Lagrangian expression for



such a system is given by:

L= ;mXQ —ex.A (1.1)

In this formulation, the electromagnetic vector potential is symbolized by A, which

is linked to the magnetic field by B = V x A. When a gauge transformation is applied

to A, it introduces an additional term, Vo, where « is a scalar function. However, this

transformation does not affect the equations of motion, ensuring that the Lagrangian
remains invariant under gauge transformations.

Next, we calculate the Hamiltonian from the Lagrangian:

Hexp-L=x22_1-1 (pieay (1.2)
m

In this context, p represents the canonical momentum. For a magnetic field pointing
along the z-axis (B = BZ), a convenient form of the vector potential in the Landau gauge
is A = Bzxy. With this choice of gauge, the Hamiltonian in Eqn. 1.2 can be rewritten as
follows:

2
H= 2]% + 27171 (p, + eBz)? (1.3)

With the chosen Landau gauge, translational symmetry is preserved along the y-

direction, making p, and H commute. Consequently, the momentum operator p, can be

expressed as hk,:

2 N (hk, + eBx)?
2m 2m

H= (1.4)

The given Hamiltonian closely resembles that of a harmonic oscillator confined

along the z-axis. By rewriting Eqn. 1.4 in a comparable form, we obtain:

2 2
P mwg 9\ 2

H= 5 = (2 + kyl3) (1.5)

Here, w. = % represents the cyclotron frequency, which defines the circular motion

of electrons in the presence of a magnetic field Bz (see Fig. 1.3. The parameter Ip = eiB

is known as the magnetic length. The Hamiltonian in Eqn. 1.5 resembles that of a
harmonic oscillator but with a displacement of k% along the z-axis. The corresponding

energy eigenvalues are given by:

Ey = hw, (N + ;) (1.6)

Figure 1.3(b) illustrates the energy levels in relation to the density of states (DOS).
In summary, the application of a magnetic field BZ to a free electron gas quantizes the

electronic states into discrete, equally spaced energy levels known as Landau levels. The
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Figure 1.4: (a) Quantum Hall Effect (QHE) as first observed by K. V. Klitzing. The
image is taken from Ref.[38]. (b) Landau level formation in the presence of a magnetic
field. (c¢) Modification of Landau levels under combined magnetic and electric fields.

number of available quantum states in each Landau level is given by BA/®,, where A
represents the sample area, and ®, = 27h/e is the magnetic flux quantum. For electrons,
considering spin degeneracy (S = 2), the total number of occupied states in a single
Landau level doubles to 2BA/®,. When N Landau levels are completely filled, the Hall
resistance in the QHE displays quantized plateaus at R,, = h/(Ne?). It is important to
note that Landau levels exhibit an energy gap of hw. between occupied and unoccupied
states, similar to an insulator. However, a finite Hall resistance is still observed in the
QHE. The applied electric field EX during Hall measurements is to be considered to
address this seeming contradiction. Incorporating the electric potential V = —FEx, Eqn.
1.3 modifies accordingly:

H = P + L (p, + eBz)* + eEx (1.7)

2m  2m Y

and the corresponding energy eigenstates become

w2 2B2

C

1 E E?
By, = hive (N + 2) —¢E (kyz?g + ) L (1.8)

In the presence of an applied electric field, the eigenstates become dependent on

k,. A graphical representation of Landau levels under this condition is shown in Fig.
1.4(b). The electron group velocity is given by v, = %dEd]]:fy = —F/B, indicating that

electrons undergo drift motion along the y-direction. Consequently, instead of exhibiting

insulating behavior, the system displays quantized Hall resistance.



1.1.2 TKNN invariant

The quantized Hall conductance observed in 2D electron systems exhibiting the QHE is
topologically characterized by the TKNN invariant. Chiral edge channels in the QHE
carry current without dissipation and are immune to impurities. Their robustness and
exact current quantization highlight a deep topological foundation. Furthermore, the
observation of quantized Hall resistance in certain materials (quantum anomalous Hall
insulators), even in the absence of an external magnetic field, cannot be fully accounted
for by Landau level theory alone. This is where the groundbreaking work of D.J. Thouless,
M. Kohmoto, M.P. Nightingale, and M. Den Nijs (TKNN) in 1982 [36] becomes crucial.
The TKNN theory establishes that the Hall conductivity denoted as 0,, can be expressed
through the integrated Berry curvature [Q(k)] of the Bloch wave functions [u,, (k)] across
the entire Brillouin zone (BZ) of a two-dimensional crystal exhibiting the QHE:

Ne? e2 1
== —— Q(k)d*k 1.
Ty = T h27r}€92 (k)d (1.9)

1
The integral expression By $5, Q(k) d*k defines a topological quantity known as

T
the TKNN invariant. This invariant plays a central role in characterizing the topological
nature of electronic bands. To better understand its significance, the following section

will introduce the concept of Berry curvature Q(k), which underlies this formulation.

1.1.3 Berry Curvature

Berry curvature is a fundamental quantity describing the geometric properties of Bloch
electrons in crystals. It arises from the Berry phase, a geometric phase accumulated by a
quantum state as the Hamiltonian adiabatically evolves along a closed loop in momentum
space (the Brillouin zone). Consider an electron in a crystal, characterized by a Bloch
state |¢,(k)), where k is the crystal momentum inside the Brillouin zone and n is the
band index. When k adiabatically traces a closed loop C' in momentum space and returns
to its initial point, the electron’s wavefunction accumulates not only a dynamical phase
associated with its energy but also an additional geometric phase known as the Berry
phase, denoted by v, (C).

(€)= i f ()Tt 1) - de = § A (k) - dk (1.10)

Here, A, (k) = (¢, (k)| Vi, (k)) is the Berry connection (or Berry potential) for
the n-th band. It acts as a vector potential in momentum space.
Similarly to how a magnetic field is defined as the curl of the vector potential in real space,
the Berry curvature (€2,(k)) is defined as the curl of the Berry connection in momentum

space:
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Figure 1.5: Diagrammatic representation of 2DTIs with helical edge states. The
schematic is reproduced from Ref. [33].
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(k) = Vi x A, (k) (1.11)

In three dimensions, the Berry curvature is a vector field in momentum space. In Carte-

sian coordinates, its components are given by:

0

(2,.(k))i = Eijk%(An(k>>k (1.12)

where ¢;5;, is the Levi-Civita symbol.

Unlike the Berry connection, which depends on the choice of the phase of the wavefunction
(it is gauge-dependent), the Berry curvature is gauge-invariant. This makes it a physically
meaningful local quantity that characterizes the geometric properties of the Bloch bands
in momentum space.

In condensed matter physics, two primary types of Berry phases are considered: one
defined in momentum space (k-space) and the other in real space (r-space). Analogous
to classical electromagnetism, Berry curvature acts like an effective magnetic field, while
the Berry phase corresponds to the associated magnetic flux. In momentum space, Berry
phases typically arise from nontrivial band topology in the electronic structure, whereas
in real space, they are generally linked to complex magnetic textures. A key property of
Berry phases in the Brillouin zone (BZ) is their quantization: the integral of the Berry

curvature over a closed surface in the BZ yields an integer multiple of 27,
/ Q(k) d?k = 27C, (1.13)
BZ

where C' is the Chern number, a topological invariant that plays a crucial role in distin-

guishing topological phases of matter.



1.1.4 Two-Dimensional Topological Insulator

In addition, the physics of the recently found two-dimensional topological insulators
(2DTIs), also known as the quantum spin Hall (QSH) state, relies on the resilient edge
states [5, 39, 29, 40]. Unlike the QHE, which requires an external magnetic field and
breaks time-reversal symmetry, 2DTIs have edge states that are topologically protected
even when no magnetic field is applied. In 2DTIs, strong intrinsic spin—orbit coupling acts
as an effective magnetic field that points in opposite directions for spin-up and spin-down
electrons (see Fig.1.5). This results in two time-reversed copies of quantum Hall states,
each supporting a gapless edge mode. Consequently, 2DTIs host helical edge states,
characterized by spin-momentum locking, where electrons with opposite spins propagate
in opposite directions. Unlike the chiral edge states of quantum Hall systems, which
emerge in TRS-broken conditions, these helical edge states are shielded by TRS. Helical
edge states in 2DT1s appear as pairs of time-reversed states, known as Kramers doublets.
These edge states exhibit linear energy-momentum dispersion that crosses within the
bulk band gap, as illustrated in Fig. 1.6, reflecting their topologically protected nature.
The 2DTTI state was first identified in a semiconductor quantum well structure, where a

layer of HgTe was embedded between two CdTe layers [29].

1.1.5 Z, Invarient

In the quantum spin Hall (QSH) state, the total electric charge flow along the conducting
edge channels cancels out. Consequently, this integer TKKN invariant is insufficient to
define the QSH phase since it leads to a zero Chern number (C=0). The Z, topological
invariant enters the picture at this point and provides the fundamental tool for describing
this topologically distinct state. Time-reversal symmetry (7) plays a key role in defining
the Zy invariant. This symmetry imposes a constraint on the Hamiltonian, expressed
as TH(k)T ' = H(—k), where k is the crystal momentum. In fermionic systems with
spin-1/2, the nature of time-reversal symmetry, where 72 = —1 (Kramers theorem),
results in Kramers degeneracy. Consequently, all energy levels become at least two-
fold degenerate at the time-reversal invariant momenta (TRIM) in the Brillouin zone.
The topological invariant Zs serves to differentiate between two types of time-reversal
symmetric insulators. When Zy = 0 (a trivial insulator), the material can be smoothly
transformed into a standard band insulator without closing its bulk energy gap, and it
lacks topologically protected surface states. In contrast, when Zs = 1 (a topological

insulator), the material hosts topologically protected surface states [39].
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Figure 1.6: A schematic representation of the band structure of a two-dimensional topo-
logical insulator (2DTT), where helical edge states emerge within the bulk gap, connecting
the conduction and valence bands. The schematic is reproduced from Ref. [33].

1.1.6 Three-Dimensional Topological Insulator

In a two-dimensional topological insulator (2DTI), the bulk remains insulating, while one-
dimensional helical edge states form at the boundaries. In contrast, a three-dimensional
(3D) topological insulator features an insulating bulk but supports two-dimensional con-
ducting surface states. These surface states host massless Dirac fermions, exhibiting
spin-momentum locking where the electron spin is locked perpendicular to its momen-
tum. The surface Dirac cones are protected against gapping as long as TRS is preserved.
Although 2D TIs feature robust helical edge states, their realization typically requires pre-
cisely engineered quantum wells and clean samples at low temperatures. In contrast, 3D
TIs present naturally occurring materials with intrinsic topological properties, enabling
observation under more practical conditions, even at room temperature.

The classification of three-dimensional topological insulators (3D TIs) is determined by
four Z, topological invariants: v, 11, Vo, and v3 [6, 31, 1]. Among the four Z, invariants,
1 distinguishes between strong (1 = 1) and weak (19 = 0) topological insulators. The
remaining invariants (v, vy, v3) specify the Miller indices of the reciprocal lattice planes
where topologically protected k-points arise. In strong T1s, surface states are protected by
time-reversal symmetry and encircle an odd number of time-reversal invariant momenta
(TRIM) in the Brillouin zone. When vy = 0, the system behaves as a weak topological
insulator, where nontrivial topology appears along certain crystallographic directions.
Such materials can be viewed as stacks of two-dimensional quantum spin Hall (QSH)
layers, with their chiral edge states combining to form surface states along the stacking
axis. However, unlike strong TIs, where surface states are protected by time-reversal

symmetry against disorder, the surface states in weak TIs are more fragile and can be

11



easily disrupted by defects or weak interlayer interactions.
Experimentally, several 3DTIs have been identified, including Bi;_,Sbh, [41], BiySes [42,
32], BiyTes [42], and SbyTe; [31]. These materials exhibit robust topological surface states

protected by time-reversal symmetry.

1.2 Topological Semimetals

The valence and conduction bands in semimetals do not overlap like in ordinary metals;
rather, they intersect at particular points (nodes) or lines close to the Fermi level [43]. A
semi-metal becomes classified as a topological semimetal when its band crossings point to
be robust and protected by the intrinsic topological characteristics of the material. These
topological semimetals are characterized by linearly dispersive electronic bands located
at several high-symmetry points within the Brillouin zone (BZ). The stability of these
band-crossing points (BCPs) is guaranteed by the presence of fundamental symmetries,
such as time-reversal symmetry (TRS) and/or inversion symmetry (IS). Based on the
specific symmetry mechanism that safeguards these BCPs, topological semimetals are

classified primarily as Dirac semimetals[9, 44, 45] or Weyl semimetals [46, 11, 47].

1.2.1 Dirac Semimetal

Paul Dirac presented a groundbreaking equation in 1928 that brought together Einstein’s
special theory of relativity with single-particle quantum mechanics to create the first
relativistic framework for explaining spin-1/2 particles, such as electrons [48, 49]. The
covariant formulation of the Dirac equation, which governs the dynamics of relativistic
fermions, is given by:

(thy" 0y — me)p =0 (1.14)

In this expression, u = 0,1, 2, 3.... represents dimensionality of the space, ¢ denotes the
speed of light, m is the rest mass of the particle, and 4* are the Dirac gamma matri-
ces. Dirac originally formulated his equation to describe free fermions in vacuum under
high-energy conditions, where the particle’s energy and momentum are related by Ein-
stein’s relation E? = (pc)? + (moc?)?. However, in condensed matter systems, electrons
experience various interactions within the material and are not isolated. Instead, their
collective excitations behave like emergent particles known as quasiparticles. When these
quasiparticles obey the Dirac equation with a non-zero mass term (m # 0), they are
referred to as Dirac fermions. Materials in which such Dirac fermions appear are known
as Dirac semimetals. The electronic band structure of a Dirac semimetal is characterized
by the presence of four-fold degenerate points in the momentum space, which are termed

Dirac points. This fourfold degeneracy arises from the crossing of two doubly degenerate
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bands (due to spin degeneracy), protected by the combined action of time-reversal and

inversion symmetries.

The first experimental observation of Dirac fermions occurred in graphene [50], a two-
dimensional Dirac semimetal where electrons behave as massless relativistic particles.
Extending this concept to three dimensions is more complex. In three-dimensional sys-
tems, spin—orbit coupling (SOC) generally introduces a mass term m, leading to the
opening of an energy gap at the Dirac point. Consequently, additional crystalline sym-
metries, such as rotational symmetry or specific space group symmetries, are essential to
stabilize gapless Dirac nodes [51, 52].

Several materials, including CdsAs, [45, 9], ZrTes, Bi;_,Sby [53], NagBi [44, 54|, HoMngSng
[55], and TiBiSSe [56] have been experimentally confirmed to exhibit Dirac semimetal
behavior. Dirac semimetals demonstrate extraordinary transport phenomena, including
the chiral magnetic effect [53, 46, 57], exceptionally high charge carrier mobility [58, 59],
and large nonsaturating magnetoresistance [58, 59, making them promising platforms

for investigating topological quantum states.

1.2.2 Weyl semimetal

Shortly after Dirac formulated his relativistic wave equation, Hermann Weyl in 1929
derived an alternative equation that describes massless fermions [60, 61]. This equation

takes the form:

thopy = *ep - oy (1.15)

where 1 denotes the wave function associated with particles of positive or negative chi-
rality, and the corresponding Hamiltonian is Hy+ = +cp- o, with o representing the Pauli
matrices. Weyl fermions, which were previously believed to exist only in high-energy
physics, are now found in condensed matter systems, emerging as low-energy quasiparti-
cles in a class of materials known as Weyl semimetals. In Weyl semimetals, the conduction
and valence bands exhibit a linear crossing at isolated points within the Brillouin zone,
termed Weyl nodes. These special points, which give the material its unique topological
features, always come in pairs with opposing chirality. The energy of these Weyl points
follows the relationship £ = £pc, and they are located at distinct positions in momentum
space, separated by a specific momentum vector k. When these oppositely charged Weyl
nodes converge at the same k-point, their topological charges annihilate and give rise to
a Dirac node, resulting in massless Dirac fermions. Conversely, the splitting of a Dirac

point due to symmetry breaking leads to the emergence of a pair of Weyl nodes.
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Figure 1.7: (a) Linear band dispersion near the Dirac point in a Dirac semimetal (DSM),
stabilized by the coexistence of time-reversal symmetry (TRS) and inversion symmetry
(IS). (b) A Dirac point can split into minimum two oppositely chiral Weyl points. (c)
Band dispersion of a Weyl semimetal (WSM) where IS is preserved and TRS is broken,
resulting in the emergence of a minimum of two Weyl nodes at the same energy. (d)
Band dispersion of a WSM protected by TRS with broken IS, leading to a minimal 4
Weyl nodes. (e) Diagrammatic representation of a WSM in 3-D momentum space. The
red and black points represent Weyl nodes of opposite chirality. Their surface projections
are linked by topologically protected Fermi arcs, shown as green arrows. The finite Berry
flux enclosed between the Weyl nodes results in a non-zero Chern number C' = 1 for
intermediate momentum planes, while planes outside this region exhibit C' = 0. The
figures are reproduced from Ref. [62].

Figure 1.7(a) schematically depicts a Dirac cone arising from the linear crossing of con-
duction and valence bands at a Dirac point, stabilized by the concurrent presence of
inversion symmetry (IS) and time-reversal symmetry (TRS). Breaking either IS or TRS
lifts the four-fold degeneracy at the Dirac point, leading to the emergence of multiple
Weyl points. Specifically, breaking TRS while preserving IS results in the formation of at
least two Weyl points with opposite chirality, which remain at the same energy due to the
protection afforded by inversion symmetry [Fig. 1.7(c)]. In contrast, breaking inversion
symmetry (IS) while preserving time-reversal symmetry (TRS) leads to the formation
of a minimum of four Weyl points [Fig. 1.7(d)]. Under preserved TRS, Weyl nodes at
momenta k and —k must carry the same chirality. To satisfy the requirement of zero net
topological charge across the Brillouin zone, additional Weyl nodes with opposite chi-
rality must emerge at different momenta. As a result, TRS-protected Weyl semimetals
necessarily host at least four Weyl points.

Materials such as the TaAs [47] and MoTe, [63] families exhibit Weyl semimetallic phases
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Figure 1.8: Schematic representations of (a) type-I and (b) type-II Weyl semimetals,
showing constant energy contours intersecting the Weyl nodes. The diagrams are repro-
duced from Ref. [62].

(WSM) that arise through broken inversion symmetry (IS). TRS-breaking Weyl semimet-
als are of considerable interest due to their ability to exhibit a significant anomalous Hall
effect (AHE), arising from the nonzero Berry curvature. TRS broken Weyl fermions ap-
pear in kagome magnets like Co3zSnySy [16], MngX (X = Sn, Ge, Ga) series [15, 64—66],
and FeszSny [19].

Weyl fermions are uniquely characterized by their behavior as effective magnetic monopoles
in momentum space. This phenomenon arises from the Berry curvature, a fundamental
geometric property of the electronic band structure that acts like a magnetic field in k-
space. At a Weyl node, the Berry curvature either diverges outward (acting as a source)
or converges inward (acting as a sink), depending on the node’s chirality. The topological
charge associated with each Weyl point, its chirality, can be calculated by integrating the
Berry curvature over a closed surface surrounding the node. This concept is schematically
illustrated in Fig.1.7(e).

A further characteristic of Weyl semimetals is the appearance of Fermi arcs, which are
unusual surface states that link the oppositely chiral projections of Weyl nodes on the
material’s boundary. These arcs are a direct consequence of the topological nature of the
bulk Weyl nodes and are guaranteed to exist by their monopole character. Interestingly,
Fermi arcs from opposite surfaces are topologically connected through the bulk, forming
a unique fingerprint of Weyl physics in these materials [52], as seen in Fig.1.7(e).

The topological Fermi arcs were first realized in WSM TaAs by ARPES measurements
[47]. Subsequently, MoTe, [67] and other transition metal dichalcogenides [68, 69] were
also found to exhibit topological Fermi arcs and WSM phase.
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Weyl semimetals are broadly classified into two types based on the geometry of their
energy dispersion near the Weyl nodes. Type I Weyl semimetals feature upright, conical
band crossings resulting in point-like Fermi surfaces. In contrast, Type-II Weyl semimet-
als exhibit strongly tilted Weyl cones in energy-momentum space, leading to an overlap
of electron and hole pockets near the Weyl points. In both cases, the Weyl point itself
appears at the touching point of conduction and valence bands, as illustrated in Fig.1.8(a)
and (b).

1.3 Kagome Lattice Systems

The kagome lattice is a two-dimensional periodic structure characterized by a network
of corner-sharing triangles, forming a pattern that resembles traditional Japanese woven
baskets, where the name kagome originates (kago meaning basket and me referring to eye
or mesh). Due to its unique geometry, the kagome lattice inherently exhibits geometrical
frustration. This makes it a prime candidate for studying exotic magnetic ground states
like quantum spin liquids. This distinctive lattice structure supports a range of intriguing
phenomena, including flat bands, Dirac points, and non-trivial band topology, making it
a promising platform for exploring correlated electronic phases and topological effects.
Moreover, the kagome lattice’s distinctive electronic, magnetic, and geometric structure
enables it to host a range of exotic physical phenomena. This makes the kagome lattice
an ideal platform for investigating topological quantum materials, particularly in the

context of their electronic and magnetic properties.

1.3.1 Geometrical Frustration

In a triangular lattice with antiferromagnetic (AFM) exchange interactions, spins pre-
fer to align antiparallel to their neighbors. However, due to the triangular geometry,
it is impossible for all three spins in a triangle to simultaneously satisfy this condition.
If two spins are antiparallel, the third cannot be antiparallel to both. This inherent
conflict leads to geometrical frustration, resulting in six degenerate spin configurations
that prevent long-range ordering (see Fig. 1.9). The ground state becomes a quantum
superposition of these configurations, resulting in long-range spin entanglement. This en-
tangled state can support fractionalized spin excitations, characteristic of a quantum spin
liquid (QSL) phase [12, 70, 13]. Kagome lattices, composed of corner-sharing triangles
forming a hexagonal network, naturally host such geometric frustration and are prime
candidates for realizing QSLs. Notable examples include KCugAlBiO4(SO4);5Cl [20] and
YCus(OH)eBry[Br,. (OH); ] [21].
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Figure 1.9: (a) Geometric frustration within a triangular Ising antiferromagnet. (b)
Possibility of diverse ground state configurations.

1.3.2 Electronic Properties

The tight-binding model for electrons on a kagome lattice is represented by the Hamil-
tonian,
H=—tY (c,c,+hec), (1.16)
(ig),o
where t is the nearest-neighbor hopping amplitude and h.c. refers to the Hermitian con-
T

jugate. Here, ¢; , and ¢;, are the creation and annihilation operators for electrons with
spin ¢ at site ¢. This model produces an electronic band structure characteristic of the
kagome lattice, as shown in Fig. 1.10(c), comprising Dirac points, van Hove singularities,
and a flat band arising from the destructive interference inherent to the lattice geometry
(71, 72].

At the energy level F3 = 2t, the kagome lattice exhibits an ideal flat band that extends
uniformly throughout the Brillouin zone [Fig. 1.10(f)]. This unusual band originates
from localized eigenstates whose wavefunctions are confined due to the kagome geometry.
Specifically, the lattice arrangement leads to precise destructive interference of electronic
hopping amplitudes, effectively quenching the kinetic motion. This cancellation mecha-
nism, illustrated in Fig. 1.10(b), is responsible for the emergence of the non-dispersive,
flat electronic band. Also Dirac cones would emerge at the corners of the hexagonal BZ
[Fig.1.10(d)]. In addition two van Hove singularities also appear at the boundary of the

BZ [Fig.1.10(e)].
A wide range of Kagome-lattice-based materials have been intensively investigated in

recent years, revealing diverse and intriguing physical properties [73-77]. One notable

example is Co3SnsyS,, which is a kagome ferromagnet where Co atoms form a Kagome net-
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Figure 1.10: (a) 2D kagome network. (b) Kagome lattice electron confinement with
nearest-neighbor hopping exhibits flat band eigenstates with alternating phase (£) on
adjacent sublattices. (c) Tight-binding Hamiltonian and electron band structure. The
presence of (d) Dirac cones, (e) van Hove singularities, and a (f) flat band within the
hexagonal Brillouin zone. The figures are reproduced from Ref. [71]

work. This compound exhibits a pronounced intrinsic anomalous Hall effect, attributed
to momentum-space Berry curvature arising from broken time-reversal symmetry [16].
Furthermore, it hosts Weyl fermions that contribute to a chiral anomaly in electronic
transport [73, 16]. Another important class of materials, MnzX (X = Sn, Ge), is non-
collinear antiferromagnets that challenged the traditional understanding of anomalous
Hall effect phenomena, previously believed to occur only in ferromagnets. Nakatsuji et
al. [74] reported anomalous Hall conductivity in Mn3Sn, marking a paradigm shift. In
Mn3 X systems, the anomalous Hall effect (AHE) originates from the non-zero Berry cur-
vature in momentum space, which is a consequence of the specific non-collinear magnetic
order locally breaking time-reversal symmetry (7)) in the presence of type-II Weyl nodes
in the electronic band structure [18, 78, 15, 79].

Other Kagome metals such as FeSn and CoSn have attracted attention due to the emer-
gence of flat bands near the Fermi level, which may lead to correlated electronic states
[75, 80, 81]. Additionally, the AV3Sbs (A = alkali metals) family has drawn considerable
interest for hosting superconductivity alongside charge density wave (CDW) ordering
[76, 82]. These features make them potential candidates for realizing topological su-
perconductivity and hosting exotic quasiparticles like Majorana fermions [83]. Recently,
rare-earth-based Kagome compounds such as RMngSng [77] have emerged as a clean plat-
form for studying Mn-based Kagome networks. Notably, TbMngSng has been reported
to exhibit characteristics of a quantum-limit Chern magnet [84], highlighting the richness

of magnetic topological phases in kagome materials. Near room temperature, the anti-
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ferromagnetic YMngSng exhibits a huge topological Hall effect [85]. Compounds such as
HoMngSng [55] and LiMngSng [86] exhibit a pronounced anomalous Hall effect along with

unconventional magnetic behavior and host Dirac points at the high-symmetry K point.

1.4 Magnetism

Magnetism, a cornerstone of physics, emerges from the intrinsic motion of electric charges
at the atomic level. Specifically, the intrinsic spin and the orbital motion of electrons are
the primary quantum mechanical origins of magnetic moments. Each electron behaves
as a microscopic magnet, possessing its own magnetic dipole moment. The collective
alignment and interaction of these individual electronic magnetic moments across all the

atoms within a material dictate the material’s macroscopic magnetic properties.

1.4.1 Spin Magnetic moment

Electrons inherently carry a fundamental type of angular momentum called spin (S). This
1
29
in two possible spin states, commonly called spin-up and spin-down, Fig.1.11. Electron

spin is characterized by a fixed quantum number s = 3, indicating that electrons exist
spin is essential for producing magnetic moments and is the basis for many quantum
and magnetic events in condensed matter systems. The magnitude of the spin angular

moment is |S| = hy/s(s + 1).

The corresponding spin magnetic moment is

e —
s = —gs S 1.17
Ks g 2m, ( )

Here, g, ~ 2 denotes the Landé g-factor for the electron, while e and m, represent the

electron’s charge and mass, respectively.

1.4.2 Orbital Magnetic Moment

Electrons orbiting the nucleus possess orbital angular momentum L, arising from their
quantized motion in atomic orbitals. In quantum mechanics, this angular momentum is
described by the quantum number [, where |L| = hy/I(l + 1). The motion of the charge
particle creates a magnetic moment puy, given by

[ —

i =5 L (1.18)

The orbital magnetic moment p; and the orbital angular momentum L of an electron

are opposite in direction because of the negative charge of the electron.

19



S 2

Spin magnetic moment Orbital magnetic moment

Figure 1.11: Spin and orbital magnetic moment of electron

1.4.3 Total Magnetic Moment

An electron’s total angular momentum is the vector sum of its spin and orbital compo-
nents: J = L+S. This leads to total magnetic moment fiy = pir, + tis. The corresponding

total magnetic moment can be written as,

e -
. 1.1
o (1.19)

—

Hy = —gJ

The Landé g-factor, g; is determined by the following formula:

J(J+1)+S(S+1)— L(L+1)
2J(J +1)

gr =1+ (1.20)

1.4.4 Magnetic Ordering

Magnetic ordering in a material arises from a complex combination of factors, including
its crystal structure, the electronic configuration of its constituent atoms, and the nature
of interactions between magnetic moments (e.g., exchange interactions). These elements
collectively determine how atomic or ionic magnetic moments arrange themselves within
a solid, giving rise to various types of magnetic order. The main categories include
Ferromagnetism: Ferromagnetic materials are characterized by the parallel alignment
of neighboring atomic magnetic moments, leading to spontaneous net magnetization even
without an external magnetic field. A key feature of ferromagnets is hysteresis, where
the magnetization depends on the material’s prior exposure to magnetic fields. How-
ever, above the Curie temperature (7 ), thermal agitation overcomes the exchange in-
teractions, and the material transitions to a paramagnetic state, losing its spontaneous
magnetization.

Antiferromagnetism: Antiferromagnetic materials exhibit a magnetic ordering in which

adjacent atomic magnetic moments align antiparallel, resulting in a complete cancellation
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Figure 1.12: Spin configuration of various types of magnetic ordering.

of the net magnetization. This ordered state is stable below a characteristic temperature
known as the Néel temperature (7).

Ferrimagnetism: Ferrimagnetism is a magnetic ordering phenomenon characterized by
antiparallel alignment of magnetic moments on distinct sublattices within a material,
similar to antiferromagnetism. However, unlike in antiferromagnets, the opposing mag-
netic moments in ferrimagnets are unequal in magnitude, resulting in a net spontaneous
magnetization. Although this net moment is typically smaller than that observed in
ferromagnets, ferrimagnetic materials still exhibit key ferromagnetic properties such as
hysteresis.

Paramagnetism: Paramagnetic materials possess randomly oriented atomic magnetic
moments in the absence of an external magnetic field, resulting in zero net magnetization.
Upon application of an external magnetic field, these moments partially align with the
field, producing a weak induced magnetization that disappears once the field is removed.
Diamagnetism: Diamagnetism is a universal but weak magnetic response observed in all
materials, arising from induced changes in the orbital motion of electrons when subjected
to an external magnetic field. This effect generates a magnetization opposite to the
applied field, resulting in a small, negative magnetic moment that is largely temperature-
independent.

Complex Magnetic Ordering: In addition to conventional magnetic orders, mate-
rials can exhibit more intricate magnetic behaviors. Helimagnetism involves a spiral
arrangement of magnetic moments across layers, while canted antiferromagnetism fea-
tures slightly misaligned antiparallel spins, yielding a weak net magnetization. Spin
glasses are characterized by randomly frozen magnetic moments due to competing inter-
actions, resulting in a disordered magnetic state below a specific freezing temperature.

Superparamagnetism occurs in nanoscale ferromagnetic or ferrimagnetic particles, where
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thermal fluctuations can randomly reorient the magnetization, eliminating remanence

despite strong individual moments.

1.5 Hall Effect

The Hall effect, a fundamental phenomenon in solid-state physics, results from the action
of the Lorentz force on charge carriers moving through a conductor under a perpendicu-
lar magnetic field. It has found widespread utility in a variety of technological applica-
tions, from precise magnetic field sensing for the characterization of materials’ electronic
properties. Typically, in the standard Hall effect, the Hall resistivity exhibits a direct
proportional relationship with the strength of the applied magnetic field. The rate at
which this resistivity changes with the field is uniquely determined by the concentration
of charge carriers within the material. However, in certain magnetic materials, the Hall
resistivity does not follow this linear behavior. Instead, it shows a direct correlation
with the magnetization of the material. This behavior is referred to as the anomalous
Hall effect (AHE). Beyond the conventional and anomalous Hall effects, certain materials
exhibit additional contributions to Hall resistivity that cannot be solely attributed to
magnetization. These extra contributions may originate from the topological Hall effect

(THE), which arises from non-coplaner spin textures within the material.

1.5.1 Anomalous Hall Effect

The behavior of Hall resistivity (p,,) in ferromagnetic vs nonmagnetic conductors under
a perpendicular magnetic field (H,) was shown to differ significantly in early experimen-
tal studies. In conductors lacking intrinsic magnetism, the Hall resistivity (p.,) exhibits
a linear increase with the magnitude of the applied magnetic field (H,) oriented per-
pendicularly to the current. In contrast, ferromagnetic materials exhibit a sharp initial
rise in pg, at low H,, which eventually levels off, reaching a saturation value that re-
mains almost unchanged even as H, increases further (Fig. 1.13). Kundt observed that,
for materials like Fe, Co, and Ni, the saturated Hall resistivity is about in line with
the magnetizationM, [87]. Subsequent experiments by Pugh [88] and Pugh and Lippert
[89] demonstrated an empirical relationship between the Hall resistivity p,,, the applied

magnetic field H,, and the spontaneous magnetization M,, expressed as:
Pay = RoH, + R, M, (1.21)

In this case, the ordinary Hall effect is represented by the first term RyH., and the
AHE, which is the contribution from spontaneous magnetization, is represented by the

second term R;M,. Unlike Ry, which is predominantly influenced by carrier density, R,
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Figure 1.13: The anomalous Hall resistivity of Ni is presented as a function of the external
magnetic field, taken from [90].

was found to exhibit a more complex dependence on various material-specific parameters,
particularly longitudinal resistivity p,.. Early studies on the relationship between Hall
resistivity (pgy) and resistivity (p,,) often used a power-law formula, p,, o« p%,, where
a was usually 1 or 2. There has been a long-standing debate about the origin of the
anomalous Hall effect (AHE).

The semiclassical theories of the anomalous Hall effect (AHE), developed by Smit
and Berger, emphasized the role of impurity-induced disorder in non-ideal crystals. Smit
proposed that the primary origin of AHE lies in skew scattering, an asymmetric deflec-
tion of charge carriers resulting from spin-orbit coupling with impurities (see Fig. 1.14
(c)). This mechanism leads to a linear scaling of the anomalous Hall resistivity with lon-
gitudinal resistivity (pzy o pzz). In contrast, Berger suggested that AHE arises from a
side-jump process, where electrons undergo a lateral displacement during scattering from
spin-orbit-coupled defects, contributing to the Hall current through a different physical
mechanism (see Fig. 1.14 (c)). This mechanism results in the anomalous Hall resistivity
scaling quadratically with the longitudinal resistivity, expressed as p., x p2,.

In 1954, Karplus and Luttinger (KL) proposed a theory for the anomalous Hall
effect (AHE), offering valuable insights into its underlying mechanism. They demonstrate
that when a material is subjected to perpendicular electric and magnetic fields, the elec-
trons acquire an additional velocity component, referred to as anomalous velocity, that
is perpendicular to the applied fields. In ferromagnetic conductors, the net anomalous
velocity from all occupied electronic states does not cancel out, resulting in a finite AHE.
This contribution, originating intrinsically from the material’s electronic band structure
and largely independent of scattering processes, demonstrates a proportionality where
the Hall resistivity (p.,) scales quadratically with the longitudinal resistivity (p..), i.e.,
Py X p2.. The Karplus-Luttinger (KL) theory faced criticism for neglecting disorder

scattering. In contrast, semiclassical AHE theories by Smit and Berger introduced the
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Figure 1.14: This figure illustrates the three primary mechanisms (a) intrinsic, (b) side
jump, and (c) skew scattering mechanism that contribute to the anomalous Hall effect
(AHE). (a) Intrinsic deflection: Electrons acquire an anomalous velocity component
perpendicular to the applied electric field, which arises from the Berry curvature in mo-
mentum space. dé? = %% +3E X b, second term in this equation governs the anomalous
velocity. (b) Side jump: When an electron approaches or moves away from an impurity,
it undergoes a transverse displacement, known as a side jump, which occurs perpendicular
to both its initial velocity and the applied electric field. (c) Skew scattering: Asym-
metric electron scattering caused by the spin-orbit interaction, either originating from
the electron itself or from the impurity. In any real material, the motion of electrons is
influenced by a combination of these mechanisms. Images are remade from [90]

role of disorder. The anomalous Hall effect (AHE) remained an unresolved phenomenon
for a long time. The breakthrough came with the recognition that the intrinsic component
of the AHE could be understood through the concept of Berry curvature in momentum
space, offering profound insight into this longstanding puzzle [91, 90]. It was later estab-
lished that the Karplus-Luttinger (KL) mechanism for the intrinsic AHE is fundamentally
linked to the Berry phase associated with the occupied Bloch states [91, 92, 90].
Despite ongoing debates, it is now generally accepted that the total anomalous

Hall conductivity (AHC) consists of three distinct contributions:
OAH = Oint T O + 055, (1.22)

where 0y, represents the intrinsic Karplus-Luttinger (KL) term, while oy, and oy, cor-
respond to the extrinsic contributions from skew scattering and side jump mechanisms,

respectively.
Differentiating between intrinsic and extrinsic contributions has proven to be a

significant experimental problem in many materials where both coexist. Tian et al.[92]

later introduced a new scaling law for the AHE, offering a unified and more complete
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Figure 1.15: A non-coplanar spin structure with non-zero scalar-spin chirality can give
rise to skyrmions. When electrons traverse such a skyrmion structure, their paths can be
deflected. Image taken from Ref. [96]

framework to describe the interplay between various AHE contributions. Incorporating
the residual resistivity, this TYJ scaling law is written as pfy = f(puz0, Pzz)- The empirical
form of this TYJ [92, 93] scaling for AHE is,

A
A _ _
Oxy = (aax:vlo + BazmQO)O-iz + b= pizylé]o-ix + b? (124)
where 0.0 = 1/puz0 is the residual conductivity, o and f are constants, and b represents
the intrinsic contribution to the conductivity originating from the Berry curvature, typi-

cally considered temperature-independent.

1.5.2 Topological Hall Effect

The topological Hall effect (THE) arises from non-coplanar spin structures, where the
scalar spin chirality [x;;x = 5;.(S; X Sk)] becomes nonzero. This results in the creation of
a real-space Berry curvature, which gives rise to the THE [94, 95]. When conduction elec-
trons move through non-coplanar spin textures like skyrmion lattices, they adiabatically
align their spins with the local magnetic moments. This creates a non-zero Berry cur-
vature in real space, deflecting charge carriers transversely and generating a topological
Hall voltage (see Fig. 1.15).
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Figure 1.16: Various contributions to the total Hall resistivity. Here, ,oivy is the normal
Hall resistivity, pﬁy denotes the anomalous Hall resistivity and pfy corresponds to the
topological Hall resistivity.

In Hall effect measurement, the total Hall resistivity can be represented as,

pay(H) = p2(H) + pi,(H) + pi,(H)

y (1.25)
= poRoH + poRsM + pg, (H)

Since the topological Hall effect (THE) originates from non-coplanar chiral spin
textures, applying a strong external magnetic field can disrupt these configurations by
aligning the spins along the field direction. As a result, the topological Hall resistivity
(,ofy), which arises from the real-space Berry curvature generated by the non-coplanar
spin structure can become negligible. So, in the high magnetic fields region pfy — 0 and
we can rewrite the Eqn. 1.25 as,

T
/Z)% — Ry + st\[j (1.26)

To isolate the topological Hall resistivity component from the total Hall response,
we first fit the high-field Hall resistivity data using Eqn. 1.26 to determine the normal (Ry)
and anomalous (Rg) Hall coefficients. These extracted coefficients are then substituted
into Eqn. 1.25, allowing us to subtract the conventional contributions and obtain the
topological Hall resistivity (see Fig. 1.16).

Non-coplanar spin textures in magnetic systems can emerge from a variety of
intriguing origins, such as Dzyaloshinskii-Moriya interaction (DMI) in noncentrosym-
metric systems, the interplay between uniaxial anisotropy and dipole-dipole interactions,

and the emergence of skyrmion lattices induced by chiral domain walls [97-100]. These
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mechanisms underscore the intricate relationship between lattice symmetry, magnetic
anisotropy, and topologically nontrivial spin textures in governing the origin of THE.
Beyond the well-established mechanisms, recent theoretical models and experimental in-
vestigations have uncovered that skyrmions, typically associated with systems lacking
inversion symmetry, can also be stabilized in centrosymmetric materials. This unex-
pected stabilization challenges conventional perspectives and implies that nontrivial spin
textures can also arise in materials with centrosymmetric crystal structures [101, 102, 95],
such as GdyPdSiz [103] and GdsRuyAlys [22], primarily driven by magnetic frustration.
Additionally, recent investigations have shown that Fe doping in Mn3Sn enhances magne-
tocrystalline anisotropy and induces a non-coplanar spin structure, leading to the emer-
gence of a topological Hall effect (THE) at low temperatures [104]. Similarly, FesSny,
another centrosymmetric system, exhibits THE and skyrmion bubbles, driven by the

formation of a non-coplanar spin structure and large magnetocrystalline anisotropy [17].

1.6 Magnetoresistance

Large magnetoresistance (MR) in magnetic materials is an uncommon phenomenon [105-
107], yet its potential for technological applications is significant [108, 100, 109]. For this
reason, a crucial area of study for physicists and materials scientists is the hunt for systems
with extraordinarily high magnetoresistance. When an external magnetic field is applied
to a material, the trajectories of free charge carriers of a current-carrying conductor
are altered due to the Lorentz force. This modification in carrier motion influences the
scattering processes within the material, leading to a change in its electrical resistivity.
This phenomenon is known as magnetoresistance (MR), which quantifies the relative

resistivity variation with the applied magnetic field. It is mathematically expressed as

p(H) — p(0)

p(0) 7
where p(H) is the resistivity in the presence of a magnetic field H, and p(0) is the re-
sistivity in zero field. Lord Kelvin (then William Thomson) first noticed the effect in

1856 when analyzing the resistance of an iron sample. Within a material, charge carri-

MR = (1.27)

ers such as electrons preferentially navigate paths that minimize scattering events. This
tendency allows electrons to travel along routes of least resistance and energy dissipation
as they move across the sample. When an external magnetic field is applied to a ma-
terial, electrons are deflected from their low-scattering paths due to the Lorentz force.
This deviation increases the overall resistance of the sample, leading to a rise in resistiv-
ity. Therefore, a positive magnetoresistance (MR) is generally expected. It is sometimes
plausible to observe negative MR in thin samples (thickness < mean free path) at low

temperatures. Applying a magnetic field perpendicular to the surface causes electrons
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to follow circular orbits, which can reduce surface scattering. As a result, the overall
resistance of the sample decreases [110]. Furthermore, ferromagnetic materials often ex-
hibit negative magnetoresistance (MR) [105, 110, 107]. This occurs because the applied
magnetic field aligns the spins along its direction, thereby reducing spin-dependent scat-
tering. As a result, electrons can move more freely through the material, leading to a

decrease in resistance.

1.6.1 Different Types of MR

MR phenomena can be categorized based on their magnitude and underlying mecha-
nisms into various types, including ordinary MR (OMR), giant MR (GMR), colossal MR
(CMR), and tunneling MR (TMR). In most of the systems, these MR (OMR) changes
are relatively small, typically below 5 % [105, 111, 110]. Giant magnetoresistance (GMR)
is an effect observed in reduced-dimensional systems, specifically within thin films or lay-
ered heterostructures [112, 107]. In addition, colossal magnetoresistance (CMR) is mostly
observed in manganese-based perovskite oxides [108, 107]. On the other hand, tunnel-
ing magnetoresistance (TMR) is a phenomenon exhibited by magnetic tunnel junctions
(MTJs), which are fabricated by inserting a thin insulating layer between two ferromag-
netic films [113]. Beyond these established magnetoresistive effects, the recent discovery
of extremely large magnetoresistance (XMR) in a variety of materials has generated sig-

nificant scientific interest.

1.6.2 Extremely Large Magnetoresistance (XMR)

The magnetoresistance (MR) of certain metals or semimetals can show a remarkable and
quick increase at low temperatures, reaching values as high as 103% —108% or even higher.
Most importantly, the MR does not attain saturation even at extremely high magnetic
fields. This distinctive type of magnetoresistive behavior is classified as Extremely Large
Magnetoresistance (XMR).

The origin of extremely large magnetoresistance has been widely studied, and
several mechanisms have been proposed to explain this intriguing behavior. One key
factor is high charge carrier mobility, which allows electrons to respond strongly to applied
magnetic fields, leading to large changes in resistance [114]. Another widely accepted
explanation is electron-hole compensation, where nearly equal numbers of electrons and
holes contribute to electrical transport [115, 107, 116]. In systems with nearly equal
densities of electrons and holes, the transverse currents induced by the Lorentz force
tend to cancel, effectively suppressing the Hall electric field. This suppression allows the
Lorentz force to more strongly influence carrier trajectories, enhancing their curvature.
The resulting increase in carrier scattering and reduction in longitudinal mobility lead to

a pronounced rise in electrical resistivity under an applied magnetic field. Additionally,

28



the presence of topological fermions, such as Dirac or Weyl fermions, has been linked
to XMR in certain materials, where non-trivial band topology plays a significant role in
enhancing magnetoresistive effects [117]. Moreover, the geometry of the Fermi surface,
especially when characterized by open orbital paths, has been found to strongly influence
charge transport in magnetic fields. In such cases, carriers follow extended trajectories

across the Fermi surface, amplifying the MR response [118§].

1.6.3 Angle Dependent Magnetoresistance (ADMR)

In many materials, the magnetoresistance exhibits strong directional dependence, mean-
ing its magnitude varies with the orientation of the applied magnetic field relative to
specific crystallographic axes. This phenomenon is known as angular-dependent mag-
netoresistance (ADMR). The magnetoresistance of a material is strongly linked to its
Fermi surface topology [119]. The shape of the Fermi surface dictates the paths that
charge carriers take under a magnetic field, consequently influencing the material’s elec-
trical conductivity [120, 119]. In many materials, the Fermi surface is highly complex
and can be significantly altered by external parameters such as pressure, temperature,
or doping, making its experimental characterization a challenging task. A practical and
effective approach to probe the Fermi surface is through angle-dependent magnetore-
sistance (ADMR) measurements, which provide valuable insights into its geometry and
anisotropy by analyzing how MR varies with the orientation of the applied magnetic field
[119, 121].

The angle-dependent magnetoresistance (ADMR) patterns observed in various ma-
terials exhibit distinct symmetries, including twofold, fourfold, sixfold, and even higher-
order symmetries. Several mechanisms have been proposed to explain the emergence
of symmetric patterns in angular-dependent magnetoresistance (ADMR), each reflecting
the complex interplay between structural, magnetic, and electronic factors in a mate-
rial. Here are the mechanisms associated with ADMR: (i) Magnetocrystalline anisotropy,
in which resistance varies due to the dependency of magnetic characteristics on crys-
tallographic orientations, is one significant contribution. [122-124]. (ii) Spin scattering
near antiphase boundaries (APBs), which disrupt spin alignment and introduce direction-
dependent scattering effects, particularly in complex oxide materials [125-127]. (iii) Ex-
change bias, often present in systems with ferromagnetic/antiferromagnetic interfaces,
can further induce anisotropic magnetic behavior that affects transport properties. (iv)
Relaxation time anisotropy, arising from direction-dependent carrier scattering and Fermi
surface topology, also plays a significant role in shaping ADMR symmetries [128, 129].
(v) The intrinsic lattice symmetry, which governs the overall electronic structure and of-
ten determines the rotational symmetry observed in ADMR, such as two-fold, four-fold,
or six-fold patterns [130, 129]. (vi) Modulation of the density of states (DOS) near the
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Fermi level, influenced by the orientation of the magnetic field, can induce angular vari-

ations in charge carrier availability and electrical conductivity, thereby contributing to

the angular-dependent magnetoresistance (ADMR) [128, 131]. Collectively, these mech-

anisms demonstrate the involved physics behind anisotropic magnetotransport and the
diverse origin of ADMR.
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Chapter 2

Methodology

The exotic topological and physical properties of quantum materials are typically
investigated through both theoretical modeling and experimental studies. This thesis
adopts an experimental approach, focusing on the synthesis of high-quality single crystals
and the comprehensive study of their physical properties.

This chapter outlines the experimental methodologies employed for all the studies
in this thesis. It begins with the synthesis of high-quality single crystals, followed by
the structural and compositional characterization using techniques such as X-ray diffrac-
tion (XRD), energy-dispersive X-ray spectroscopy (EDXS), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). The chapter also introduces the
Quantum Design PPMS DynaCool system, describing its core modules, including the
vibrating sample magnetometer (VSM), electrical transport option (ETO), and heat ca-
pacity option, used to investigate the magnetic, electrical, and thermal properties of the

grown crystals.

2.1 Single Crystal Growth

Solids can be classified as crystalline or amorphous according to the arrangement of
their constituent atoms, molecules, or ions. Crystalline solids exhibit a well-ordered, re-
peating three-dimensional lattice structure that extends over long ranges. In contrast, the
amorphous state lacks this periodicity, resulting in a disordered atomic or molecular struc-
ture. Crystalline solids can be further categorized into polycrystalline and single-crystal
materials. A polycrystal consists of numerous small crystallites or grains, each with its
own orientation, separated by grain boundaries. In contrast, a single crystal is charac-
terized by a continuous and uninterrupted lattice structure that extends throughout the
entire material without grain boundaries. This uniformity imparts superior mechanical,
optical, and electronic properties, making single crystals essential for advanced techno-

logical applications. From a research perspective, high-quality single crystals are vital
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for accurately measuring a material’s fundamental physical properties. In polycrystalline
materials, grain boundaries act as scattering centers, distorting charge carrier behav-
ior and causing deviations in electrical transport measurements. Additionally, studying
anisotropic properties, such as direction-dependent electrical and magnetic behavior, re-
quires single crystals. Therefore, high-quality single crystals are essential for obtaining
reliable and precise data.

Single crystals can be grown using a variety of methods, each optimized for different
materials and desired crystal qualities. Frequently used techniques include chemical vapor
transport (CVT), melt and control cooling method, the Bridgman-Stockbarger technique,
the Czochralski pulling method, flux growth, and solid-state synthesis. The choice of
method depends on the specific characteristics and growth needs of the material. In this
thesis, the melt and controlled cooling method was primarily employed to grow MnsGe,
Fe-doped Mn3Ge, and FesGe single crystals. Additionally, the flux growth technique was
used for the synthesis of RFegSng (R = Ho, Dy) single crystals.

2.1.1 Nucleation Phenomena

The initial stage of single crystal growth is nucleation, where a small number
of atoms, ions, or molecules in a supersaturated solution, melt, or vapor self-assemble
into a stable, ordered arrangement that mimics the crystal’s structure. This tiny, ordered
aggregate is called a nucleus. In single crystal growth, it’s important to control nucleation
so that only one nucleus forms and grows into a large well-ordered crystal. If more than
one nucleus forms, the crystal grows in multiple directions, resulting in a polycrystalline
structure rather than a single continuous crystal. Numerous natural phenomena are
driven by nucleation. A well-known example is the formation of raindrops, where water
vapor condenses around tiny particles in the atmosphere. Similarly, when a carbonated
beverage is opened, the sudden drop in pressure causes carbon dioxide bubbles to nucleate

and rise to the surface.

Types of Nucleation

« Homogeneous nucleation: Homogeneous nucleation occurs uniformly through-
out the parent phase without any preferential sites. This process typically requires
a high degree of supersaturation or undercooling because it involves overcoming a
substantial energy barrier. It’s rare in practical crystal growth since it is energeti-

cally less favorable.

» Heterogeneous nucleation: Heterogeneous nucleation takes place at specific sites
such as container walls, impurities, or seed crystals. It has a lower energy barrier

compared to homogeneous nucleation and is the dominant mechanism in most prac-
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Figure 2.1: Change in free energy during the formation of a nucleus. The diagram is
remade from Ref. [1].

tical crystal growth methods. In single crystal growth, controlled heterogeneous
nucleation is often initiated using a seed crystal to guide the growth direction and

orientation.

The formation of a liquid droplet or solid nucleus in a uniform medium requires energy
to create a new surface. This total work W combines the positive surface energy Wy and

the negative bulk energy W, expressed as:

W=W,—-W, (2.1)

For a spherical droplet in a supersaturated solutions, this becomes:

W =ao —vG, (2.2)

Where o is the surface tension, and G, is the energy released per unit volume from the
phase transformation.

For a droplet of radius r, the Gibbs free energy change is:

4
AG = 4rrio — gm“SGZ, (2.3)
To find the critical nucleus size, set the derivative d(AG)/dr = 0, yielding the critical
radius:
20 16703
Te = ay and AGC = 37G3 (24)



This defines the size and energy barrier a nucleus must overcome to grow spontaneously.

Figure 2.1 illustrates how the energy change during nucleation depends on cluster
radius: the surface energy increases with 72, while the volume energy decreases with 3,
creating an energy barrier with a maximum at the critical radius r.. Clusters smaller
than this r. are unstable and tend to dissolve, as the surface energy cost outweighs the
bulk energy gain. Only clusters reaching r., the critical nucleus, can grow further by
lowering total energy through bulk phase transformation, overcoming the surface energy
barrier.

The nucleation rate depends not only on thermodynamic factors but also on kinetic
parameters such as diffusion rate and temperature. While high undercooling or supersat-
uration boosts the nucleation rate, it can lead to multiple nuclei and hinder single-crystal
formation. To obtain a single crystal, nucleation must be carefully controlled by sup-
pressing random nucleation and initiating growth at a defined site using a seed crystal to

ensure orderly and directed crystal development.

2.1.2 Melt Growth Method

Single crystal growth can be achieved through phase transitions from (i) liquid to
solid, (ii) vapor to solid, and (iii) solid to solid. Melt growth uses a controlled liquid-to-
solid transformation to form single crystals. Materials that melt congruently or nearly
congruently can be grown using melt growth techniques. In this process, the material
is first melted and then solidified under controlled conditions, often using a seed crystal
to guide the growth orientation. Because atoms in the melt are already mobile, the
growth is not limited by diffusion, allowing for relatively fast crystal formation. This
technique avoids the use of solvents or flux, minimizing contamination and enabling
the production of high-purity crystals. Several well-established methods fall under melt
growth, including the Bridgman—Stockbarger method, where a crucible is moved through
a temperature gradient; the Czochralski method, where a seed is pulled from the melt;
and the floating zone technique, which uses localized melting and solidification without
a crucible to eliminate contamination.

Beyond these directional solidification techniques, a simpler variant involves melt
growth via controlled cooling in a box furnace without imposing a spatial temperature
gradient. This method is less complex and effective for growing single crystals of ma-
terials that do not require stringent growth conditions, making it a practical choice for
compounds with congruent or near-congruent melting behavior. In this method, con-
stituent elements are weighed in stoichiometric ratios and thoroughly ground to obtain
a homogeneous mixture. This mixture may first be synthesized into a polycrystalline
precursor through a solid-state reaction or directly loaded into a crucible for melting.

The material is then completely melted at a temperature well above its melting point.
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After the melt is held (soaking) for a sufficient time to ensure homogeneity, the furnace
temperature is slowly lowered at a controlled rate. Unlike directional solidification tech-
niques, this method does not rely on a spatial temperature gradient; instead, the entire
melt is cooled uniformly.

Although this method lacks directional control, it supports natural crystal growth
through spontaneous nucleation, increasing the likelihood of multiple nucleation events
and consequently polycrystalline formation. However, under well-optimized conditions,
such as slow cooling and minimal thermal gradients, spontaneous nucleation can be lim-
ited to one or a few dominant sites, allowing the growth of large and high-quality single
crystals. This approach offers significant advantages due to its simplicity, low cost, and
ability to produce structurally coherent crystals without complex equipment. It is par-
ticularly well-suited for early-stage growth studies and for materials where advanced
directional techniques are unnecessary.

We used this simplified melt and control cooling growth method using a conven-
tional high-temperature box furnace. Despite the limitations of this setup, we successfully
optimized the growth conditions, particularly the stoichiometry, soaking time, and con-
trolled cooling rate, to achieve high-quality single crystals. Using this approach, we were
able to grow sizable and well-formed single crystals of Mn3Ge, Fe-doped Mn3Ge, and
Fe;Ge.

2.1.3 Flux Growth Method

Flux growth is a widely used crystal growth technique that employs a solvent,
known as a flux, to dissolve the starting materials at high temperatures and allow crystal
formation during cooling. The flux can be a third-party material (such as a metal,
salt, or oxide) or a component of the target compound itself, in which case the process
is known as self-flux growth. Like melt growth, flux growth involves a liquid-to-solid
phase transformation, but it occurs at significantly lower temperatures because the flux
reduces the effective crystallization point. This makes flux growth particularly suitable
for materials that decompose, oxidize, or melt incongruently at high temperatures. In
this method, the crystals grow gradually as the solution becomes supersaturated during
slow cooling or evaporation. Although there is some risk of flux inclusion, especially with
third-party fluxes, careful control of the conditions can yield high-quality crystals. In
general, both third-party and self-flux methods offer a versatile and effective approach
for the growth of complex or thermally sensitive materials that are difficult to produce
via conventional melt growth.

The choice of flux is critical to the success of the technique. Suitable fluxes include
low melting point metals such as Sn, Bi, Pb, and In for intermetallic systems, as well

as salts and oxides such as alkali halides (e.g. NaCl and KCl), carbonates, borates, and
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other metal oxides for oxide materials. An ideal flux should provide sufficient solubility
for the solute, remain chemically inert with respect to both the material and the crucible,

and be easily separable from the grown crystals.

/
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Figure 2.2: The flowchart represents the step-by-step process of single crystal growth.

Figure 2.2 illustrates the step-by-step procedure of the flux growth technique for single
crystal synthesis. The process begins with accurately weighing the precursor elements
in stoichiometric or flux-rich ratios, followed by thorough mixing inside an argon-filled
glove box to prevent oxidation or moisture contamination. The prepared mixture is then
transferred into an alumina crucible, which is loosely covered with quartz wool to act as a
filter during the later flux separation step. This crucible is placed inside a quartz ampoule,
which is sealed under a partial argon atmosphere to maintain an inert environment during
heating. The sealed ampoule is then subjected to a controlled thermal profile inside a
high-temperature box furnace. The temperature is first raised to a level sufficient to
fully melt the mixture, ensuring homogenization. Following this, the melt gradually
cooled, typically at a rate of about 2 °C per hour, to promote slow crystallization of the
supersaturated solution. Once the desired lower temperature is reached, the ampoule is
promptly removed while still hot and placed in a centrifuge. The centrifugal force helps
to separate the remaining molten flux from the formed crystals, which are collected on
the quartz wool filter.

This technique, when properly optimized, is effective in growing high-quality single crys-

tals, particularly for compounds with incongruent melting behavior or sensitivity to high-
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temperature decomposition.
For my thesis work, I successfully grew single crystals of HoFegSng and DyFegSng using

the self-flux method, with tin (Sn) serving as the flux material.

2.2 Material Characterization Techniques

Once single crystals are grown successfully, it is essential to characterize them to
confirm their quality, composition, and structural properties. Characterization helps ver-
ify whether the desired phase has been achieved and whether the crystals are suitable for
further physical property measurements. Various materials characterization techniques
are essential to understand the structural, compositional, and morphological properties
of a sample. X-ray diffraction (XRD) is used to identify crystal structure, lattice param-
eters, and phase purity. Energy dispersive X-ray spectroscopy (EDXS or EDS), often
coupled with scanning electron microscopy (SEM), provides elemental composition and
homogeneity of the elements. SEM offers high-resolution imaging to examine surface
texture, grain boundaries, and particle size. Transmission electron microscopy (TEM)
provides atomic-scale imaging and detailed information about crystal defects, interfaces,
and internal structures. These characterization steps are essential to verify the quality

and suitability of the grown crystals for further studies.

2.2.1 X-Ray Diffraction (XRD)

When an X-ray beam strikes a solid with a periodic atomic arrangement, such as
a crystalline structure, the atoms in the crystal lattice scatter the X-rays (see fig. 2.3
(a)). The regular arrangement of atomic planes causes the scattered X-rays to interfere
constructively at certain angles, producing a diffraction pattern that reflects the internal
structure of the material. This phenomenon forms the basis for X-ray diffraction (XRD), a
powerful technique used to investigate the crystallographic arrangement, identify phases,
and determine the structural parameters of crystalline materials.

Bragg’s Law is a fundamental relation that describes the condition for constructive
interference of X-rays scattered by the periodic atomic planes in a crystalline material.

It is expressed mathematically as

2dsin @ = nA (2.5)

where n is the order of reflection (an integer), A is the wavelength of the incident X-rays,
d is the spacing between atomic planes in the crystal, € is the angle of incidence (also
known as the Bragg angle). Strong diffraction peaks are observed when the path length
difference between X-rays reflected from adjacent atomic planes is an integer multiple of

the incident X-ray wavelength ().
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Figure 2.3: (a) Schematic representation of X-ray beams diffracting off crystal lattice
planes (Bragg’s planes). (b) A schematic view of the core components of an X-ray diffrac-
tometer system. (c) The 9 KW Rigaku SmartLab XRD instrument at SNBNCBS, utilized
for precise structural analysis of our samples. (d) Different components of the XRD in-
strument. The component names that are indicated by numbers are listed at the bottom.

In XRD analysis, by precisely measuring the angles (26) at which these intense diffraction
peaks occur for a known X-ray wavelength, we can utilize Eq. 2.5 to determine the
interplanar spacings (d), characteristic of the crystal structure. The diffraction pattern,
characterized by the positions and intensities of the peaks, serves as a unique signature for
identifying crystalline phases. It also offers valuable information on unit cell parameters,
crystallite size, and the various phases present within the material.

After obtaining the diffraction pattern, Rietveld refinement was carried out using Full-
Prof software to accurately determine the crystal structure, lattice parameters, and other
structural details. Rietveld refinement is a whole-pattern fitting method in XRD that
refines a theoretical diffraction pattern against experimental data to extract detailed

structural information. It starts with a crystal structure model and instrumental param-
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eters, iteratively adjusting them to minimize the difference between the calculated and
observed patterns using a least-squares approach. This allows for precise determination of
lattice parameters, atomic positions, site occupancies, thermal parameters, and can also
provide quantitative phase analysis, crystallite size, microstrain, and texture information.
By analyzing the entire diffraction pattern, Rietveld refinement offers a comprehensive
and accurate characterization of crystalline materials, especially complex systems and

mixtures.

XRD measurements in this work were performed using a high-power Rigaku Smart-
Lab diffractometer (9 kW) equipped with a Cu-Ka radiation source (A = 1.5406A), as
illustrated schematically in Figures 2.3 (c) and 2.3 (d). The X-ray generation process
begins inside a high-vacuum X-ray tube, where thermionic emission from a heated tung-
sten (W) filament produces a focused electron beam. This beam is accelerated by a high
voltage, typically ranging from 20 to 45 kV, and directed towards a copper (Cu) anode.
When the electron beam hits the copper anode, it generates characteristic Cu-Ka X-rays,
predominantly Ka;. These X-rays are then refined using a series of primary slits that
filter and collimate the beam to produce a narrow and well-focused incident X-ray beam.
The resulting X-ray beam is directed onto the surface of the sample, where it interacts
with the crystal planes and is diffracted according to Bragg’s Law. The diffracted rays
are subsequently refined through a series of optical components, including a parallel slit
analyzer, Soller slits, and a receiving slit, which enhance angular resolution and signal
clarity. Detection of the diffracted X-rays is carried out using a high-sensitivity hybrid
photon counting (HPC) detector that ensures accurate peak identification and intensity
measurement.

The Rigaku SmartLab system operates in a 8 — 6 goniometer geometry, where
both the X-ray source and detector move symmetrically around a fixed sample stage.
This allows precise control over the incident and detection angles, labeled as 6 for the
source and 6 for the detector, respectively. For comparison, other systems such as the
Rigaku MiniFlex IT use a geometry 8 —26, in which the X-ray tube remains fixed while the
detector rotates by 26 to track the diffracted beams. This configuration is commonly used
in conventional powder XRD setups. The combination of high beam power, advanced
optics, and precise goniometer control in the SmartLab setup enables high-resolution

structural analysis of crystalline materials.

2.2.2 Energy Dispersive X-ray Spectroscopy (EDXS)

Energy Dispersive X-ray Spectroscopy (EDXS or EDS) is a powerful analytical
technique used to determine the elemental composition of materials at the microscale. It

is commonly integrated with high-resolution imaging systems such as scanning electron
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Figure 2.4: (a) Characteristic X-ray lines, such as K and L lines, arise when electrons
from higher energy levels transition to lower inner shells, releasing energy as X-rays. (b)
A typical EDXS spectrum displays the characteristic X-ray peaks emitted by the elements
present in the FesGe sample. (c¢) Schematic illustration showing the key components of
a scanning electron microscope (SEM). (d) A photograph of an EDXS system integrated
with the FE-SEM was used for characterizing our samples at SNBNCBS.

microscopes (SEM) or transmission electron microscopes (TEM), allowing for simulta-
neous structural and compositional analysis. By detecting characteristic X-rays emitted
from the sample upon interaction with a focused electron beam, EDS provides qualita-
tive and quantitative information about the elements present in a localized region of the
specimen.

The fundamental principle of EDXS is based on the interaction between a high-
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energy electron beam and atoms in a solid specimen. When a high-energy electron beam
hits the sample, it knocks out electrons from the inner parts of the atoms. This creates
empty spaces, or vacancies, in those inner shells. To fill these gaps, electrons from higher
shells come down, and as they do, they release energy in the form of X-rays. These
X-rays have specific energies that help identify which elements are in the sample. The
energy carried by the emitted X-rays corresponds to the difference between two specific
energy levels within an atom, which are characterized by their principal quantum number,
n. These energy levels are organized into electron shells designated as K, L, M, and N,
corresponding to principal quantum numbers n = 1,2, 3, and 4, respectively. Figure 2.4(a)
illustrates how characteristic X-rays are produced through electron transitions between
these shells. For example, when an electron moves from the L shell down to fill a vacancy
in the K shell, the emitted X-ray is called K,. Similarly, an electron moving from the M
shell to the K shell results in Kg X-rays. Transitions from the M and N shells down to
the L shell generate L, and Lg X-rays, respectively. These distinct X-ray energies serve
as elemental signatures in energy-dispersive X-ray spectroscopy.

Each element in the periodic table has a unique atomic structure, which results in
the emission of characteristic X-rays with specific energies when the atoms are excited.
By detecting these characteristic X-rays, it is possible to identify the elements present
in a sample. Figure 2.4(b) shows the EDS spectrum of Fe3Ge, highlighting the charac-
teristic peaks such as K,, Kz, L,, and Ls for elements like iron (Fe) and germanium
(Ge). The intensity of these peaks depends on how likely certain electron transitions
are to occur. For example, transitions from the L shell to the K shell happen more fre-
quently than those from the M shell to the K shell, which explains why K, peaks are
generally stronger than Kg peaks for both Fe and Ge. To perform quantitative analysis,
the background signal is first removed from the measured spectrum. Then, the relative
intensities of the element-specific peaks are used to calculate their weight percentages.
Finally, atomic percentages are obtained by normalizing these values using the atomic

weights of the respective elements.

Figure 2.4(d) shows the complete setup used for EDS analysis, integrated with
a Field Emission Scanning Electron Microscope (FESEM). For EDS measurements, the
sample is placed under a low vacuum ( 1 mbar), and an electron beam with an accelerating
voltage of 20-25 kV is directed onto its surface. The interaction between the beam and
the sample generates characteristic X-rays unique to each element. These X-rays are then
detected using a Silicon Drift Detector (SDD), and the resulting spectrum is analyzed to
determine the elemental composition based on the intensity of each characteristic X-ray

line.
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2.2.3 Field Emission Scanning Electron Microscopy (FESEM)

Field Emission Scanning Electron Microscopy (FESEM) is an advanced imag-
ing technique widely used for characterizing the surface morphology of materials with
nanometer-scale resolution. Unlike conventional SEM, which uses thermionic electron
sources, FESEM employs a field emission gun that generates a highly coherent and in-
tense electron beam. This beam, due to its reduced spot size and higher brightness,
allows for significantly improved spatial resolution, often down to sub-nanometer levels.

The working principle of FESEM is based on scanning a finely focused electron
beam across the sample surface. When the primary electrons interact with the atoms
of the sample, various signals such as secondary electrons (SE), backscattered electrons
(BSE), and characteristic X-rays are emitted. These signals are collected by detectors
to form detailed images and to perform compositional analysis. SE imaging is particu-
larly useful for studying surface topography, while BSE imaging provides contrast based
on atomic number, and EDS (Energy Dispersive X-ray Spectroscopy) enables elemental
identification.

The internal configuration of a typical FESEM setup, as schematically illustrated
in Fig. 2.4(c), includes a field emission electron gun, a series of electromagnetic lenses
for beam focusing, and scanning coils for beam deflection. The electron beam is first
emitted by the gun and then passes through a series of condenser and objective lenses,
which refine its focus before it strikes the sample surface. This focused interaction enables
high-resolution visualization of features such as surface roughness, porosity, texture, and
defects.

FESEM is employed to determine the presence of grain boundaries in the sample.
In a single crystalline phase, grain boundaries are absent, whereas in a polycrystalline
phase, grain boundaries are visible in the FESEM images. Therefore, FESEM analysis

serves as a valuable tool for verifying the quality and crystallinity of the sample.

2.2.4 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a powerful technique used to study the
internal structure of materials at atomic to nanometer scales. Unlike Scanning Electron
Microscopy (SEM), which provides surface information, TEM allows researchers to inves-
tigate the internal microstructure by transmitting a high-energy electron beam (typically
100-300 keV) through an ultra-thin sample, usually less than 100 nanometers thick. As
the electrons pass through the specimen, they interact with the atomic potentials within
the material, resulting in various scattering events. These interactions produce transmit-
ted, diffracted, and scattered electrons that carry detailed information about the sample’s
crystallography, defects, grain boundaries, and phase composition.

The core components of a TEM system include an electron gun (usually a thermionic
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Figure 2.5: (a) Photograph of the TECNAI TEM instrument at SNBNCBS used for
transmission electron microscopy analysis. (b) High-resolution TEM image of Mn3Ge,
showing real-space lattice fringes from which interplanar spacing is determined. (c) Se-
lected Area Electron Diffraction (SAED) pattern of MnsGe, representing the reciprocal
space lattice structure.

or field emission source), electromagnetic condenser lenses to focus the electron beam, an
objective lens to form the initial image, and intermediate and projector lenses to mag-
nify the image onto a fluorescent screen or camera. Depending on how the electrons
interact with the sample, different imaging and analytical modes can be employed, such
as bright-field imaging, dark-field imaging, selected area electron diffraction (SAED),
and high-resolution TEM (HRTEM). Advanced techniques like Energy dispersive X-ray
spectroscopy (EDS) can also be integrated for elemental analysis. TEM provides un-
matched spatial resolution, making it an essential tool in materials science, nanotechnol-
ogy, and condensed matter physics for understanding structure-property relationships at
the atomic scale.

Figure 2.5 (a) shows the image of the TECNAI TEM instrument at SNBNCBS

used for transmission electron microscopy analysis. Figure 2.5(b) presents the high-
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resolution transmission electron microscopy (HRTEM) image of Mn3Ge, revealing well-
defined lattice fringes corresponding to atomic planes in real space. These fringes arise
from the periodic arrangement of atoms within the crystal structure and provide direct
visual evidence of crystallinity. By measuring the spacing between adjacent fringes, the
interplanar spacing (d-spacing) can be accurately determined, offering valuable structural
information at the atomic scale. This analysis is essential for confirming phase purity,
crystallographic orientation, and overall structural integrity of the material. Figure 2.5(c)
shows the selected area electron diffraction (SAED) pattern of MnzGe, which represents
the reciprocal space projection of the crystal lattice. The SAED pattern consists of a series
of diffraction spots arranged in a specific symmetry, corresponding to the periodic atomic
arrangement within the material. The sharpness and regularity of the spots indicate
a high degree of crystallinity, while the spacing and symmetry of the pattern provide
information about the crystal structure, orientation, and possible presence of defects or

secondary phases.

2.3 Magnetic Measurements

Magnetic characterization of the samples was carried out using the Vibrating Sam-
ple Magnetometer (VSM) module integrated into the Quantum Design Physical Property
Measurement System (PPMS). This technique is based on the principle of electromagnetic
induction, specifically Faraday’s law, which states that a time-dependent magnetic flux
through a closed loop generates an electromotive force (EMF). In practice, the sample
is subjected to a uniform external magnetic field to induce magnetization and is me-
chanically vibrated in a sinusoidal motion perpendicular to the direction of the applied
field. As the magnetized sample oscillates, the magnetic flux it produces changes with
time. This dynamic flux passes through a set of fixed pickup coils positioned around the
sample, resulting in an induced voltage. According to Faraday’s law, the induced EMF

is given by
ddp
dt

where @ is the magnetic flux and € is the resulting EMF. The negative sign, as described

(2.6)

€ =

by Lenz’s law, indicates that the induced EMF opposes the change in flux.

The induced voltage in the pickup coils is directly proportional to the magnetic moment
of the sample. This weak signal is amplified and extracted using a lock-in amplifier, which
locks onto the vibration frequency to separate the signal from noise. By analyzing the
output voltage, one can determine key magnetic parameters such as saturation magneti-

zation, remanence, coercivity, and the shape of the hysteresis loop.
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Figure 2.6: (a) Schematic illustration of the VSM device. (b) Photograph of the Quantum
Design PPMS instrument with VSM attachment.

A schematic representation of the VSM setup is shown in Fig. 2.6 (a). The sample
is mounted on a non-magnetic rod that is attached to a vibrating unit. This rod moves the
sample up and down within a superconducting magnet that generates a highly uniform
magnetic field. As the sample oscillates, it modulates the magnetic flux through nearby
detection coils. For sinusoidal motion with vibration frequency f and amplitude A, the

induced voltage in the pickup coils can be described as:

Veoil = 2w fCmAsin(27 ft) (2.7)

where C' is a calibration constant determined by the system geometry, and m is the sam-
ple’s magnetic moment. Measuring this voltage allows for accurate quantification of the

magnetic response under various applied magnetic fields.

All measurements in this work were performed using the VSM option in the QD-
PPMS system at SNBNCBS (see figure 2.6 (b)), which provides precise control over
magnetic fields up to 9 T and temperatures ranging from 2 K to 400 K. The standard
vibration frequency used was 40 Hz. The system offers high sensitivity, capable of de-
tecting magnetic moments as small as 107% emu. Furthermore, the VSM module includes
a high-temperature oven attachment, enabling measurements to be extended to elevated

temperatures in the range of 400 K to 1000 K, thereby supporting comprehensive mag-
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netic studies across a wide thermal span.

2.4 Electrical Transport Measurement

Electrical resistivity measures the inherent resistance of a material to electric cur-
rent, serving as a key metric to distinguish conductors, semiconductors, and insulators
on the basis of their conductive properties. An applied electric or magnetic field in-
duces the movement of charge carriers (usually electrons) through a material. As these
carriers propagate, they experience scattering from various sources, including other elec-
trons, phonons, spins, holes, and impurities. These scattering mechanisms, specifically
electron-electron, electron-phonon, electron-spin, electron-hole, and electron-impurity in-
teractions, collectively determine carrier mobility and ultimately govern the material’s
electrical resistivity. By measuring resistivity, we can gain valuable insight into interac-
tions and better understand the transport behavior and underlying physics of the mate-

rial.

2.4.1 Four Probe Method

The four-probe technique is a reliable method to accurately measure electrical
resistivity, especially in materials with low resistance, such as metals. Since the samples
studied in this thesis exhibit metallic behavior, precise measurement is crucial. To ensure
accuracy and eliminate contact resistance effects, the four-probe method was used for
all resistivity measurements in this work. Two widely used methods for measuring the
electrical resistivity of solid materials using the four-probe technique are (i) the linear
four-probe method and (ii) the Van der Pauw method. In the linear four-probe method,
four collinear contacts are placed on the sample surface, the current is applied through the
two outer probes, while the voltage is measured across the two inner probes. On the other
hand, in the Van der Pauw method, four small contacts are positioned at the periphery of
the sample, and resistivity is determined through multiple current-voltage measurements
in different configurations (see fig.2.7 (a))[2]. For all transport measurements in this work,
I primarily used the linear four-probe technique because of its suitability for the sample
geometry and its straightforward approach to accurately determine electrical resistivity.

A schematic representation of the standard four-probe resistivity measurement
setup is shown in Fig. 2.7(a). In this measurement setup, a lock-in amplifier serves as an
AC voltage source that drives current through the sample and a known reference resistor
Ry, which are connected in series. As the sample resistance Rg is very small, Ry is
included in the circuit to limit the voltage drop across the sample, thereby minimizing
Joule heating and preventing thermal damage. Let Vs be the voltage drop across the

sample and Vj, the voltage drop across the reference resistor Ry. Since both components
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Figure 2.7: (a) Schematic illustration of the four-probe configuration used for resistivity
measurements. Typical Van der Pauw and linear arrangements for four-probe resistiv-
ity measurements are shown in the top drawings. The bottom right inset shows the
photograph of a linear four-probe connection on a single crystal. (b) An image of the
Quantum Design PPMS system at SNBNCBS, which measures resistivity in the pres-
ence of changing magnetic fields, temperatures, and rotational angles. (c¢) Snapshots
of normal and rotator puck. (d) Image of the in-house resistivity setup designed for
temperature-dependent resistivity measurements. The component names that are indi-
cated by numbers with off-white circles are listed at the bottom.

are in series, the same current I flows through them, and it can be expressed as:
=

Using Ohm’s law, the sample resistance is given by:

I (2.8)
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Rs=—=-—"=xRy. 2.9
S R VAR (29)
Therefore, the sample resistance Rg can be accurately determined by measuring the volt-

ages Vg and V7, along with the known resistor Ry .

Copper wires were employed to establish the four-probe connections. The wires
were attached to the samples using vacuum-compatible Epo-Tek H20E silver epoxy. A
high-resolution Leica S9i microscope was utilized to accurately position the four-probe
contacts on the sub-millimeter-sized samples for these measurements. Temperature-
dependent resistivity measurements without an applied magnetic field were performed
using our in-house resistivity setup (Fig. 2.7(d)) over the temperature range of 3.5 to
320 K. For measurements involving variations in temperature, magnetic field, and rota-
tional angle, a Quantum Design PPMS equipped with both the ETO and rotator options
(Fig.2.7(b)) was used. This system enables magnetic fields up to 9 T, temperature control
from 2 to 360 K, and full 360-degree sample rotation.

2.4.2 Low-Temperature Resistivity Setup

For resistivity measurements using the low-temperature resistivity setup, the sam-
ple was mounted on the sample stage of a CRYOMECH closed-cycle refrigerator (CCR)-
based cryostat, which allows cooling down to 3.5 K. The sample temperature was con-
trolled through a multi-step process. First, the cryostat was evacuated using a Pfeiffer
turbomolecular pump (TMP) to create a vacuum environment essential for efficient ther-
mal isolation. Once the desired vacuum level was achieved, a Cryomech compressor
was activated to cool the cryostat, bringing the temperature down to approximately 3.5
K. After reaching the base temperature, a temperature sweep was carried out using an
Oxford Instruments ITC 503 PID controller, allowing precise and stable control of the
temperature during measurements. An AC voltage in the range of 1-5 V at a frequency
of 111.11 Hz was applied across the sample and a standard series resistor Ry, (typically
1-2 k) using a Stanford Research Systems SR830 digital signal processing (DSP) lock-in
amplifier. The voltage drop across the reference resistor V; was measured using a Keith-
ley 2000 digital multimeter (DMM). To measure the voltage drop across the sample Vg,
the differential voltage leads (V* and V™) were first connected to an SR554 transformer
preamplifier, which amplified the signal by a factor of 100. The amplified signal was then
fed back into the lock-in amplifier for detection. Temperature control was achieved using
an Oxford Instruments™ ITC-503 temperature controller, which regulated the rate of
temperature change during the experiment. The sample temperature was monitored us-
ing an Rh-Fe thermocouple mounted on the sample stage. To automate and monitor the

entire measurement process, all instruments were interfaced with a desktop computer via
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a General Purpose Interface Bus (GPIB). A custom LabVIEW program was employed

for instrument control and data acquisition.

2.4.3 ETO and Rotator Option in 9T QD-PPMS

We performed field-dependent and temperature-dependent resistivity measure-
ments, including magnetoresistance and Hall effect studies, using the 9T Quantum De-
sign Physical Property Measurement System (QD-PPMS) equipped with the Electrical
Transport Option (ETO) at our institute’s central facility (SNBNCBS). We utilized the
system’s rotator option for angle-dependent magnetoresistance measurements, which pro-
vides precise control over the sample orientation relative to the applied magnetic field
direction. This advanced setup allowed us to thoroughly study how the transport prop-
erties of our samples change with direction, temperature, and magnetic field.

The snapshot of the 9T QD-PPMS set-up is shown in Figure 2.7(b). Supercon-
ducting electromagnets are ideal for generating high magnetic fields, as they exhibit zero
electrical resistance below their critical temperature and therefore do not produce heat
during operation. In the PPMS system, the magnet is constructed from a niobium-
titanium (Nb-Ti) alloy, which becomes superconducting below approximately 10 K [3].
To maintain this superconducting state, the magnet is enclosed in a cryogenic chamber
and cooled to 4.2 K using a Cryomech helium compressor. The magnetic field strength
is regulated through a programmable current supply, which precisely controls the cur-
rent flowing through the superconducting magnet. The entire measurement system is
interconnected with a central control unit, enabling automated data acquisition, instru-
ment calibration, and real-time monitoring of experimental parameters. Two types of
sample pucks were used for resistivity measurements, as shown in Fig. 2.7(c). The ETO
option of the PPMS was utilized to perform temperature- and field-dependent measure-
ments using a standard puck, commonly referred to as the normal puck. In cases where
angle-dependent measurements were required, the sample was mounted on a rotator puck,
allowing precise angular control via the rotator option of the system. Resistivity measure-
ments were performed using an AC excitation current applied to the sample, as detailed in
the previous section. For magnetoresistance measurements, a standard linear four-probe
configuration was employed. In Hall effect measurements, a transverse geometry was
utilized, where the voltage leads were oriented perpendicular to the current leads, and

the magnetic field was applied perpendicular to both the current and voltage directions.

2.5 Specific Heat Measurements

Specific heat measurement is an effective method to study phase transitions in

materials. It often shows noticeable changes at critical temperatures, indicating variations
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in electronic, phononic or magnetic behavior. The total specific heat of a solid is given
by C' = Cg + Cpn + Chiag, Where Cy is the electronic part, Cpy, is due to lattice vibrations,
and Chae comes from magnetic contributions. The temperature dependence of specific
heat is usually analyzed using the Debye and Einstein models, which describe how atoms
vibrate in a crystal.

In the Quantum Design PPMS;, specific heat is measured using the thermal relax-
ation method. The sample is attached to a thermally isolated platform with Apiezon-N
grease to ensure good heat transfer. This platform, equipped with a heater and a ther-
mometer, is suspended by thin wires that provide both thermal isolation and electrical
connections. During the measurement, a known amount of heat is applied to raise the
temperature of the platform (heating phase). After heating stops, the platform cools
down, and the temperature decay is recorded (relaxation phase). This cooling follows
an exponential trend defined by a relaxation time constant (7). The specific heat is
then determined using the formula C' = K - 7, where K is the thermal conductance of
the system. Measurements are performed under vacuum conditions to reduce heat loss
from convection, thereby improving accuracy. To isolate the specific heat of the sample,
the heat capacities of the platform and Apiezon-N grease (collectively called addenda)
are measured separately and subtracted from the total. This approach enables the pre-
cise and sensitive determination of specific heat over a broad range of temperatures and

magnetic fields.
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Chapter 3

Unusual Multiple Magnetic
Transitions and Anomalous Hall
Effect Observed in
Antiferromagnetic Weyl Semimetal,
Mny 94Ge (Ge-rich)

3.1 Introduction

Topological materials such as the topological insulator (TT), the Dirac semimetal (DSM),
and the Weyl semimetal (WSM) are some of the most widely discussed systems in recent
days in the class of topological quantum materials. In Dirac semimetals, the nodal points
are protected by both time-reversal and inversion symmetry [1, 2]. Breaking the time-
reversal or inversion symmetry creates a Weyl semimetal [3, 4]. In this way, we can have
two types of Weyl semimetals based on the broken symmetry, such as the non-magnetic
Weyl semimetal created by the inversion symmetry breaking [5, 6] and the magnetic Weyl
semimetal (MWSM) created by breaking the time-reversal symmetry [7]. Interestingly, in
the presence of magnetism, the topological materials exhibit exotic quantum phenomena
such as the quantum anomalous Hall effect (QAHE), large intrinsic AHE, topological Hall
effect (THE), Chern insulating state, etc. [8-10]. Though many magnetic Weyl semimet-
als have been predicted theoretically, only a few have been experimentally realized, such
as CozSnaSy [11, 12], CooMnGa [13], Mn3Sn [14], Fe3Sny [15] and YbMnBi, [16].

Among the MWSMs, noncollinear and coplanar Mn3X (X = Sn and Ge) antiferromag-
nets have recently received a great deal of attention from the research community due
to their distinct magnetic and topological properties despite sharing a similar crystal

structure. For instance, Mn3Sn shows a magnetic transition within 260-275 K from a
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high-temperature noncollinear AFM order to a low-temperature spin-spiral structure [17—
19]. In contrast, no such magnetic transition has been observed to date in MnzGe down to
the lowest possible temperature [20-24]. Few other reports demonstrated the topological
Hall effect (THE) in addition to the anomalous Hall effect (AHE) in Mnj_,Sn [25, 19,
while Mn3Ge is mainly known to show the AHE without THE. Nevertheless, the anoma-
lous Hall effect found in both systems mainly originated from the nonzero Berry-phase in
the momentum space [20, 24, 26, 27]. Further, the electronic and magnetic properties of
Mn3X (X = Sn and Ge) are sensitive to the Mn concentration and crystal growth tech-
niques [28, 21, 22]. Mn3Ge can have either a hexagonal or tetragonal phase depending
on the synthesis procedure and annealing temperature [29, 30].

The tetragonal Mn3Ge shows a ferrimagnetic ordering at a Curie temperature of T¢ ~
710 K, and the hexagonal Mn3Ge shows antiferromagnetic (AFM) ordering at a Néel
temperature of Ty &~ 365-400 K [20, 22, 31, 30]. In the hexagonal phase, the neutron
diffraction studies revealed an inverse triangular spin-structure with Mn moments aligned
within the kagome layers to create a 120° spin-structure of noncollinear antiferromagnetic
ordering [21, 32]. Besides the noncollinear AFM ordering, a tiny ferromagnetic moment
is observed in these systems due to the geometrical frustration among the Mn magnetic
moments within the Kagome lattice network [21, 33]. This tiny spontaneous magnetiza-
tion combined with the nonzero momentum-space Berry phase gives rise to large AHE at
low temperatures [20, 22]. Generally, these systems are grown with excess Mn, such as
Mns, X where x varies between 0.2 and 0.4 [34, 20-22]. However, recent studies showed
that the self-flux technique can grow the Mns_,Sn crystals with Sn-rich [17, 19].

In this contribution, we report on the successful growth of high-quality Mnj ¢,Ge (Ge-
rich) single crystals, and a thorough study of the magnetic and Hall effect properties.
The magnetic property study shows multiple magnetic transitions in this system, such as
spin-reorientation (Tsg) and ferromagnetic-like transitions below the Néel temperature
of 353 K. Also consistent with the magnetic measurements, the Hall effect data shows
an unusual behavior around Tsg. The anomalous Hall conductivity (AHC) increases
with increasing temperature up to Tsg, and then gradually decreases with increasing
temperature. This observation is quite in contrast to the Mns,,Ge (Mn-rich) system, as
in Mns,,Ge the AHC gradually decreases with increasing temperature, with the highest
AHC obtained at the lowest temperatures [20, 22, 35]. We argue that the unusual Hall
effect properties observed in the studied Ge-rich, Mnsg4Ge, system are driven by the
spin-reorientation transition similar to the Mn3zSn. Our study suggests that the magnetic
and Hall effect properties of Mn3Ge are very sensitive to the Mn concentration present

in the system.
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Figure 3.1: (a) Top view and side view of Mn3Ge hexagonal crystal structure, showing
the kagome lattice formed by the Mn atoms. (b) Energy dispersive X-ray spectroscopy
(EDS) of Mng¢4Ge single crystal. (c) The powder X-ray diffraction pattern of crushed
single crystals overlapped with the Rietveld refinement of Mns ¢,Ge using hexagonal and
tetragonal phases. Insets in (c) show a photographic image of Mns ¢4Ge single crystal
and an XRD pattern taken on the single crystal.

3.2 Experimental details

Single crystals of Mny ¢4Ge were prepared by the melt-growth method using the high-
temperature muffle furnace. In this method, Manganese (Alfa Aesar 99.95%) and Ger-
manium (Alfa Aesar 99.999%) powders were taken in a ratio of 3.6:1, mixed thoroughly in
the glove box under an argon environment before sealing in a preheated quartz ampoule
in a vacuum of 10 4 mbar. The sealed quartz tube was then heated in the muffle furnace
up to 1050°C, and kept at that temperature for the next 24 hours. The tube was slowly
cooled to 740°C at 2 K/h. After prolonged annealing at 740°C for five more days, the
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ampoule was quenched in ice water to avoid low-temperature phases. In this method, the
obtained Mn3Ge single crystals were of a typical size of 2x2 mm? and looked shiny.

Phase purity and crystal structure were checked using the powder X-ray diffraction (XRD)
technique with Cu-K,, radiation in a Rigaku X-ray diffractometer (9 KW). Using energy
dispersive X-ray spectroscopy (EDS), we find the actual chemical composition of as-
prepared samples to be of Mns g4+0.03Ge, which is very close to the nominal composition
of Mn3Ge. Electrical transport, Hall effect, and magnetic properties studies were per-
formed in a 9-Tesla physical property measurement system (PPMS, Dynacool, Quantum
Design) within the temperature range of 2-380 K. Electrical transport and Hall effect
measurements were performed using the four-probe technique. Copper leads were at-
tached to the sample using EPO-TEK H21D silver epoxy. For a comparative study, we

also grew the single crystals of Mng 9040.02Ge (Mn-rich).

3.3 Results and Discussions

3.3.1 Structural Properties

Mn3Ge is known to crystalize into the NizSn-type hexagonal structure with a space group
of P63/mmc (194). The Mn atoms form the kagome lattice with triangles and hexagons
in the zy-plane, while the Ge atom sits at the centre of the hexagon. A couple of such
kagome lattice planes are stacked along the z-axis per unit cell, as shown in Fig. 3.1(a).
Powder XRD pattern of crushed single crystals is shown in Fig. 3.1(c) overlapped with the
Rietveld refinement performed using the hexagonal and tetragonal mixed phases. The
Rietveld refinement confirms the majority phase of Mnsg4Ge to the hexagonal crystal
structure with a small impurity tetragonal phase (3.5%). Earlier reports too suggested
the presence of hexagonal and tetragonal mixed phases in these systems [22, 36]. Except
for the small impurity tetragonal phase, we did not notice any other impurity phases
such as MnsGes, Mn;Gey, Mny; Geg, etc. [37-39] in our studied composition. Estimated
hexagonal lattice parameters from the Rietveld refinement are a (b) = 5.3290(3) A and ¢
— 4.3047(6) A, which are comparable to the previous reports on Mns,,Ge [23, 24]. The
XRD pattern taken on the single crystal of Mns ¢4Ge is shown in the inset of Fig. 3.1(c),
suggesting that the crystal growth plane is parallel to the z-axis.

3.3.2 Magnetic Properties

Magnetization as a function of temperature [M(7')] is measured in field-cooled (FC)
and zero-field-cooled (ZFC) modes using a magnetic field (H) of 500 Oe applied parallel
(H || 2) and perpendicular (H L z) to the z-axis as shown in Fig. 3.2(a). The M(T)

of Mns g4Ge exhibits an anomalous hump-like structure at around 115 K, clearly visible
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Figure 3.2: (a) Temperature-dependent magnetization, M (T"), measured in zero-field-
cooled (ZFC) and field-cooled (FC) modes for H || z and H L z. Inset in (a) depicts
dM/dT of FC M(T) taken for H | z, clearly showing multiple magnetic transitions
Ty — T5 and a Néel temperature (7). (b) Overlapped M(T) data of both Mnyg4Ge
and Mng 2Ge single crystals. The bottom inset in (b) demonstrates the change in Néel
temperature (Ty) with Mn concentration. (c¢) M(T) measured under various magnetic
fields for H || z in FC mode. The dashed lines on the data are the eye-guides showing
shifts in the transition temperatures with increasing applied fields, drawn with the help of
dM/dT as shown in Fig.3.3). (d) Transition temperatures, 71, Ty, T3, and T}, are plotted
as a function of the applied field. The top-right inset in (d) shows M (T) measured at
different fields up to 9 T in the FC mode for H || z. (e) and (f) Magnetization isotherms,
M (H), measured at different temperatures for H | z and H || z, respectively.

from both H L z and H|| z directions. In addition, several unusual magnetic transitions
were also identified below the antiferromagnetic transition (7) of 353 K. To pinpoint
the transition temperatures, we performed the first derivative of Magnetization to the
temperature (dM/dT) as shown in the inset of Fig. 3.2(a). Thus, with the help of
dM/dT, we could identify various unknown transition temperatures 77 to Ts and the
AFM Néel temperature Ty. Fig. 3.2(b) shows a comparative M (T) data between Mn-
deficit Mny g4Ge and Mn-excess Mns90Ge compounds. Foremost, we observe differing
Néel temperatures between these two compounds such as T =365 K for Mnj5,Ge and
353 K for Mny g4Ge. Next, we do not observe the low-temperature hump-like structure
in the Mn-excess Mnjso9Ge, unlike in the Mn-deficit Mnsg,Ge. The Néel temperature
of 365 K in Mnj3 50Ge is consistent with previous reports on similar Mn-excess Mngs,Ge

systems. Here, the T}y varies between 365 and 400 K depending on the amount of excess
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Figure 3.3: dM/dT of FC M(T) of Fig. 3.2(c) taken for H || z at different applied fields,
clearly showing the multiple magnetic transitions T} — Tj.

Mn present in the system [21, 20, 22, 24, 35].

To fully explore the nature of unusual magnetic transitions, we measured M (7') in the
FC mode by varying the applied field from 500 Oe to 9 T as shown Fig. 3.2(c) within
the temperature range of 2-300 K. From the first derivatives (dM/dT) we obtained the
transition temperatures 77 — T and are plotted in Fig. 3.2(d) as a function of applied
field. From Fig. 3.2(d), we notice that 7} increases with increasing field (from 22 K at 500
Oe to 75 K at 5 T), T, decreases with increasing field (from 118 K at 500 Oe to 64 K at 9
T), and T3 increases with increasing field (from 188 K at 500 Oe to 235 K at 5 T). These
observations clearly suggest that 77 and T3 are ferromagnetic-like transitions, while 75
is an AFM-like transition [40-42]. Further, we find 7, at around 250 K, visible only at
lower applied fields (<1 T) almost field-independent. Since the field-dependent M (T')
was taken only up to 300 K, we are unable to comment on the nature of T; transition,
which is found at 310 K [see Fig. 3.2(a)].

Next, the field-dependent magnetization M (H) at different temperatures for the in-plane
(H L z) and out-of-plane (H | z) field directions is shown in Figs. 3.2(e) and 3.2(f),
respectively. In-plane and out-of-plane M (H) data display spontaneous magnetization
with a small hysteresis loop around the zero field. Linear and unsaturated magnetization
at higher fields demonstrates a predominant AFM character, while the spontaneous mag-
netization and the magnetic hysteresis indicate a weak ferromagnetic component in the
system. From the in-plane (H L z) M(H) data, we estimate the spontaneous magnetiza-
tion Mgp = 0.017pup/fu. and the coercive field Ho =62 Oe at 300 K. From out-of-plane
(H || z) M(H) data, the values of Mgp and H¢ are 0.008up/f.u and 111 Oe, respectively,
at 300 K. Consistent with the M (T') data, the spontaneous magnetization is higher at
150 K for both field directions [see insets in Figs. 3.2(e) and 3.2(f)].
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Further, we draw a detailed comparison among our magnetic measurements, Mn-excess
Mns,Ge [34, 20-22] and MnsSn [17, 19]. MnsSn usually shows a sudden drop in the
magnetization due to spin-reorientation (Tgg) transition within the temperature range of
265-275 K, depending on the chemical composition and preparation method [43, 18]. Note
that the spin-reorientation transition in MnsSn is from a triangular-spin structure (AFM)
to a spiral-spin structure (AFM). Thus, it is an AFM-to-AFM magnetic transition. On
the other hand, Mns g4Ge [see Figs. 3.2(e) and 3.2(f)] has an AFM ordering throughout
the measured temperature range similar to Mn3zSn. Therefore, the gradual decrease of
magnetization below T; in Mny g4Ge is plausibly due to a gradual reorientation of Mn
spins [see Fig. 3.2(c)], unlike in Mn3Sn where it is spontaneous. Since the low-temperature
multiple magnetic transitions below Tx=353 K (T}, T», T3, and T}) are observed only
in the Mn-deficit Mns g4Ge but not in the Mn-excess Mnj 50Ge, we suggest that the Mn
deficiency plays a crucial role in triggering the complex magnetic structure in this system.
This suggestion is qualitatively supported by previous reports made on the Mn-deficient
Mns_,Ge (z=0.35 and 0.4) [29, 44], where several anomalous magnetic transitions were
found below the T. Further, the spin-reorientation transition temperature Tsr observed
from different Mn-deficiency systems appears nearly the same. Means, in our studied
system of Mny gsGe the Tsg ~ 114 K, whereas Tsgr ~ 120 K in Mny ¢Ge [44].

3.3.3 Electrical and Magnetotransport Properties

In-plane (p,;) and out-of-plane (p,,) longitudinal electrical resistivity are plotted as a
function of temperature in Fig. 3.4(a). Both p,, and p,, suggest an overall metallic
nature of the sample, which is in agreement with previous reports on Mns,,Ge [22,
23]. Fig. 3.4(b) depicts in-plane (p,,) and out-of-plane (p,,) Hall resistivity plotted as a
function of temperature. Here, the Hall resistivity p,, is obtained for the current applied
along the z-direction, field applied along the z-direction, and the Hall voltage measured
along the y-direction. Similarly, the Hall resistivity p,, is obtained for the current applied
along the z-direction, field applied along the y-direction, and the Hall voltage measured
along the z-direction. The Hall resistivity was measured using both positive (1 T) and

(H)—pu(=H)
2

negative (-1 T) magnetic fields and calculated using the formula 2% in order to

eliminate the magnetoresistance contribution. Fig. 3.4(c) depicts temperature-dependent

in-pane (o,,) and out-of-plane (o.,) Hall conductivity calculated using the formulae,

_ Pxy — Pzx
Opy = — 7%~ and 0,, = — 5%~
Yy (P24+p2y) zx (p2.+p2,)

The values of out-of-plane Hall conductivity (o,,) are significantly higher than the val-

, respectively.

ues of in-plane Hall conductivity (o,,) at all measured temperatures, consistent with
earlier reports [20, 22, 24]. As can be noticed from Fig. 3.4(c), 0., increases gradually
with decreasing temperature, reaching a maximum of 362.48 Q~tem~! at around 954+5K.

Below this, o,, decreases with decreasing temperature. Similarly, the Hall conductiv-

68



! I ! I ! I
0 100 200 300
T(K)

Figure 3.4: (a) Resistivity as a function of temperature plotted for two crystallographic
axes directions, p,, and p,.. Inset in (a) shows the z,y, and z-axis directions on the
hexagonal crystal. (b) In-plane (p,,) and out-of-plane (p.,) Hall resistivity measured
as a function of temperature under a magnetic field of 1 T. Inset in (b) shows Hall
resistivity p,, and p,, measuring geometry. (c) In-plane (o,,) and out-of-plane (o)
Hall conductivity calculated from the Hall resistivity of (b) plotted as a function of
temperature.

ity o4, increases with decreasing temperature, reaching a maximum of 50 Qtem™! at
around 11045K, and below this 0,, decreases with decreasing temperature. Notably,
the maximum of o,, found at 110 K is close to the spin-reorientation transition (7% or
Tsr) of 114 K. A similar sort of relation is noticed between the Hall conductivity and
spin-reorientation transition of Mn3Sn, where the Hall conductivity gradually increases
with temperature down to Tsg=275 K and suddenly drops to zero below Tsg [17]. Since
in the studied system Mnsg4Ge, the Mn spins reorient gradually, we should observe a
gradual decrease in AHC below the Tsgr. Let us also emphasize here that, although
non-zero magnetization (M) is necessary to realize the AHE, the large AHE observed in
this system is mainly governed by the electronic band structure originated Berry curva-
ture [24, 26, 27]. Therefore, it is unlikely that the magnetic transitions at T3, T3, and T
pose any significant impact on the AHC except for the spin-reorientation transition at

Tsr as the Berry curvature changes at Tsr due to time-reversal symmetry breaking in the

69



2 (b)

(a) _{2e220°300 . e 2
6 ;.:n::.z: o 50K 1-2‘,..--"::: . SOKK
e 100K se000°® e 100K
e 150K . e 150K
:E; 3 Jusnssin - 200K g 0.6—"""“" . 20K
i HOHTT -
%}. 0 LB %
S 3 Z:§§ CRTLEILE I
2 — 830g00g00g
-6+ 003 0.00 0.03 geegcesles
(C) T T T T
ssssssasee
20 i
:.-'E\ 160_ 8008808303
Ll’ 0000000009
;C:/ 0 [0eepeenee
b§-160_lll.oll'::
o
-320_::uunn

T
-4 -2 2 4 -4 -2

0
HoH (Tesla)

0
MoH (Tesla)

Figure 3.5: (a) and (b) Out-of-plane (p.,) and in-plane (p,,) Hall resistivity plotted
as a function of applied field, respectively. Zoomed-in data at low magnetic fields are
shown in the insets of (a) and (b). (c) and (d) Out-of-plane (o0,,) and in-plane (o)
Hall conductivity plotted as a function of field calculated from the data of (a) and (b),
respectively.

presence of triangular spin-structure [7]. Nevertheless, the magnetization [M (7)] macro-
scopically affects the temperature dependence of AHC as evidenced by the similarities
in the temperature-dependent o, [see Fig. 3.4(c)] and magnetization [see Fig. 3.2(a)].
Precisely, the large AHC intrinsically originated from the Berry curvature is temperature
independent, but the temperature dependence of AHC, as observed from Fig. 3.4(c), is
governed by temperature-dependent magnetization.

Next, field-dependent out-of-plane Hall resistivity (p,,) measured at various temperatures
is plotted in Fig. 3.5(a). We observe a sudden jump in p,, near the zero field, which then
saturates with increasing magnetic field, the signature of an anomalous Hall effect. From
the zoomed-in data of p,, as shown in the inset of Fig. 3.5(a), we observe a hysteretic
behavior near the zero fields that is consistent with the magnetization hysteresis [see
Fig. 3.2(e)]. Fig. 3.5(c) shows out-of-plane Hall conductivity (o,,) plotted as a function
of field. In agreement with o,,(7") shown in Fig. 3.5(c), we observe a maximum anomalous
Hall jump in o, at around 100 K. Similarly, field-dependent in-plane Hall resistivity
(pszy) and Hall conductivity (o) are plotted in Figs. 3.5(b) and 3.5(d), respectively.
Since the in-plane anomalous Hall jump is small, o,, is mostly dominated by the normal

Hall contribution, which varies linearly with the field. Thus, unlike in p,,, we do not find
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Figure 3.6: Temperature-dependent (a) normal Hall coefficient (Ry), (b) anomalous Hall
coefficient (R,), (c) anomalous Hall conductivity (o%), and (d) scaling coefficient (Sg).
See the text for more details.

saturation in p,,. Further, nonlinear Hall conductivity around zero fields is observed in
oz at 2 K, which is in agreement with the M (H) data [see Fig. 3.2(f)]. Since the Hall
resistivity shown in Figs. 3.5(a) and 3.5(b) is the total Hall resistivity (pg), they have
contributions from the normal Hall resistivity (p¥) and anomalous Hall resistivity (p%})
in such a way that py = pi¥ + pp. Here, p& = RouoH and p5y = RguoM. Ry is the
normal Hall coefficient, and Rg is the anomalous one.

Figs. 3.6(a) and 3.6(b) depict temperature-dependent Ry and Rg values, respectively,
obtained by fitting p,, and p,, data using the relation py = RopoH+RspoM. The value
of out-of-plane RZ’ is about three orders higher than Rj*, indicating a clear dominance
of the anomalous Hall contribution over the normal Hall contribution in the out-of-plane.
Fig. 3.6(c) depicts o3 plotted as a function of temperature calculated using the relation
off = —Mughe

Hall conductivity are of 02, = 59.09 Q~'em™" and o7, = 20.63 Q" 'em ™. We observe that

the Hall conductivities are maximum, o2 = 342.05 Q" lem™! and afy =54.94 Q7 tem ™,

. At room temperature, the values of in-plane and out-of-plane anomalous

at around the spin-reorientation transition temperature of 100 K. However, below 100

A
zy

temperature. Further, the anomalous Hall resistivity (AHR) is generally proportional to

K, consistent with the magnetization data [see Fig. 3.2(a)], 04 and o2 decrease with
p? as it originates from the intrinsic Berry curvature [27, 22]. Thus, the scaling coefficient
can be written as Sy = "3}#. Fig. 3.6(d) depicts Sy plotted as a function of temperature.
We find that S7 strongly depends on the temperature, S3* ~ -1.95 V™! (at 300K), -8.81
V! (at 100K), and -4.24 V=1 (at 2 K). On the other hand, S7} is nearly constant at all

measured temperatures. In general, for the intrinsic AHE, o4 o M, the scaling coefficient
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Figure 3.7: (a) In-plane (p,,) Hall resistivity data as a function of temperature measured
with a magnetic field of 1 T from both Mnj0Ge and Mnj g4Ge samples. (b) In-plane
(04y) Hall conductivity calculated from the Hall resistivity of (a) plotted as a function
of temperature. (c) Anomalous Hall conductivity (o, ), calculated from field dependent
Hall resistivity data. (d) and (e) psy and o, plotted as a function of applied field for
Ml’lglgoGe.

S should be a temperature-independent constant [45-47].

Finally, in Fig. 3.7 we compare the Hall effect data between Mn-rich (Mn32Ge) and Ge-
rich (Mns 94Ge) compounds. Figs. 3.7(a) and 3.7(b) depict the in-plane Hall resistivity
(psy) and Hall conductivity (o,,) of Mnjz2Ge plotted as a function of temperature, mea-
sured with an applied field of 1 T, and overlapped with the similar data of Mns ¢,Ge taken
from Figs. 3.4(b) and 3.4(c). psy and o,y of Mns,Ge are in very good agreement with
previous reports on Mn-rich, Mng,,Ge, systems [20, 22, 35]. From a closer observation of
the Hall conductivity data [see Fig. 3.7(b)], we can clearly see that the Hall conductivity
of Mnj32Ge monotonically increases with decreasing temperature and reaches maximum
0y as we approach the low temperatures. On the other hand, in the case of Mny g4Ge, the
Hall conductivity gradually increases with decreasing temperature but a change in the
slope is noticed at around Tsgr. Further decreasing the sample temperature below Tsg, in
contrast to Mns»Ge, Hall conductivity decreases with temperature. Similar behaviour is
noticed from the anomalous Hall conductivity (ny) plotted as a function of temperature
as shown in Fig. 3.7(c). Figs. 3.7(d) and 3.7(e) display p,, and o,, of Mnj;Ge plotted
as a function of applied field measured at various sample temperatures. Consistent with
the pgy (1) and o, (T") shown in Figs. 3.7(a) and 3.7(b), the saturated value of Hall con-
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ductivity at higher fields gradually increases with decreasing the temperature. Whereas
from the similar data of Mng g4Ge, shown in Figs. 3.5(b) and 3.5(d), we observe gradual

decrease in the Hall conductivity above and below Tsr with a maximum noticed at Tsg.

3.4 Summary

In summary, we have grown Mnyg¢sGe (Ge-rich) single crystals to study the electrical
transport, magnetic, and magnetotransport properties. Importantly, we show that the
magnetic and magnetotransport properties of Mny g4Ge are different from Mng, ,Ge (Mn-
rich), particularly at low temperatures. We identify that the magnetic and Hall properties
of Mny g4Ge are qualitatively similar to those of MngSn. Consistent with the magnetic
properties, the Hall effect study shows unusual behavior around the spin-reorientation
transition. This observation contrasts the previous studies on Mns,,Ge as no such spin-
reorientation transition is observed. Further, by comparing the results of Mnsg4Ge and
Mng 90Ge from this study with those of previous reports on Mngs,,Ge we propose that
the Mn concentration plays a crucial role in shaping the magnetic and Hall properties of

MIlgGe.
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Chapter 4

Tuning of Electrical, Magnetic, and
Topological Properties of Magnetic

Weyl Semimetal Mns. ,Ge by Fe
doping

4.1 Introduction

Topological materials with kagome lattice structure offer many intriguing quantum phe-
nomena such as the Weyl [1, 2] and Dirac fermions [3, 4] in solids, quantum spin liquid
state [5], superconductivity [6], anomalous Hall effect (AHE) [7], topological Hall effect
(THE) [8], and skyrmion lattice [9, 10]. Though there exist many topological kagome sys-
tems, the topological kagome magnets have gained much attention due to their potential
technological applications in spintronics as well as from a fundamental science point of
view due to strong electronic correlations present in these systems [11, 12]. For instance,
Co3S5n9S; is a ferromagnetic Weyl semimetal showing giant AHE and zero-field Nernst
effect [7, 13]. The noncollinear and coplanar antiferromagnetic (AFM) Weyl semimetals,
Mnz X (X = Sn and Ge), show large AHE originating from the nonzero Berry phase in
momentum space [14-18]. On the other hand, ferromagnetic Weyl semimetal FezSns
shows both THE and AHE [19]. A nonzero Berry phase in the momentum space leads
to an intrinsic anomalous Hall effect. In contrast, the nonzero total scalar-spin chirality
[Xijk = Si-(Sj x Sk)] summed over the lattice, producing the nonzero real-space Berry
curvature, generates the topological Hall effect [20, 21, 17].

In noncentrosymmetric magnets such as MnSi [22, 23], FeGe [24, 25], MnGe [9], and Fe-
CoSi [26], THE originates from the chiral-spin structure stabilized by the Dzyaloshinskii-

Moriya interaction (DMI). On the other hand, in centrosymmetric magnets such as
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La;_,Sr,MnOj3 [27], FesSny [28, 29], and Mn3z_sFesSn [30], THE originates from the
chiral-spin structure stabilized by strong magnetic anisotropy. To date, many systems of
various magnetic orderings have been found to show THE, including the skyrmionic crys-
tals [22, 31, 32], the antiferromagnets (AFM) [33, 34], the spin glass systems [35, 36|, the
frustrated magnets [37, 38], the double-exchanged ferromagnets [39, 40], and the magnetic
skyrmion arrays [41-44]. Among them, the frustrated kagome magnets such as PdCrO,
[38], GdyPdSis [45], and Mns,,Sn and FesSny [8, 17] are more interesting as they are
rich in physics due to the triangular spin-lattice in the kagome network. Mn3Ge, like
its sister compound Mn3Sn, is a noncollinear antiferromagnet with a hexagonal crystal
structure of space group P63/mmec [46, 14, 16, 15]. Here, the Mn atoms form the kagome
network with triangles and hexagons in the ab-plane of the crystal, with the Ge atom
sitting at the centre of hexagon [47, 48, 15, 16]. Mng,,Sn shows a spin-reorientation
transition at around 260-270 K, while no such spin-reorientation transition is found in
Mngs,,Ge down to the lowest possible temperature. Further, Mns,,Sn shows a low-
temperature spin-glass transition at around 50 K but is not found in Mns, ,Ge. Earlier,
we found that Fe doping at the Mn site can significantly tune the electrical, magnetic,
and magnetotransport properties of Mng_sFesSn [30].

In this contribution, we systematically studied the electrical, magnetic, and Hall effect
properties of Mnsy,y_sFesGe (6=0, 0.30, and 0.62) by varying the Fe doping concentra-
tion. Fe doping significantly changes the electrical resistivity and magnetic properties of
Mngs,,Ge. Most importantly, we observe a topological Hall state only in the compound
with 6=0.30 of Fe doping but not in the parent system and the system with 6=0.62 of
Fe doping. In addition, increasing the Fe doping concentration significantly reduces the
spontaneous anomalous Hall effect observed in the parent system. In the manuscript, we

thoroughly explain our experimental observations.

Table 4.1: Lattice parameters obtained from the single crystal XRD (SCXRD) measure-
ments.

Composition a (A) b (A) ¢ (A) a (%) B(°) v (%)

MnssGe (6=0)  5.350(5) 5.352(5) 4.308(9) 90.06(17) 90.18(16) 120.00(2)

Mny g7 Feg50Ge (6=0.30)5.313(2) 5.314(2) 4.302(18) 90.06(3)  89.91(3) 119.93(4)

Mng goFeggGe (0=0.62)5.204(6) 5.282(8) 4.281(11)  90.5(2)  89.7(2)  120.00(3)
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Figure 4.1: Powder XRD patterns of MngsGe (6=0), Mnyg7Feq30Ge (6=0.30), and
Mny goFep 62Ge (6=0.62) single crystals. Bottom-right inset shows zoomed-in (0002) peaks
of =0, 0.30, and 0.62 compounds, demonstrating the shift in peak position with doping.
Photographic image of the respective compositions are shown.

4.2 Experimental details

Single crystals of Mnsy,)_sFesGe (6=0, 0.30, and 0.62) were prepared by the melt-
growth method using a high-temperature muffle furnace. In this method, Manganese
(Alfa Aesar 99.95%), Iron (Alfa Aesar 99.99%), and Germanium (Alfa Aesar 99.999%)
powders were taken in stoichiometric ratio, mixed thoroughly in the glove-box under an
argon environment before sealing them in a preheated quartz ampoule under a vacuum
of 10 * mbar. The sealed quartz tube was then heated in a muffle furnace up to 1050°C
and kept at that temperature for 24 hours. The tube was slowly cooled to 760°C for 6=0,
780°C for §=0.30, and 800°C for §=0.62 at a rate of 2 K/h. After prolonged annealing
at the respective growth temperatures for five more days, the ampules were quenched in
ice water to avoid the impurity phases. As-grown single crystals of Mns, ,)_sFesGe were
looking shiny and had a typical size of 2x1.5 mm?.

Phase purity and crystal structure of the single crystals were examined by using sin-
gle crystal X-ray diffraction (SCXRD, SuperNova, Rigaku) and powder X-ray diffraction
(XRD, Rigaku SmartLab) with Cu-K, radiation of wavelength A=1.5406 A. Using en-
ergy dispersive X-ray spectroscopy (EDS of EDAX), we find the actual chemical com-

position of the as-prepared samples to be Mng4s10.02Ge, Mns g7+0.05F€0.3040.020Ge, and
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Mns g9+0.04F€0.62+0.02Ge. Usually, Mns,,Ge forms with excess Mn without any control on
the Mn concentration [47, 16, 49, 46]. Thus, we also got the crystals with excess Mn.
For convinience, we represent the systems Mnjs 43Ge, Mns g7Feq 30Ge, and Mns goFeg goGe
in the manuscript by =0, 0.30, and 0.62, respectively, wherever applicable. FElectrical
transport, Hall effect, and magnetic property studies were performed using a 9-Tesla
physical property measurement system (PPMS, Dynacool, Quantum Design) within the
temperature range of 2-380 K. Electrical transport and Hall measurements were per-
formed using the four-probe technique. Copper leads were attached to the sample using
EPO-TEK H20E silver epoxy.

4.3 Results

4.3.1 Structural Properties

Mnj3Ge crystalizes into the NizSn-type hexagonal structure with a space group of P63/mmc
(194), with the Mn atoms sitting on the ab-plane to form a breathing kagome lattice,
while the Ge atoms sit at the center of the hexagons [15, 16]. A couple of kagome lattice
planes are stacked along the c-axis per unit cell. XRD patterns taken on the single crystal
of Mn(s;,)—sF'esGe is shown in Fig. 4.1, suggesting that the crystal growth is parallel to
the c-axis. The bottom right inset in Fig. 4.1 shows zoomed-in (0002) peaks of the parent,
0=0.30, and 6=0.62 compounds. Here we observe that with increased Fe doping, (0002)
peaks are shifted to higher 260 values. This indicates a decrease in the lattice parameter
c. Optical images of the as-grown single crystals of different compositions are shown in
the middle insets of Fig. 4.1. Lattice parameters obtained from the single crystal XRD
of =0, 0.30, and 0.62 compounds are tabulated in Tab. 4.1.

4.3.2 Magnetic Properties

To explore the magnetic properties, magnetization as a function of temperature [M(T)]
was measured in the field-cooled (FC) and zero-field-cooled (ZFC) modes under a mag-
netic field (H) of 500 Oe applied parallel (H || z) and perpendicular (H L z) to the z-axis
as shown in Figs. 4.2(a), 4.2(b), and 4.2(c) from the §=0, 0.30, and 0.62 compounds,
respectively. From Fig. 4.2(a), we identify an antiferromagnetic (AFM) transition at a
Néel temperature of T y=365 K in Mnj 43Ge, consistent with previous reports on Mngz,Ge
where Ty was found between 365 K and 400 K depending on the z value [47, 15, 16, 46, 50].
Below Ty, the magnetization increases with decreasing temperature and saturates at very
low temperatures for both H || z and H L z directions. From Fig. 4.2(b), we observe a
similar behavior of magnetization from the 6=0.30 sample, except that Ty is reduced to

298 K. A down-turn in the ZFC M (T') data is noticed at a very low sample temperature
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Figure 4.2: Temperature-dependent magnetization [M(T")] of Mns,)_sFe;Ge measured
in zero-field-cooled (ZFC) and field-cooled (FC) modes with H || z and H L z for =0
(a), 0=0.30 (b), and 6=0.62 (c). Similarly, magnetization isotherms [M (H)| measured at
2K with H || zand H L z for §=0 (d), 6=0.30 (e), and 6=0.62 (f). Insets of (d), (e), and
(f) are M(H) data measured at 200 K from 0=0, 0.30, and 0.62, respectively. See Sup-
plemental Material for the M (H) data measured at several other sample temperatures.

of 15 K, which is clearly visible with H 1 z. This hints at a spin-glass-like transition
induced by the Fe doping [51-54]. Next, from Fig. 4.2(c), we observe a further decrease
in Ty to 230 K with a Fe doping of 6=0.62 in addition to a sudden drop in magnetization
at 100 K from both H || z and H L z directions. This kind of magnetization drop earlier
reported on MnzSn was understood as an AFM-to-AFM magnetic transition [55, 56].
Moreover, at 20 K, we observe a downturn in the ZFC M (T") data, clearly visible from
the H L z direction, which is sharper than 6=0.30 compound.

Interestingly, from the M (T') of Mnj45Ge measured in the FC mode, we notice almost
two times higher in-plane magnetization (H L z) than the out-of-plane magnetization
(H || 2) at 2 K, indicating a strong magnetic anisotropy in this systems. Such strong
magnetic anisotropy in Mng43Ge, despite being an AFM metal, mainly originates from
the geometrical frustration of the Mn magnetic moments within the kagome lattice plane,
producing a finite net magnetic moment [47, 57]. Further, from Figs. 4.2(b) and 4.2(c)
we can notice that the in-plane magnetization increases nearly three times and four times
compared to the out-of-plane magnetization for the Fe doping concentration of §=0.30
and 0.62, respectively. Thus, the magnetic anisotropy rapidly increases with Fe doping

concentration.
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Figs. 4.2(d), 4.2(e), and 4.2(f) show magnetization isotherms [M (H)] measured at 2 K
with H || z and H L z directions from the =0, 0.30, and 0.62 compounds, respectively.
From Fig. 4.2(d), we observe a spontaneous magnetization at lower fields, which then
linearly increases with the field. Further, consistent with M(T) data [see Fig. 4.2(a)],
the in-plane spontaneous magnetization is nearly two times higher than that of out-of-
plane magnetization at lower fields. Inset in Fig. 4.2(d) shows M (H) data taken at 200
K. Nevertheless, we do not find any significant difference in the M(H) data between 2
and 200 K. On the other hand, more interestingly, from the M(H) data of the 6=0.30
compound [see Fig. 4.2(e)], we find a quite complex magnetization isotherm. That means
the out-of-plane (H || z) magnetization increases more rapidly than the in-plane (H L
z) magnetization with increasing applied field and eventually dominates the in-plane
magnetization beyond 0.3 T of applied field when measured at 2 K. We further notice
that at 4 T of the applied field, the out-of-plane magnetization is nearly three times higher
than that of the in-plane. This observation is in stark contrast to the parent system, where
we observe dominating in-plane magnetization throughout the applied field up to 4 T.
The inset in Fig. 4.2(e) shows the isotherm measured at 200 K, demonstrating that the
in-plane magnetization dominates the out-of-plane throughout the applied field up to 4 T,
which is similar to the parent system. Further, Fe doping of =0.62 converts the system
more into an in-plane ferromagnet (with a sigmoid-like M (H) loop) and an out-of-plane

antiferromagnet (with a linear M (H) loop), as shown in Fig. 4.2(f).

4.3.3 Electrical and Magnetotransport Properties

Fig. 4.3(a) depicts the zero-field in-plane longitudinal electrical resistivity (p..) of the
0=0, 0.30, and 0.62 compounds measured between 2 and 300 K. We notice from the
resistivity that the parent compound, Mnj3 43Ge, exhibits overall a metallic behavior with
temperature that is in agreement with earlier reports on Mns,,Ge [16]. On the other
hand, with the Fe doping of 4=0.30, the system exhibits a semiconducting or a bad-
metallic behavior as p,, increases with decreasing temperature. With further increasing
the Fe doping to 0=0.62, we observe that the p,, increases with decreasing temperature
before a sharp drop in the resistivity takes place at 100 K [see Fig. 4.3(a)], below 100
K the system behaves like a metal. Such a sudden drop in the resistivity at 100 K is
possibly due to the in-plane AFM-to-AFM magnetic transition [see Fig. 4.2(c)] leading
to the metal-insulator (MI) transition as reported earlier on Mns_sFesSn [30] and on
Mny 34Feg 66Ge [58].

Fig. 4.3(b) depicts the Hall resistivity [p,(T")] 6=0, 0.30, and 0.62 compounds measured
as a function of temperature. Here, p,, stands for the in-plane Hall resistivity (ab-plane)
measured with the current applied parallel to the z-axis and field applied parallel to the

z-axis, while the Hall voltage is measured along the y-axis. Hall resistivity was measured
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Figure 4.3: Temperature-dependent (a) longitudinal resistivity (p,,) and (b) Hall resis-
tivity (psy) plotted for =0, 0.30, and 0.62. Inset in (b) is the zoomed-in image taken to
demonstrate the increase in total Hall resistivity of 0=0.62 below 230 K. Field-dependent
Hall resistivity (p,,) measured at various temperatures for 6=0 (c¢), 6=0.30 (d), and

0=0.62 (e) compounds. Inset in (d) and (e) are the zoomed-in images taken around zero
field.

using both positive (+H) and negative (-H) fields to exclude the magnetoresistance con-

tribution due to possible misalignment of the four-probe connection. The resultant Hall

resistivity was calculated using the formula, 22 (H’T)_Qp #HT)  Thus, from Fig. 4.3(b), we
can observe that the p,, of the parent compound monotonically increases (negative value)
with decreasing temperature which then saturates at low temperatures. This observation
agrees with previous reports on this system [15]. p,,(T) of the parent system bears a
resemblance to the M (T') data [see Fig. 4.2(a)]. On the other hand, the p,, of 6=0.30
compound rapidly increases (positive) with decreasing temperature, possibly due to a
rapid increase in the out-of-plane magnetization [see Fig. 4.5(d)]. Next, from the p,, of
0=0.62, we can find significant Hall signal only within the temperature range of 100-230
K, which is consistent with the M(7') data as shown in Fig. 4.2(c) where we notice one
antiferromagnetic transition (AFM) at Tv=230 K and the other one (also AFM type) at
T;=100 K.
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Field-dependent Hall resistivity [p.,(H)] measured at various temperatures is plotted in
Figs. 4.3(c), 4.3(d), and 4.3(e) from the 6=0, 0.30, and 0.62 compounds, respectively.
From the parent compound, we observe a sudden jump in p,, near the zero fields, which
saturates with further increasing the field as shown in Fig. 4.3(c), which is a signature
of the anomalous Hall effect (AHE). This observation is consistent with previous reports
on similar systems [15, 16]. Also, in agreement with p,,(7") as shown in Fig. 4.3(b),
the saturated p,,(H) value increases with decreasing temperature and becomes nearly
constant below 100 K. On the other hand, with a Fe doping of §=0.30, the AHE is
significantly decreased, as we do not observe a sharp jump near the zero fields but only
a gradual increase in p,, with the field. Particularly at higher temperatures (> 100 K),
we observe a linear dependence of p,, on the applied field due to the dominating normal
Hall contribution. However, at lower temperatures (< 100 K), we still find a non-linear
and hysteretic p,,(H) behavior. Further increasing the Fe doping to d=0.62, as shown
in Fig. 4.3(e), the AHE signal is hardly visible at most of the measured temperatures
except a small AHE is noticed at 110 and 200 K. Thus, the total Hall resistivity of 6=0.62
shown in Fig. 4.3(b) is mainly contributed by the normal Hall resistivity except for the
temperature range of 100-230 K where a small AHE contribution also present.
Red-colored data in Fig. 4.4(a) depict the total Hall resistivity of §=0.30 fitted using
Eqn. 4.1 measured at various sample temperatures. Black-colored data in Fig. 4.4(a) are
the fits using the Eqn. 4.1. We can notice that p,,(H) is not fitted well at lower fields
because of the topological Hall contribution. Therefore, to extract the topological Hall
contribution, one needs to subtract anomalous and normal Hall contributions from the
total Hall resistivity such as pl (H) = pay(H)-[p},(H) + pj,(H)]. Green-colored data in
Fig. 4.4(a) depict the obtained topological Hall resistivity plotted as a function of field
at various temperatures. From Fig. 4.4(a), we notice that the topological Hall effect is
more significant at low temperatures with a maximum of pgy = 0.69 pf2 cm for a critical
field of 0.6 T at 2 K, which disappears at higher temperatures (>50 K).

pu = piy + Py = RopoH + RspioM (4.1)

Here, Rg is the normal Hall coefficient and Rg is the anomalous Hall coefficient.

Next, in addition to p.,(H) of §=0.30, p,,(H) of 6=0 and 0.62 were also fitted by the
Eqn. 4.1 to estimate the values of normal (Ry) and anomalous (Rg) Hall coefficients.
Fig. 4.4(b) shows temperature-dependent normal Hall coefficient. Since the normal Hall

coefficient Ry is related to carrier density (n) and charge (q) as Ry = we can obtain

1
nlq|’
the carrier concentration as a function of temperature, shown in Fig. 4.4(c). From Fig.
4.4(c), we can notice that the carrier concentration of the parent system is almost constant
with temperature. For §=0.30, it hardly changes with temperature down to 50 K and

with further decreasing the temperature the carrier concentration rapidly increases. On
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Figure 4.4: (a) Field-dependent in-plane Hall resistivity (p,,) measured at different tem-
perature of 0=0.30. The red curves are experimental data and the solid-black curves are
the fits using the Eqn. 4.1 and green curves are the topological Hall resistivity (p},). (b)
Normal Hall coefficient (Rp). (c¢) Carrier density plotted as a function of temperature.
(d) Anomalous Hall coefficient (Rg) plotted as a function of temperature.

the other hand, the carrier concentration of §=0.62 is nearly the same at both 2 and 300
K but it significantly decreases as the sample approaches 100 K. Such a change in carrier
density is possibly related to the magnetic transition around this temperature. Further,
the anomalous Hall effect is quantified by the anomalous Hall coefficient (Rg). From Fig.
4.4(d), we can find large Rg values for the parent system at 2 K, which decrease with
increasing temperature, consistent with the total Hall resistivity [see Fig. 4.3(b)]. On the
other hand, fluctuating Rg values are noticed in the §=0.30 compound. To be precise,
positive and negative Rg values are found below and above the sample temperature of 50
K, respectively. Such a crossover from positive to negative Rg values indicates the sign
change in the anomalous Hall effect as observed in the inset of Fig. 4.3(d) [59]. Negligible
Rs values found from the 0=0.62 suggest negligible AHE which is in agreement with
Fig. 4.3(e). We further notice a change in the sign of AHE between the parent system
(—ve) and the Fe doped system of §=0.62 (+ve), possibly due to the change in carrier
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concentration with Fe doping as a sign of the Hall conductivity or Berry curvature is
sensitive to the chemical potential [49, 60]. The same can be valid for the §=0.30 system
as well, in which we observe a change in the sign of AHE below (+ve) and above (—wve)
50 K [see Figs. 4.4(c) and 4.4(d)].

4.4 Discussions

Overall, the electrical transport, magnetic, and magnetotransport properties of Mng 43Ge
are consistent with previous reports [47, 15, 16, 49, 46]. During this manuscript prepara-
tion, a report on Mnj 34Feq 66Ge has appeared in the literature [58], thoroughly discussing
the magnetic and magnetotransport properties. Our magnetic and magnetotransport re-
sults on =0.62 compound agree with Ref. [58]. That means the antiferromagnetic tran-
sitions observed at 230 K and 100 K in our studied system are very close to the reported
values of 240 K and 120 K, respectively. Further, the absence of in-plane anomalous Hall
effect (pyy) is consistent with the report. However, a small out-of-plane AHE (p,,) is
reported in Ref. [58] with a maximum of p,,=0.7 p€2 cm at 130 K, which we could not
study on our skinny samples. Nevertheless, the dominating normal Hall resistivity at all
measured temperatures is in excellent agreement with Ref. [58]. In addition, the electrical
transport and magnetic properties of our studied system Mns goFeg62Ge are consistent
with several other previous reports on Mns_sFesGe (6 > 0.45) [61-63]. Specifically, the
metal-insulator transition observed at 100 K in our 6=0.62 system is in agrement with
the previous report on (Mngg3Feg2)s3.25Ge [63].

Next, the new results of this manuscript, not yet reported so far, are the electrical trans-
port, magnetic, and Hall effect on Mny g7Fe( 30Ge compound. Interestingly, although both
the parent and 0=0.62 compounds show an increase in longitudinal resistivity (p,,) with
temperature, at least in the low-temperature regime, Mny 97Fe( 30Ge does not display any
metallic nature of the resistivity. Means the highest resistivity observed at 2 K gradually
decreases with increasing temperature, like in magnetic semiconductors [64-66]. On the
other hand, we could observe the topological Hall effect in §=0.30 which was not found
in the parent and §=0.62 systems. There exist several mechanisms to understand the
origin of the topological Hall effect, such as the Dzyaloshinskii-Moria (DM) interaction
in noncentrosymmetric systems [44, 67, 68], uniaxial magnetocrystalline anisotropy in
centrosymmetric systems [27, 69, 30], and chiral domain-wall-induced skyrmion lattice
[70-73]. Furthermore, the recent theoretical and experimental studies suggest the sta-
bilization of skyrmion lattice in centrosymmetric kagome systems [74, 75, 17| such as
GdyPdSiy [45], GdsRuyAlys [76] due to geometrical magnetic frustration. Recently, we
have also shown an enhancement of magnetocrystalline anisotropy in addition to the
formation of the noncoplanar spin structure generating the topological Hall effect in

Mnjs_sFesSn [30]. The same could be true in the present case of 6=0.30 compound as
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Figure 4.5: Schematic representation of the Mn magnetic moment arrangement in the
parent (a), 6=0.30 (T < 50 K) (b), and 6=0.62 (T < 100 K) (c¢) compounds. (d)
Magnetization plotted as a function of temperature measured at 1 T of applied field
from 6=0.30 sample.

well.

Fig. 4.5 schematically demonstrates the magnetic structure observed in the studied com-
positions of =0, 0.30, and 0.62. Fig. 4.5(a) depicts the Mn3Ge magnetic structure with
an inverse-triangular arrangement of the Mn magnetic moments. Here, the Mn magnetic
moments are in a noncollinear but coplanar antiferromagnetic order, leading to zero scalar
spin chirality x;jx = 5;.(S; x S) = 0. Thus, no topological Hall effect has been observed
but only the anomalous Hall effect due to nonzero Berry curvature in the momentum
space [46, 14, 16, 15]. With a Fe doping of 6=0.62, Mny goFe ¢2Ge has a collinear out-
of-plane AFM ordering as demonstrated in Ref. [58] by the neutron diffraction study as
well in this study [see Fig. 4.2(f)], is schematically shown in Fig. 4.5(c). Since in this case
also the scalar spin chirality is zero, no topological Hall effect is anticipated.

Fig. 4.5(b) schematically shows the noncoplanar arrangement of the Mn magnetic mo-
ments in Mns g7Fe 30Ge, where the magnetic moments align neither ferromagnetically
nor antiferromagnetically in any particular direction under the external applied field. In
this case, the scalar spin chirality will be nonzero, y;jx = 5;.(S; X Sk) # 0. As a result,
the topological Hall resistivity is warranted, as shown in Fig. 4.4(a). Further, to confirm
that the system has a noncoplanar spin structure, we plotted M (T") of Mny g7Feq 30Ge
under the applied field of 1 T in Fig. 4.5(d). From Fig. 4.5(d), we can notice that
the in-plane magnetization gradually increases with decreasing temperature and nearly

saturates below 150 K. On the other hand, the out-of-plane magnetization rapidly in-
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creases with decreasing temperature and dominates the in-plane magnetization below 50
K. Such a crossover from dominating in-plane to out-of-plane magnetization indicates
that the spins are canted towards out-of-plane directions, producing field-induced non-
coplanar spin structure. This argument is further supported by Fig. 4.2(e), in which the
in-plane magnetization dominates the out-of-plane magnetization at higher temperatures
(T =200 K). In contrast, the out-of-plane magnetization dominates the in-plane at 2 K,
above 0.3 T of applied fields. Therefore, our results suggest that the noncoplanar spin
structure stabilized by the strong magnetocrystalline anisotropy originates the topological
Hall effect in Mng g7Feq 30Ge [30].

4.5 Summary

We have systematically studied the electrical, magnetic, and magnetotransport properties
of Mnz44)_sFes;Ge (0=0, 0.30, and 0.62). We find that the electrical resistivity of the
parent compound displays metallic behavior, while the system with §=0.30 of Fe doping
exhibits resistivity similar to a dilute magnetic semiconductor. With further Fe doping
of §=0.62, the system demonstrates a metal-insulator transition at 100 K. Fe doping
increases ferromagnetism and magnetocrystalline anisotropy. It induces a spin-glass-like
state at low temperatures. In addition, the spontaneous anomalous Hall effect observed
in the parent system is significantly reduced with increasing Fe doping concentration.
Importantly, the topological Hall effect observed in Mnjy g7Feq 30Ge (6=0.30), is not found
from the parent system Mns 43Ge or Mng goFeg g2Ge (6=0.62).
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Chapter 5

Temperature Dependent Intrinsic
Anomalous Hall Conductivity
Observed in Fe3;Ge, a Ferromagnetic

Topological Metal

5.1 Introduction

The Hall effect, a cornerstone of solid-state physics, arises from Lorentz forces acting
on charge carriers as they traverse in a conductor under perpendicular applied mag-
netic field [1, 2]. This fundamental phenomenon has found widespread utility in various
technological applications, from precise magnetic field sensing to the characterization of
materials’ electronic properties [3]. The conventional Hall effect usually occurs in non-
magnetic metals [2, 4]. In contrast, the magnetic materials exhibit an anomalous Hall
effect (AHE), distinguished by a pronounced increase in Hall resistivity proportionate
to the material’s magnetization [4]. The AHE was initially attributed to two extrinsic
scattering processes, namely the skew-scattering and the side-jump mechanisms [5, 6]. In
1954, Karplus and Luttinger (KL) proposed a different theory to understand the AHE
by introducing a band structure-originated contribution to the AHE, an intrinsic contri-
bution [7]. It was later understood that the intrinsic KL mechanism is directly related
to the Berry phase effects on the occupied electronic Bloch states [8, 4]. Usually, the
Berry phase in the momentum space is considered temperature-independent as the elec-
tronic band structure does not change much with temperature unless the system possesses
temperature-dependent electronic, structural, or magnetic phase transitions. Therefore,
not much information is available on the temperature-dependence of the intrinsic Hall
contribution, except for one recent paper discussing the possibility of such effect [9].

In this read, the kagome lattice, consisting of two-dimensional corner-sharing triangles,
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enables distinctive electronic behaviors such as van Hove singularities, Dirac-like disper-
sion, and flat bands [10-12]. Its unique structural geometry combined with topology and
electronic correlations [11] provide a rich platform for exploring emergent quantum phe-
nomena. The Hall effect in kagome systems is currently a hotbed of research activities.
These materials exhibit large AHE [13, 14] and topological Hall effect (THE) [15], driv-
ing the exploration for novel electronic properties and functionalities in these systems.
Among them, the Co-based ferromagnetic kagome material Co3SnsS, stands out for its
giant AHE [13, 16]. Interestingly, the Mn-based kagome compounds such as Mn3zX (X
= Sn, Ge), despite being antiferromagnetic, demonstrate a large AHE, attributed to the
intrinsic nonzero Berry curvature [14, 17, 18]. The ferromagnetic kagome system Fe3Sns
exhibits both AHE and THE [19, 20, 15|, while the ferromagnetic compound Fe3Sn dis-
plays a substantial AHE, with contributions originated from both intrinsic and extrinsic
sources [21].

On the other hand, the composition Fe3sGe, similar to Fe3Sn, has been reported to exhibit
room-temperature ferromagnetism and large anomalous Hall effect (AHE) [22, 23]. Most
importantly, unlike FegSn, Fe3Ge shows the tuning of easy-magnetization axis from the
out-of-plane to the in-plane below the spin-reorientation transition at around 380 K [22,
24, 25]. Such a spin-reorientation transition significantly changes the electronic band
structure [26], providing an ideal platform to study the temperature effect on the intrinsic
Hall conductivity. Therefore, we synthesized the single crystals of Fe3Ge and thoroughly
investigated its directional dependent magnetic and Hall effect properties. Magnetic
measurements indicate that below Tsg, the Fe magnetic moments gradually cant from the
z-direction towards the xy-plane as the temperature decreases. We observe that the Hall
conductivity has both intrinsic and extrinsic contributions. Importantly, we demonstrate
the temperature dependence of intrinsic Hall contribution due to tuning of the easy-
magnetic axis from the out-of-plane to the in-plane with decreasing temperature. We
further discuss the effect of electron-phonon scattering on the extrinsic Hall conductivity

originating from the skew-scattering mechanism.

5.2 Methodology

5.2.1 Experimental details

Single crystals of Fe3Ge were prepared by melt growth technique. In this method, high-
purity iron (Alfa Aesar 99.999%) and germanium (Alfa Aesar 99.999%) powders were
thoroughly ground in an argon-filled glove box to form a homogeneous mixture. The
mixture was then transferred into an alumina crucible, which was subsequently sealed
within a preheated quartz ampoule under a vacuum. The sealed ampoule was heated

to 1120°C in a high-temperature box furnace and kept at that temperature for a day
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for a thorough chemical reaction. Subsequently, the temperature was slowly reduced to
800°C at a controlled cooling rate of 2°/hour. After prolonged annealing for the next five
days at 800°C, the sample was rapidly quenched in ice water to prevent the formation of
low-temperature phases.

Phase purity and structural characterization were done using powder X-ray diffraction
(XRD) with Cuk, radiation (9 kW) on a Rigaku X-ray diffractometer. Chemical com-
position was identified using energy-dispersive X-ray spectroscopy (EDS) measurements.
The EDS data reveal that the exact chemical composition of the as-prepared samples is
Fes.05Geg o5, which is very close to the nominal composition of FesGe (see Fig. 5.1(c)).
Further, the EDS elemental mapping verifies the homogeneity and compositional uni-
formity of the single crystal studied single crystals (see Fig. 5.1(d)). Scanning electron
microscope (SEM) image reveals no evidence of grain boundaries within the crystal, con-
firming the sample’s single-crystalline nature (inset of Fig. 5.1(c)).

Electrical transport and magnetic properties were measured using a 9-Tesla physical
property measurement system (PPMS, Dynacool, Quantum Design) over a broad tem-
perature range between 2 and 380 K. High-temperature magnetic behavior was explored
with a VSM-oven attached to the PPMS. Hall effect and transport measurements em-
ployed the standard four-probe method, with copper leads meticulously attached to the
sample using H20E/10z silver epoxy for reliable contact. For convenience, the cartesian
coordinates (z,y, z) are used instead of crystallographic axes (a, b, ¢) wherever required
in this manuscript. We can identify the c-axis (z) and ab-plane (zy) using XRD mea-
surements, but we were unable to differentiate between the a- and b-axes. Therefore, to
streamline the manuscript, the longer side of the crystal’s zy-plane (inset of Fig. 5.1(b))

is considered as the z-axis, and the shorter side as the y-axis.

5.2.2 First-principles Calculations

The electronic ground states of FesGe were calculated using density functional theory
(DFT) within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA), implemented in the Quantum Espresso (QE) simulation package [27]. The crys-
tal structure was optimized with ultrasoft pseudo-potentials [28], using the force and
energy convergence criteria of 10~* Ry/A and 10~° Ry, respectively. An energy cutoff of
110 Ry and a charge density cutoff of 1320 Ry were applied for the plane-wave basis set.
A 20 x 20 x 20 k-point mesh was employed for Brillouin zone sampling. The Methfessel-
Paxton (mp) smearing technique with a smearing parameter of ¢ = 0.007 Ry was utilized
for the charge density evaluation. The spin-orbit coupling effect was incorporated us-
ing the fully relativistic pseudo-potentials. To explore the anomalous Hall conductivity
(AHC), a tight-binding model was constructed using maximally localized Wannier func-

tions (MLWFS) via the Wannier90 code [29]. The Berry curvature along high-symmetry
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Figure 5.1: (a) Schematic crystal structure of the hexagonal unit cell and kagome lattice
of FesGe. (b) Powder X-ray diffraction (XRD) pattern of the crushed single crystals
of FesGe overlapped with the Rietveld refinement. Insets in (b) display a photographic
image of the Fe3Ge single crystal and XRD pattern taken on the Fe3Ge single crystal.
(c) EDS spectra of Fe3Ge and inset shows the tabulated elemental ratios present in the
system. (d) The elemental mapping of Fe and Ge in the studied single crystals. (e)
and (f) depict the temperature dependent in-plane (p,,) and out-of-plane (p,.) electrical
resistivity, respectively. The solid curves in (e) and (f) are fits using the Bloch-Wilson
equation (see the text for more details). Inset in (e) shows the linear resistivity within the
temperature range of 50-200 K. (g) Temperature-dependent specific heat. The solid line
is a fit with the Debye model. The inset shows a zoomed-in image of the low-temperature
region.

directions was computed using the Kubo formolism [30] as also implemented in Wan-
nier90 code. The intrinsic AHC along the [001] and [010] directions were then obtained
by integrating the z- and y-components of the Berry curvature over the entire Brillouin

zone using the WannierTools code [31].
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5.3 Result and Discussion

The left panel in Fig. 5.1(a) depicts the schematic view of the hexagonal crystal structure
of Fe3Ge and the right panel in Fig. 5.1(a) shows crystal structure projected onto ab-
plane from which we can identify the kagome lattice plane formed by the Fe atoms with
hexagons and triangles and Ge sitting in the center of the hexagon. The powder x-ray
diffraction performed on the crushed single crystals of Fe;Ge, as shown in Fig. 5.1(b),
confirms the phase purity of the as-grown single crystals. The inset in Fig. 5.1(b) depicts
XRD pattern taken on the Fe3Ge single crystal with the (0 0 [) Bragg’s plane, suggesting
that the crystal growth axis is parallel to the c-axis. In-plane (p,,) and out-of-plane
(p..) longitudinal electrical resistivity were measured as a function of temperature as
shown in Figs. 5.1(e) and 5.1(f), respectively, confirming the metallic nature of Fe;Ge
throughout the measured temperature range. The electrical resistivity data on our Fe3Ge
are consistent with previous reports [23, 25]. Further, p..(T) was fitted using the Bloch-
Wilson equation (see Eq. 5.1) for n=3, which accounts for the phonon contribution to the
resistivity in combination with 72 term to account for the electron-electron scattering [32,
33]. On the other hand, for the best fitting of p,.(T) data [see Fig. 5.1(e)], we need to
add an extra term ps,; to Eq. 5.1 (see Eq. 5.2) as p,.(T) tends to saturate at higher
temperatures [34]. From these fittings, we obtained Debye temperature (©p) of about
460 K from p,, and 345 K from p,, data. The average Debye temperature of 402 K is close
to the Debye temperature (©p =369 K) derived from the heat capacity measurements

(see Fig. 5.1(g)).

p(T) =po+ A (@TD>3 /Oezp En 1)“2 mp— dx + BT? (5.1)

1 1 1

@ = m + @ (5.2)
In Fig. 5.1(g), specific heat is plotted as a function of temperature for Fe3Ge. The Debye
model is used to fit the specific heat data using the Eq. 5.3. From the fitting we obtained

a temperature of Op =369 K.

T\ (% et

C(T) = IR <@D> /0 T (5.3)
From the fitting, we obtained a value of 9nR = 311.80 Jmol~! K~!, which yields 3nR =
103.93 Jmol ' K~!. This is in good agreement with the expected Dulong-Petit limit of
3nR = 99.72 Jmol ' K=!, where n = 4 is the number of atoms per formula unit in FesGe,

and R = 8.31Jmol 'K~ is the universal gas constant. Further, specific heat at low

temperatures can be expressed best by using the Eq. 5.4.
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Figure 5.2: Temperature-dependent magnetization [M(7T')] of Fe3Ge plotted for (a) H || z
and (b) H L z under an applied magnetic field of H = 500 Oe. Inset in (b) shows the
M (T) data at high temperatures. Magnetization isotherms [M (H)] plotted for (c) H || z
and (d) H L z at various sample temperatures. In-plane (p,,) and out-of-plane (p.,)
Hall resistivity plotted as a function of the field for (e) H || z and (f) H L z at various
sample temperatures. In-plane (o,,) and out-of-plane (o.,) Hall conductivity plotted as
a function of the field for (g) H || z and (h) H L z at various sample temperatures.

C =~T + BT (5.4)

Here, T represents the electronic contribution and 37 the phononic contribution to the
specific heat. The obtained ~ and 3 values are 2.98 mJ mol~™' K2 and 0.18 mJ mol™!
K%, respectively.

To elucidate the magnetic properties of FesGe, we measured magnetization as a function
of temperature [M(7T')] and field [M (H)] as shown in Fig. 5.2 for both H || z and H L z.
From the M(T) data [see Figs. 5.2(a) and 5.2(b)], we find a spin-orientation transition
at around Tgr =340 K below which the out-of-plane magnetization (H || z) significantly
reduces (35% from the maximum at 340 K) ingoing to low-temperature below Tsr. On
the other hand, the in-plane magnetization (H L z) does not decrease much (5%) with
decreasing temperature below Tsgr. Further, we notice a ferromagnetic transition at a
Curie temperature of T =680 K as demonstrated in the inset of Fig. 5.2(b). The mag-
netisation isotherms M(H) for H || z and H L z at different sample temperatures are
shown in Figs. 5.2(c) and 5.2(d), respectively. The M (H) data indicate that Fe;Ge ex-
hibits an in-plane (H L z) easy-axis of magnetization in its ground state, as evidenced by
the inset shown in Fig. 5.2(d). Interestingly, the M (H) of all temperatures for H L z do
not change significantly as the saturation magnetization remains almost constant across
all measured temperatures. In contrast, for H || z, the M(H) curves progressively shift

to higher saturation magnetization values as the temperature decreases. This observation
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indicates that as the temperature decreases, the spins of Fe moments gradually reorient
from the z-axis to the zy-plane, and eventually stabilize into an in-plane ferromagnetic
configuration at low temperatures. This observation is consistent with the M (T') data
shown in Figs. 5.2(a) and 5.2(b). Earlier also, it was reported that the Fe magnetic mo-
ments in this material exhibit a gradual deviation from the z-axis towards the xy-plane
below Tsr [22, 24, 23].

Next, the field-dependent Hall resistivity measured for in-plane (p,,) and out-of-plane
(p.) at various temperatures are presented in Figs. 5.2(e) and 5.2(f), respectively. A
sharp increase in the Hall resistivity at low fields, followed by saturation at higher fields,
confirms the presence of anomalous Hall effect (AHE) in FesGe [4, 25]. Figs. 5.2(g) and
5.2(h) depict the Hall conductivity derived from the Hall resistivity shown in Figs. 5.2(e)
and 5.2(f), respectively, using the relation,

—Pay/zx

Oayoe = — : (5.5)
ptcy/z:c + pxm/zz

where p,, /.. is the longitudinal resistivity measured along the x/z direction of the crystal.

The total Hall resistivity of a ferromagnet can be written as
pr = piy + pii = poRoH + poRs M, (5.6)

where Ry and Rg are the normal and anomalous Hall coefficients [see Figs. 5.3 (a) and (b)
for Ry(T") and Rs(T') plots, respectively] [35, 4]. Thus, the field-dependent Hall resistivity
of py(H) and p,,(H) measured at various temperatures, as shown in Figs. 5.2(e) and
5.2(f), were fitted using the total resistivity equation and extracted the anomalous Hall
resistivity pz, and pZ, [see Fig. 5.3 (d)]. Finally, from the fits we converted p,,(H) and

pzx(H) into the anomalous Hall conductivity 0%, and o2,

Z., and plotted as a function of

temperature, as shown in Fig. 5.4(a).

A unified scaling relation between the anomalous Hall resistivity (p%}) and the longitudinal
electrical resistivity (p) remains elusive. Different functional forms have been reported
for p34 as a function of p, p = f(p). Initially, Smit et. al. attributed the anomalous Hall
effect to the extrinsic skew-scattering of electrons with magnetic impurities and proposed
that p4 o pee [5]. On the other hand, Berger et. al. suggested that the extrinsic side-
jump scattering of electrons with magnetic impurities could also contribute to the AHE
such as pg o p2, [6]. In contrast, Karplus and Luttinger (KL) proposed an intrinsic
contribution to the anomalous Hall effect, arising from the strong spin-orbit interactions
combined with inter-band scattering, leading to pi, o p2, [7, 4]. The KL mechanism was

recently revisited through the Berry phase mechanism, and it realized that the intrinsic
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Figure 5.3: Panels (a) and (b) depict the temperature evolution of the normal Hall
coefficient (Ry) and anomalous Hall coefficient (Rg), respectively. (c) Saturation magne-
tization (Myg) is plotted as a function of temperature. (d) and (e) Longitudinal electrical
resistivity and conductivity are plotted as a function of temperature, respectively. (f)
Plot of pZ, ,,,/Ms vs. p2,,,,, with the solid line depicting a linear fit.

Hall effect is a dominant contributor to the anomalous Hall effect [4]. In this regard, the
anomalous Hall conductivity can be expressed as some of all three contributions following

Matthiessen’s rule,

OAH = Oint + O + 0sj, (5.7)

where 0;,, is the intrinsic Hall contribution, o is the extrinsic skew-scattering contribu-

tion, and oy; is the extrinsic side-jump contribution.

Usually, intrinsic and extrinsic Hall contributions coexist, and distinguishing the intrinsic
from the extrinsic contribution is a major experimental challenge. In this regard, Tian
et. al. [36] proposed a novel scaling law (TYJ) for the anomalous Hall effect, which
offered a more reliable and cohesive framework for comprehending the relation among
various AHE contributions. The TYJ scaling law incorporates residual resistivity (p..0)

as pfy = f(puz0, Pzz)- Thus, the empirical form of the TYJ model for AHE is given by,

Py = (prz0 + Bp2s0) + 0(T) 3, (5.8)

_Uﬁy(T) = (ao-;xl() + 50‘;&%)0‘2‘&: + b(T)7 (59)
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Figure 5.4: (a) o2, and o2, plotted as a function of temperature. (b) Plot of —oz, vs.
02,. (c) Plot of —o2 wvs. afz. The solid lines in (b) and (c) are the linear fits by the

T
ext)

Eq. 5.10. (d) Temperature-dependent in-plane extrinsic AHC (og)").

_Ufy<T) p;ﬁ)gaﬂx (T) + b<T) (510)
where 0,,0 = 1/pz0 is the residual conductivity, « are [ are constants, and b(7T) is

temperature-dependent intrinsic Hall conductivity arising from the Berry curvature.
Fig. 5.4(b) depicts the plot of 0}, vs. o2

From Fig. 5.4(b), it is evident that a shows differing linear dependencies on o2, in

2 ., overlapped with fits (solid lines) using Eq. 5.10.
different temperature regions. Asa result, we get the intrinsic Hall conductivity of b = 170
S/cm in the high-temperature region, which is 112 S/cm in the low-temperature region.
Similarly, from the plot of o2 vs. o2, [see Fig. 5.4(c)] we observe b = 111 S/cm in the
high-temperature region and 320 S/cm in the low-temperature region. These observations
demonstrate the temperature dependence of intrinsic Hall contribution to the total Hall
conductivity. This conclusion is further supported by the plot of pfy Joad Ms vs. P2, ot
depicted in Fig. 5.3(f), a deviation in the linear fit confirms the temperature-dependent

intrinsic AHC, otherwise perfect linear behaviour is anticipated between p# and p? for the
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temperature independent intrinsic AHC [36, 37]. Importantly, in the high-temperature
region, the in-plane intrinsic contribution dominates the out-of-plane. In contrast, the
out-of-plane intrinsic contribution dominates the in-plane in the low-temperature region.
Next, the extrinsic Hall conductivity can be isolated by subtracting the intrinsic con-
tribution from the total Hall conductivity. Since the intrinsic Hall conductivity for oy,

does not change much within the measured temperature range, the extrinsic contribution

ext
Ty

resultant o

(o) is obtained by subtracting the low-temperature intrinsic AHC of b =112 S/cm. The

ext
Yy

notice that with increasing temperature, its magnitude decreases significantly. Therefore,

is plotted as a function of temperature in Fig. 5.4(d), from which one can

the sharp increase in total anomalous Hall conductivity below 200 K can be attributed
to the extrinsic contribution. Note that the increase in AHE above 200 K is due to the
high-temperature intrinsic AHC. In ferromagnetic metals, the value of Fe is of the order
of ~ 1072 and }%j, ~ 7.97 x 10* S/cm for an average lattice constant of the studied sys-
tem, @’ = (2a + ¢)/3 = 4.86 A [38, 39]. Thus, the extrinsic anomalous Hall conductivity
due to the side-jump is given by o,; = %(Egg) ~ 7.97 S/cm which is negligibly small.

Therefore, the extrinsic skew-scattering mechanism dominates at low temperatures where

the inelastic electron-electron scattering is minimal, and the sample’s longitudinal con-
ductivity is high [the clean limit regime| [40]. However, as the temperature increases, the
probability of inelastic scattering increases because of the electron-phonon interactions,

reducing the extrinsic skew-scattering contribution to the AHC [21].

Shitade et. al. had introduced a model that elucidates the impact of electron-phonon
interactions on the skew-scattering contribution of the anomalous Hall conductivity [41].
Since in our studied system (Fe;Ge) also we observe a strong electron-phonon interac-
tions within the temperature range of 50 and 200 K [see Fig. 5.1(c)], using the inelastic
scattering rate () as implemented in Ref. [41], we could fit the extrinsic skew-scattering

Hall conductivity by the equation

t ext
fopind o
0 0
ext Ty ry (5 1 1)

T 1P (T 12

as shown in Fig. 5.4(d). Here, /79 = aT for the electron-phonon scattering, and a is a
constant. The same procedure cannot be applied for 02 data to extract the extrinsic Hall
contribution as the intrinsic AHC values change significantly from the high-temperatures
(111 S/cm) to the low-temperatures (320 S/cm).

To further understand the anomalous Hall conductivity in Fe3Ge, we performed ab—initio
first-principles calculations as shown in Fig. 5.5. Since, experimentally, we notice that
the magnetic easy-axis rotates from out-of-plane towards in-plane in-going from high-
temperature to low-temperature, we performed the calculations by fixing the magnetic

easy-axis at different angles (©) with respect to the crystallographic c-axis. © = 0° means
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Figure 5.5: (a) Schematic representation of various spin configurations in FezGe. (b)
Electronic band structure calculated using DFT for various spin configurations as de-
picted in (a) including the spin-orbit coupling effects. (c) In-plane (04 ) and (d) out-of-

zy
plane (0! intrinsic anomalous Hall conductivity, plotted as a function of binding energy,

calculated for various spin configurations. (e)-(g) Intrinsic AHC plotted as a function of
angle (©) at Fp, E— Ep = —0.04 ¢V (Weyl-node), and £ — Er = —0.18 ¢V (Dirac-node).

the magnetic easy-axis is parallel to the c-axis and 90° means the magnetic easy-axis is
perpendicular to the c-axis as demonstrated in the Fig. 5.5(a). Fig. 5.5(b) depicts the
electronic band structure of Fe3Ge calculated including the spin-orbit coupling effects for
the magnetic configurations of © = 0°, 45°, and 90°. From Fig. 5.5(b), we can identify
several Weyl points near the Fermi level that are gapped out due to spin-orbit coupling.
In addition, we observe a couple of Dirac-like band crossings above and below the Fermi
level at I' and K high-symmetry points, respectively. Interestingly, the degeneracy of
the Dirac point is intact for the © = 90° magnetic configuration, i.e., the easy-magnetic

axis is perpendicular to the c-axis. However, moving the easy-axis towards the c-axis,
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the degeneracy of the Dirac points is lifted by opening a gap at the nodes. A maximum
Dirac nodal gap is observed for the © = 0° magnetic configuration.

Figs. 5.5(c) and 5.5(d) show the calculated anomalous Hall conductivity of in-plane (o7, )
A

2.), respectively, plotted as a function of binding energy for various

and out-of-plane (o
spin configurations. afy and o2 were calculated with the magnetization vector kept along
the [0001] () and [0110](y) directions, respectively. Figs. 5.5(¢)-5.5(g) show o7, and o2}
plotted as a function spin-configuration angle at the Fermi level (Er), the Weyl point
(Er-0.04 €V), and Dirac point (Er-0.18 V), respectively. From Figs. 5.5(e)-5.5(g), it is
evident that the in-plane AHC (o7,) dominates the out-of-plane AHC (07,) above Tsg
(© = 0°). However, as the temperature decreases (© increases), the o2, (02,) gradually
decreases (increases). Though this behavior is similar at Er, Weyl, and Dirac-point en-

ergy positions, 024 dominance over afy at low temperatures is significantly higher at the

A
Ty

from Tsr to low-temperature is qualitatively in agreement with the experimental obser-
vations as demonstrated in Figs. 5.4(b) and 5.4(c).

Weyl and Dirac-points. Further, the dominance cross-over between o2 and ¢ ingoing

The field-dependent Hall resistivity data presented in Fig. 5.2(e) and (f) were ana-
lyzed by fitting with Eq. 5.6, which accounts for the normal and anomalous Hall contribu-
tions. Examining the fitting data in depth revealed that the out-of-plane Hall resistivity
(p.e) is well described by Eq. 5.6, exhibiting excellent agreement with the fitted curve.
Whereas, the in-plane Hall resistivity (p,,) exhibited substantial deviations from the fitted
curve, as shown in Fig. 5.6(a). These discrepancies suggest the presence of an additional
contribution to the Hall signal, likely originating from a topological Hall effect (THE),
which cannot be captured solely by the normal and anomalous Hall terms. Therefore,
to accurately describe the in-plane Hall resistivity data, it is necessary to introduce an

additional term in Eq. 5.6. Accordingly, the total Hall resistivity can be expressed as,

pu = Py + P+ Ph (5.12)

Ph = i — P — Pl (5.13)

where pk is the topological Hall effect component to the Hall resistivity data. Now, we
can extracted the topological Hall resistivity (pfy) component using Eq.5.13 and plot it
in Fig. 5.6 (b). A pronounced topological Hall effect is observed at room temperature
(300 K), and the value of pgy increases with the applied field, reaching a maximum (pf;’“”
= 0.4 pQ.cm) at 0.66 T, then subsequently decreases with further increase in field and
eventually being completely suppressed at higher fields (see Fig. 5.6(b)). A similar
trend is observed at other temperatures, however, the magnitude of pfz‘ax systematically

decreases with decreasing temperature and becomes nearly negligible at 2 K, as shown
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Figure 5.6: (a) Field-dependent Hall resistivity at 250 K fitted with Eq. 5.6 and ex-
tracted topological Hall resistivity. (b) The topological Hall resistivity (pf,) is plotted as
a function of magnetic field at various temperatures. (c) Temperature-dependent mag-
netocrystalline anisotropy energy density (right axis) and maximum value of topological
Hall resistivity (left axis). The schematic illustrates the temperature-dependent variation
in the angle between the magnetic easy axis and the z-direction of the crystal.

in Fig. 5.6(c).

The Topological Hall effect (THE) arises from noncoplanar spin structures, where
the scalar spin chirality [x;;x = 5;.(S; % Sk)] becomes nonzero. This nonzero scalar spin
chirality leads to the formation of a real-space Berry curvature, thereby inducing THE
[42, 43]. Non-coplanar spin textures in magnetic systems can emerge from a variety of in-
triguing origins, such as Dzyaloshinskii-Moriya interaction (DMI) in noncentrosymmetric
systems, competition between uniaxial anisotropy and dipole-dipole interactions in cen-
trosymmetric systems, and the emergence of skyrmion lattices induced by chiral domain
walls [44-47]. In addition to these well-established mechanisms, recent theoretical and
experimental studies have demonstrated that skyrmions can be stabilized in centrosym-
metric materials [48, 49, 43|, such as GdyPdSiz [50] and GdzRuyAlys [51], primarily due
to magnetic frustration. Furthermore, recent investigations have shown that Fe doping
in Mn3Sn enhances magnetocrystalline anisotropy and induces a noncoplanar spin struc-
ture, leading to the emergence of a topological Hall effect (THE) at low temperatures [52].
Similarly, FesSns, another centrosymmetric system, exhibits THE and skyrmion bubbles,
driven by the formation of a noncoplanar spin structure and large magnetocrystalline

anisotropy [19].

To investigate the origin of the topological Hall effect (THE) in Fe3Ge, we performed a
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detailed analysis of its magnetocrystalline anisotropy, which plays a crucial role in stabi-
lizing noncoplanar spin textures responsible for THE. The magnetocrystalline anisotropic

energy density (K ) is determined using the relation

Ko =po [ [H (M) ~ B ()] a (514

where the effective magnetic field is corrected for the geometric demagnetization factor
(Ng) using Heg = H — NgM. The demagnetization factors were calculated as Ny = 0.64
for fields applied along the z-axis and Ny = 0.35 for the y-axis. The magnetocrystalline
anisotropic energy density (Kp) is estimated to be 0.43 x 10 J/m® at 2 K, with a subse-
quent decrease as the temperature increases, as shown in Fig. 5.6 (c).

It can be observed that the value of magnetocrystalline anisotropic energy density
Ky increases monotonically as the temperature decreases. Concurrently, the Fe magnetic
moments progressively reorient from the z-axis toward the xy-plane, as illustrated in Fig.
5.6 (c). Therefore, a canted ferromagnetic state is established below the temperature
Tsr, leading to the formation of a non-coplanar spin structure, which is stabilized by
the strong magnetocrystalline anisotropy. This nontrivial spin texture is the origin of
the observed topological Hall effect (THE) in FesGe. At low temperatures, the easy axis
aligns with the xy-plane, suggesting the disappearance of the canted spin structure, which
accounts for the negligible topological Hall effect (THE) at 2 K.

The magnetic behavior and the topological Hall effect (THE) response observed in our
system are similar to those in the ferromagnetic kagome material F'e3Sno, where magnetic
skyrmion bubbles have been reported [19, 15]. This suggests the possibility of observing
room-temperature skyrmions in FesGe as well. However, more studies are required to

explore this potential, which is beyond the scope of the current experimental investigation.

5.4 Conclusion

In conclusion, we conducted a comprehensive investigation on FezGe for its anomalous
Hall effect behavior along the in-plane and out-of-plane directions. Our study reveals
significant anisotropy in the anomalous Hall effect (AHE). Notably, the gradual spin
reorientation from the out-of-plane to in-plane direction, from high-temperature to low-
temperature in FesGe, provides a unique opportunity to study the temperature depen-
dence on the intrinsic Hall conductivity experimentally. The theoretical predictions qual-
itatively support our experimental results. Furthermore, a topological Hall effect (THE)
signal is observed along the in-plane direction, originating from the emergence of a non-
coplanar spin structure stabilized by strong magnetocrystalline anisotropy below the spin

reorientation temperature (Tsg).
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Chapter 6

Extremely Large and
Angle-Dependent Magnetoresistance

Observed in Kagome Dirac
Semimetal RFegSng (R=Ho, Dy)

6.1 Introduction

The kagome lattice, made up of geometrically frustrated corner-sharing triangles, has
gained much attention recently due to their distinctive characteristics, including the van
Hove singularities, flat bands, and Dirac points in the electronic band structure. Numer-
ous kagome materials have been found to exhibit several interesting physical properties.
For instance, the Co-based kagome system Co3SnsSs shows giant anomalous Hall effect
(AHE), Chiral anomaly, and Weyl fermions [1, 2]. Despite being an antiferromagnet,
the Mn-based kagome system MnzX (X=Sn, Ge) shows surprisingly large anomalous
Hall effect, anomalous Nernst effect (ANE), and Weyl fermions [3-8]. Whereas, the
vanadium based kagome systems AV3Sb; (A=K, Rs, Cs) show topological superconduc-
tivity [9, 10]. In this regard, the RMgXg ( R = rare earth, M = transition metals, X = Sn,
Ge ) family of kagome systems have become a hot research topic due to their intriguing
combination of electronic and magnetic properties. Within the RMyzX¢ kagome family,
researchers have so far focused on exploring the physical and magnetic properties of the
manganese (Mn)-based RMngXg [11-14] and the vanadium (V)-based RVsXs [15-18]
subfamilies. However, the only experimental report available on the Fe-based Y FegSng
system discusses the magnetic and magnetotransport properties [19]. Particularly, a very
low magnetoresistance (MR) was observed from Y FegSng system, while a significant
magnetoresistance was reported from the Mn-based RMngXg systems [20-23].

Magnetoresistance (MR) is the change in the longitudinal electrical resistivity under an
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Figure 6.1: (a) Schematics of RFegSng crystal structure. (b) Powder X-ray diffraction
patterns taken on the single crystal of HoFegSng and DyFegSng. Insets in (b) show the
photographic image of HoFegSng and DyFegSng single crystal. Temperature dependence
of longitudinal resistivity (p..), measured at different transverse magnetic fields (H || y)
for HoFegSng (c) and DyFegSng (d). Inset of (¢) and (d) show the temperature dependence
of resistivity measured without magnetic field for HoFegSng and DyFegSng, respectively.

external magnetic field (H), which is defined as MR = [p(H) — p(0)]/p(0). Here, p(H)
and p(0) are the resistivity measured with and without magnetic field, respectively. Ex-
tremely large MR in magnetic materials is a rare phenomena [24-26] but has potential
technological applications in spintronics [27-29]. Therefore, searching for systems with
extremely large magnetoresistance is a key research focus for physicists and materials sci-
entists. Conventional non-magnetic metals generally display positive magnetoresistance
(MR) [30, 31, 26], while ferromagnetic materials tend to exhibit negative MR [24, 31, 26].
In most of the bulk magnetic systems, the MR (%) values are relatively smaller and are
typically below 5 % [24, 32, 31], while the giant magnetoresistance (GMR) is found in low
dimensional systems such as in thin films or multilayered structures [33, 26]. Also, the
colossal magnetoresistance (CMR) is mostly observed in the manganese-based perovskite
oxides [27, 26]. On the other hand, the tunneling magnetoresistance (TMR) is observed
in magnetic tunnel junctions (MTJs) produced by sandwiching a thin insulating barrier

between two ferromagnetic layers [34]. Recently, an extremely large MR (XMR) of the
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Figure 6.2: (a) Powder X-ray diffraction pattern of the crushed single crystals of HoFegSng
(a) and DyFegSng (b), overlapped with Rietveld refinement. Since a large number of single
crystals were crushed for powder XRD, some amount of Sn flux also got mixed with
the powders, resulting in impurity peaks. Gnomonic projection of single crystal XRD
(SCXRD) data shows a perfect hexagonal pattern of (¢) HoFegSng and (d) DyFegSng.

order of 103% — 108% has been found in many nonmagnetic materials [35-38], triggering
a great deal of research interests on these systems. Astonishingly, even under super-high
magnetic fields, the MR does not saturate in these systems [39, 36, 38, 40]. However, the
XMR is not fully explored in kagome systems, and to the best of our knowledge, only
M3InsSy (M = Ni, Co) kagome systems are recently found to show XMR [41, 42].

In this contribution, we systematically studied the magnetic and magnetotransport prop-
erties of the Fe-based RFegSng (R = Ho, Dy) kagome systems. RFegSng follows the
Y CogSng-type hexagonal crystal structure of space group P6/mmm with Fe forming
the in-plane kagome lattice. The electrical resistivity data indicate a metallic nature
throughout the measured temperature range. Magnetic measurements suggest an anti-
ferromagnetic ordering around 570 K due to Fe sub-lattice and ferromagnetic behaviour
at low temperatures due to the rare-earth-element (Ho and Dy) sub-lattice. Extremely
large magnetoresistance (XMR) is observed at low temperatures with the maximum MR
percentage reaching as high as 3 x 103 % for HoFegSng and 1 x 10 % for DyFegSng at

2 K under a 9 T of the magnetic field. Hall effect measurements suggest electron-hole
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charge compensation, leading to the XMR at low temperatures. Further, the angle-
dependent magnetoresistance (ADMR) measurements reveal very high anisotropic mag-
netoresistance for the fields applied in different crystallographic axes. Interestingly, the
anisotropic magnetoresistance pattern significantly modifies when temperature is varied,

which implies the temperature dependence of Fermi surface topology in these systems.

6.2 Experimental and Computational details

Single crystals of RFegSng (R = Ho, Dy) were grown with Sn as flux using the high
temperature muffle-furnace. The starting elements of high purity R (Ho, Dy) ingot
(99.9%, Alfa Aesar), Fe powder (99.99%, Stren Chemical), and Sn shorts (99.995%, Alfa
Aesar) were mixed in the molar ratio of 1 : 6 : 30. Next, an evacuated quartz ampoule
was used to seal the alumina crucible containing the mixture. The ampoule was then
heated to 1000°C' at a rate of 100°C'/hr and held there for 18 hours, and cooled the
molten mixture down to 600°C' at a rate of 5°C'/hr. After annealing for another five days
at 600°C', the ampoule was promptly transferred to a centrifuge to separate the as-grown
single crystals from Sn-flux. In this approach, we obtained many hexagonal rod-shaped
RFegSng (R = Ho, Dy) single crystals with a typical size of (2 x 0.3 x 0.2) mm? as
depicted in the inset of Fig. 6.1(b).

The phase purity and crystal structure of the as-grown single crystals were analyzed using
the powder X-ray diffraction (XRD, 9 KW, Rigaku Smart Lab) and single crystal XRD
(SXRD, SuperNova, Rigaku) techniques with Cu-K, radiation (A = 1.5406A). The ele-
mental composition of the as-grown single crystals were identified using energy-dispersive
X-ray analysis (EDAX) coupled with scanning electron microscope (SEM, Quanta 250
FEG). The exact chemical composition were found to be the as-grown samples are found
to be Hog g5 F'eg.125M6.04 and Dyq 16F e5825n6 using EDAX. For simplicity, we shall denote
them by their nominal compositions of HoFegSng and DyFegSng, wherever applicable.
Electrical transport, Hall effect, and magnetic properties were conducted using a 9 Tesla
physical property measurement system (PPMS, Dynacool, Quantum Design) within the
temperature range of 2-300 K. High temperature magnetic measurements up to 750 K
were carried out using the VSM-oven option in the PPMS. Electrical transport and Hall
effect properties were measured using the four-probe technique. For this, silver epoxy
(EPO-TEK H20E) was used to attach copper leads to the sample.

Density functional theory (DFT) calculations were conducted using the Quantum ESPRESSO
package [43]. We employed ultrasoft pseudopotentials and Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation (GGA) [44]. The kinetic energy
cutoff for the wavefunction was at 140 Ry. To determine the equilibrium lattice parame-
ters of HoFegSng and DyFegSng, variable-cell relaxation calculations were executed with
a k-grid of 6 x 6 x 4. For the density of states (DOS) calculations, a denser 12 x 12 x 8
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k-grid was utilized. The convergence threshold for the self-consistent field was taken as

10 Ry.

6.3 Results and Discussions

Fig. 6.1(a) schematically shows the primitive unit cell of the hexagonal crystal struc-
ture of RFegSng(top) and the crystal structure projected onto the ab-plane (bottom).
From Fig. 6.1(a), we can see the ab-plane kogome lattice formed solely by the Fe-atoms.
The XRD patterns obtained on the rod-shaped single crystals of RF'egSng are shown in
Fig. 6.1(b), displaying the (0 2 2 0) Bragg’s reflections, implying that the c-axis is the
crystal growth axis. We further measured powder XRD on the crushed single crystals of
RFegSng and performed Rietveld refinement using the Fullprof software (see Fig.6.2 (a)
and (b)). Rietveld refinement confirms that HoFegSng and DyFegSng crystallize into the
hexagonal Y CogGeg-type structure with a space group of P6/mmm (191). The refined
lattice parameters are a = b =5.3542 (5) A, ¢ = 4.4493(4) A, o = B = 90, v = 120 for
HoFegSng and a = b = 5.3549 (5) A, ¢ = 4.4518 (4) A, a = 3 = 90, v = 120 for DyFegSn.
The hexagonal crystal structure is further confirmed by the single crystal XRD (SCXRD)
(see Fig.6.2 (c) and (d)).

Figs. 6.1(c) and 6.1(d) exhibit temperature-dependent longitudinal electrical resistivity
(p..) of HoFegSng and DyFegSng, respectively, measured under various magnetic fields for
H || y direction. Inset of Figs. 6.1(c) and 6.1(d) depict temperature-dependent longitudi-
nal electrical resistivity with zero magnetic field from respective samples, demonstrating
a metallic behaviour throughout the measured temperature range. The residual resistiv-
ity ratio [RRR = p,.(300K)/p..(2K)] is about 98 for HoFegSng and 240 for DyFesSng,
suggesting good quality of the studied single crystals. As can be seen from Figs. 6.1(c)
and 6.1(d), the low temperature resistivity [p,. (T)] increases significantly with increas-
ing field, demonstrating a significant magnetoresistance (MR) in the low temperature
region.

Next, to explore the magnetic properties, temperature dependent magnetization [M (7')]
and isothermal magnetization [M (H)] at different temperatures are performed for H || z
and H | y directions . The top panels of Fig. 6.3 show the magnetization data of
HoFegSng, whereas the bottom panels show the magnetization data of DyFegSng. From
high temperature magnetisation data, we observe an antiferromagnetic transition at
around 570 K for both HoFegSng and DyFegSng single crystals [see inset in Figs. 6.3(a) and
6.3(b)]. The magnetisation increases sharply at low temperatures, as seen in Fig. 6.3(a)
and Fig. 6.3(b), suggesting a ferromagnetic type ordering at low temperatures. Using
the first derivative of temperature-dependent magnetization data (not shown here), we
identified the ferromagnetic ordering temperature of T =~ 5.1 K from HoF'egSng and 8.5
K from DyFegSng.
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Figure 6.3: Temperature dependent magnetization [M(7T)], measured for both H || z
and H || y on the single crystals of (a) HoFegSng and (b) DyFegSng. The inset of (a) and
(b) shows the high temperature M (T") data of HoFegSng and DyFesSng, respectively. (c)
and (d) show the magnetization isotherms [M(H)|] measured at different temperatures
for H || y from HoFegSng and DyFegSng, respectively. The inset of (c¢) and (d) shows
the zoomed-in M (H) at 2 K of HoFegSng and DyFegSng, respectively. Similarly, (e) and
(f) show M(H) data, measured at different temperatures for H || z from HoFeSng and
DyFegSng, respectively.

Figs. 6.3(c) and 6.3(d) show the isothermal magnetization [M (H)], measured at various
temperatures for H || y from HoFegSng and DyFegSng single crystals, respectively. The
M (H) curves at 2 K and 10 K exhibit a rapid increase in the low-field region, followed by
a slower increase in the high-field region, without reaching saturation up to an applied
field of 9 T. In agreement to the magnetization data which suggest ferromagnetic nature
at low temperatures, we observe magnetic hysteresis for both systems when measured
at 2 K [see the inset in Figs. 6.3(c) and 6.3(d)]. Thus, HoFegSng and DyFegSng show
ferrimagnetic nature at low temperatures. However, M (H) shows linear behaviour above
50 K due to melting of FM state and leaving behind the antiferromagnetic state alone.

Figs. 6.3(e) and 6.3(f) show M (H) data measured at various temperatures for H || z
on HoFegSng and DyFegSng single crystals, respectively. Interestingly, the M (H) data
measured at 2 K shows a kink at around 5 Tesla for both systems which indicates a
field-induced metamagnetic state for H || z. However, the metamagnetic state disappears
above 10 K. Such a low-temperature metamagentic state was observed earlier in DyVgSng

due to field induced spin-canting [45]. Further, in contrast to the M(H) data measured
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Figure 6.4: Magnetoresistance (MR) as a function of magnetic field is plotted for different
temperatures from (a) HoFegSng and (b) DyFegSng. The insets of (a) and (b) show MR
data taken 15 and 20 K MR overlapped with liner fit from HoFegSng and DyFegSng,
respectively. Scaling analysis of MR data using Kohler’s rule for various temperatures
from (c) HoFegSng and (d) DyFegSng. MR as a function of field is measured at different
field angles (#) when rotated in the xy-plane from (e) HoFegSng and (f) DyFegSng. The
inset in (e) illustrates measurement geometry.

for H || y, magnetic hysteresis is not found from both HoFesSng and DyFegSng for H || .
Nevertheless, similar to H || y, the systems become completely antiferromagnetic above
50 K for H || z as well.

Earlier, in the case of Fe-based RFegGeg and RFegSng (R = rare earth) series of in-
termetallic compounds an independent magnetic behaviour of the rare-earth (R) and
Fe sublattices was identified [46-48]. In RFegSng, while the Fe sublattice shows an
antiferromagnetic ordering below the Néel temperature of Ty ~ 560 K, the rare-earth
sublattice orders ferromagnetically at significantly lower temperatures. For R = Gd -
Er, the ferromagnetic ordering temperature of rare-earth sublattice ranges from 3 K for
ErFegGeg to 45 K for GdFegSng, without affecting the Fe sublattice AFM ordering tem-
perature. Our experimental findings also reveal a similar magnetic ordering pattern for
the HoFegSng and DyFegSng exhibiting an antiferromagnetic ordering at around 570 K
whereas a ferromagnetic ordering is found at 5.1 K for HoFegSng and 8.5 K for DyFegSng.
These observations are in well agreement with previous reports on similar systems [46—

48]. Further, the estimated magnetic moment per Ho in HoFegSng is about 3.78 up for
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Figure 6.5: Field-dependent magnetoresistance (MR) curves fitted using a power-law
relation (MR oc B™) for (a) HoFegSng and (b) DyFegSng at various temperatures with
the magnetic field aligned along § = 0°, and for (¢) HoFegSng and (d) DyFegSng at
different field angles measured at a fixed temperature of 2 K.

H || z and 3.11 pup for H || y. These values are substantially lower than the magnetic
moments of free Ho>" (10.0 up) ion. The same has been noticed from DyFesSng, that
the magnetic moment per Dy is about 4.20 pup for H || z and 3.34 up for H || y, which
is also substantially lower than the magnetic moment of free Dy** (10.6 pp) ion. This
observation clearly confirms that the magnetic moment of the measured systems is not
fully polarised even at an external magnetic field of 9 T, resulting into the coexistence of
both FM and AFM states in Ho(Dy)FegSng single crystals at low temperatures.

Next, coming to the important observations of this study, Figs. 6.4(a) and 6.4(b) depict
the transverse magnetoresistance (MR), i.e., the resistance measured under transverse
electric and magnetic fields, at different sample temperatures for HoFegSng and DyFegSng,
respectively. Here, we measure MR with the current applied along z-axis and field applied

along y-axis. We calculate MR using the relation
MR(%) = [p2(T, poH) — p2:(T', 0)]/ p2o(T',0) x 100%

. In both systems, a positive non-saturating magnetoresistance was observed at all mea-
sured temperatures with the field applied up to 9 T. At 2 K and 9 T, MR reaches a
maximum value of 3 x 103% for HoFegSng and 1 x 103% for DyFegSng. The value of

MR decreases rapidly with increasing temperature and reaches 1% for HoFegSng and 2%
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for DyFegSng at 100 K and 9 T. This is surprising as the magnetic bulk intermetallic
systems usually do not show large MR. Also, let us emphasize here that this is first study
showing such as extremely large magnetoresistance (XPR) from the magnetic Fe-based
kagome systems. The only other studies showing XMR are on the M3Iny,Ss (M = Ni,
Co) kagome systems [41, 42].

To understand the nature magnetoresistance, we fitted the field dependent MR with
equation, MR oc B™ [see Fig.6.5 (a) and (b)] [49]. From the fittings, we estimate m ~
1.02 for HoFegSng and 1.45 for DyFegSng at 2 K. At, 15 and 20 K, the MR follows linear
field dependence (m =1) for both crystals as shown in the inset of Figs. 6.4(a) and 6.4(b).
At 100 K, we estimated m ~ 1.74 for HoFegSng and 1.79 for DyFesSng [see Fig.6.5 (a)
and (b)]. Conventional MR, generally changes quadratically with field, but in our case
we find that the MR dependence on field changes with temperature. To further confirm
this phenomenon, we performed scaling analysis using the Kohler’s rule and plotted the
MR curves as a function of B/p, (Kohler’s plot) measured at different temperatures
as shown in Figs. 6.4(c) and 6.4(d). From the Kohler’s plots it is evident that the
MR curves do not collapse onto a single universal curve for all measured temperatures,
indicating the break down of Kohler’s rule. The violation of Kohler’s rule suggests a
single scattering mechanism is not applicable to explain the MR in the studied systems.
Therefore, different temperature regions have distinct scattering mechanism [50, 51, 41].
Further, we measured the field-dependent MR at 2 K by applying the magnetic field along
different crystallographic axis while fixing the current direction. The inset of Fig. 6.4(e)
schematically shows the angle-dependent MR (ADMR) configuration, with the current
along the z [0001] axis and the magnetic field direction varies in the zy-plane. As can be
seen from Fig. 6.4(e), in HoFegSng, the MR gradually decreases from 3 x 10® % to 1 x 103
% as the angle 6 increases from 0° to 90°. Conversely, the MR in DyFegSng increases from
1 x10% % to 2 x 10 % as we increase 6 from 0° to 90° and reaching maximum 2.2 x 103
at § = 75° [Fig. 6.4(f)]. Thus, we can see that the MR is highly crystallographic axis
dependent. To further investigate the directional dependent MR, we fit the data using a
power law function (MR oc B™) at different angles as shown in the Fig.6.5 (c¢) and (d).
From the fittings, we estimate m ~ 1.02, 1 and 1.36 at the angles 0°, 45° and 90° for
HoFegSng and 1.45, 1, and, 1.54 at the angles 0°, 60° and 90° for DyFegSng, respectively.
We find linear MR at 15 and 20 K for both the HoFegSngand DyFegSng systems at an
angle of 0°.

For more insights on the angle-dependent magnetoresistance (ADMR), we measured MR
at different temperatures under a fixed magnetic field of 9 T and by rotating the field
direction with respect to the crystal axis as shown in Figs. 6.6(a) and 6.6(b) for HoFegSng
and DyFegSng, respectively. For a given field and temperature the ADMR is calculated
using the formula, ADMR(%) = p2:(0)=p=2(0min) o 100%. 6, . is about 86° for HoFegSng,

pzz(gmin)
whereas 0,,;, is about 196° for DyFegSng. In Fig. 6.6(a), the ADMR measured at 2 K
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Figure 6.6: Angular-dependent magnetoresistance (ADMR) measured for (a) HoFegSng
and (b) DyFegSng by varying the temperature at a fixed magnetic field of 9 T (top panels)
and by varying the magnetic fields at a fixed temperature of 2 K (bottom panels). Current
flows along the z-axis and the field is rotated within the zy-plane as depicted in the inset
of Fig. 6.4(e). Polar plot of ADMR measured at 2 K by varying the field for (¢) HoFegSng
and (d) DyFegSng. Polar plot of ADMR measured at 9 T by varying the temperature for
(e) HoFegSng and (f) DyFegSng.

shows a total of 12 local maxima and 12 local minima, resulting in a total of 12 lobes for
HoFegSng. This pattern remains unchanged up to 10 K. However, as the temperature
increases further the ADMR pattern evolves by decreasing the number of lobes. Similarly,
in Fig. 6.6(b), the ADMR at 2 K for DyFegSng displays 8 local maxima and 8 local minima,
forming the ADMR pattern with 8 lobes. As the temperature increases, the number of
lobes decreases similar to HoF'egSng. From Figs. 6.6(a) and 6.6(b), it is evident that the
MR is highly sensitive to field angle, indicating the presence of strong anisotropic MR in
these systems.

For a better visualization, we plotted the ADMR in polar graphs as depicted in Figs. 6.6(c)-
6.6(f). Figs. 6.6(c) and 6.6(d) show the polar-plot of ADMR measured at 2 K under
different magnetic fields for HoFegSng and DyFegSng, respectively. Figs. 6.6(e) and 6.6(f)
show the polar-plot of ADMR measured under an applied field of 9 T at various sample
temperatures for HoFegSng and DyFegSng, respectively. Further, from Fig. 6.6(c), we
can see a butterfly-like ADMR pattern for HoFegSng at 2 K and the pattern remains
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Figure 6.7: ADMR measured for (a) HoFegSng and (b) DyFegSng at 2 K and 9 T. The
solid curves are fits of ADMR using the Eq. 6.1 (see the text for more details). The
normalized relative amplitudes (absolute values) Cy (two-fold), C, (four-fold), Cg (six-
fold), and Cg (eight-fold) components of the ADMR as a function of temperature are
shown for (c) HoFegSng and (d) DyFegSng. In (c) and (d), |Co,| = Can/ 32—, O,

almost constant, though the value of MR% decreases with decreasing field. Similarly,
ADMR pattern of DyFegSng [see Fig. 6.6(d)] also looks butterfly-like but rotated by 90°.
On the other hand, from Figs. 6.6(e) and 6.6(f), one can clearly see that the polar-plot
of ADMR changes significantly with temperature. Importantly, the evolution of ADMR
with temperature is different between HoFegSng and DyFegSng. For instance, in the case
of HoFegSng [see Fig. 6.6(e)], the butterfly-like pattern with 12 lobes are visible at 2 and
10 K. As the temperature rises, the ADMR pattern changes from a butterfly-like to a
dumbbell-like at 20 K, with only two lobes visible. Further increasing the temperature,
at 30 and 50 K, an additional two lobes have reemerged at 90° and 180°. In the case of
DyFegSng [see Fig. 6.6(f)], the butterfly pattern, with eight lobes, is visible up to 15 K.
Between 20 and 50 K, only four lobes are visible.

Next, Figs. 6.7(a) and 6.7(b) depict the ADMR measured at 2 K under the magnetic
field of 9 T for HoFegSng and DyFegSng, respectively. The ADMR data is fitted by
Eq. 6.1 having contribution up to 8-fold symmetry. Although the fitting is not perfect,
but the Eq. 6.1 can reasonably reproduce the experimental data. The fittings for higher
temperature ADMR data are shown in Figs.6.8 (a) and (b). The normalized relative
amplitudes Cy (two-fold), C, (four-fold), Cg (six-fold), and Cg (eight-fold) of ADMR
are plotted as a function of temperature in Figs. 6.7(c) and 6.7(d) for HoFegSng and
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Figure 6.8: Angle-dependent magnetoresistance (ADMR) measured at various temper-
atures under the magnetic field of 9 T for (a) HoFegSng and (b) DyFegSng. Solid lines
represent fits to the experimental data using Eq.6.1.

DyFegSng, respectively. From the temperature dependent relative amplitudes, we can
notice that all symmetry components contribute to the ADMR up to 20 K. However,
from 20 K, the eight-fold symmetry contribution to ADMR is totally suppressed.

ADMR = Cy + Cy Cos*0 + C; Cos* + Cy Cos®0 + Cy Cos0 (6.1)

where Cj is a constant, Cy Cos%0, Cy Cos*d, Cs Cos%0, and Cg Cos®0 account for the
two, four, six, and eight fold components, respectively. The constants Cy, Cy, Cg, and Cg
are the amplitudes.

Several mechanisms exist in the literature explaining the manyfold symmetric ADMR,
such as (i) magnetocrystalline anisotropy [52-54], (ii) spin scattering near the antiphase
boundaries (APBs) [55-57], (iii) exchange bias [58], (iv) relaxation time anisotropy [59,
42], (v) symmetry of the lattice [60, 42], and (vi) density of states modulation near the
Fermi level [59, 61]. As can be seen from Figs. 6.6(c) and 6.6(d), the ADMR is insensitive
to the applied field. Therefore, the observed ADMR in HoFegSng and DyFegSng may not
be originated from the magnetism. Further, the mean free path of the charge carriers

calculated from Hall effect measurement data (shown later) at 2 K is about 25.20 um
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for HoFegSng and 15.96 pum for DyFegSng, which are much higher than the distance of
Fe—Fe (2.67TA), Ho—Ho (5.35 A), or Dy— Dy (5.35 A) magnetic moments. Therefore,
we can neglect the spin-charge scattering in these systems, allowing us to safely exclude
the influence of magnetism on the observed ADMR as discussed in the points (i)-(iv).
The other possibilities of ADMR are the crystal symmetry or the band structure near
the Fermi level. As discussed above, the studied systems shows 2-, 4-, 6-, and 8-fold
symmetry in the ADMR at low temperature (< 20 K) and at higher temperatures the 8-
fold component completely gets suppressed leaving only the 2-; 4-, and 6-fold symmetries.
Particularly, the 2-fold symmetry contribution is very small at low temperatures, and thus
the total ADMR is dominated by the higher-fold symmetries. At higher temperatures,
except the 8-fold symmetry component, the other symmetries significantly contribute to
the total ADMR. Since the field is applied always perpendicular to the z-axis and is
rotated within the xy-plane, the 6-fold symmetry contribution could be originated from
the DOS modulation near the Fermi level and from the hexagonal crystal symmetry. On
the other hand, the 2-fold and 4-fold symmetry contributions to the ADMR might have
originated from the DOS modulation near the Fermi level [59, 61, 42]. This is because, in
the momentum space, the charge carriers orbit around the Fermi surface cross-sections
that are perpendicular to the magnetic field (B) direction [62]. As a result, the anisotropic
shape of the Fermi surface leads to variation in the cyclotron mass and velocity, following
the relation v, = %Vkek. This variation in the cyclotron mass and velocity, has an effect
on how easily the charge carrier trajectories bend under the magnetic field, influence the
value of MR [63, 62].

To better understand band structure contribution to the anisotropic MR in these sys-
tems, we performed the density functional theory (DFT) calculations. Performing DFT
calculations on Ho(Dy)FegSng (YCogGeg-type structure) system is quite challenging due
to its disordered nature. As illustrated in Fig. 6.9(a), the YCogGeg-type structure can be
viewed as a combination of two HfFezGeg-type unit cells where one of them is translated
by ¢/2 [64, 19]. To address the challenges associated with the disordered and partially
occupied YCogGeg-type structure, we used the ordered HfFegGeg-type structure for the
DFT calculations. This approach aligns well with previous studies on the related sys-
tems [19, 65]. Although the HfFegGeg-type and YCogGeg-type structures share the same
space group (P6/mmm, 191), they differ in their atomic arrangement. Our DFT calcula-
tions suggest that in the ground state the Fe magnetic moments align antiferromagnet-
ically, while the Ho(Dy) magnetic moments align ferromagnetically within the ab-plane
as shown in Fig. 6.9(b). This prediction is inline with our magnetization measurements
which suggest that the easy magnetization axis lies on the ab-plane [see Fig. 6.3].

Figs. 6.9(c) and 6.9(d) show the electronic band structure plotted for HoFegSng and
DyFegSng, respectively, without considering the spin-orbit coupling (SOC). The band

dispersions of both systems qualitatively look similar. Both band structures exhibit
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Figure 6.9: (a) Schematic demonstration of two HfFegGeg-type crystal structures forming
one partially filled YCogGeg. (b) Ground state magnetic structure of HoFegSng and
DyFegSng, derived from the DFT calculations. (c¢) and (d) Electronic band structures of
HoFegSng and DyFegSng, respectively, calculated without including spin-orbit coupling
(SOC). (e) Zoomed-in image of the (c) highlighting the Dirac-like band dispersions near
the Fermi level. (f) Hexagonal Brillouin zone with high symmetry points located. (g) and
(h) In-plane and out-of-plane Fermi contours of HoFegSng and DyFegSng, respectively,
calculated without including SOC.

several parabolic bands crossing the Fermi level, confirming the metallic nature of the
studied systems. Interestingly, we notice several non-dispersive flat bands near the Fermi
level mostly contributed by the Ho(Dy) 4f orbitals [see Fig.6.10] [15, 66, 67]. Further,
from a zoomed-in band structure shown in Fig. 6.9(e), we observe several Dirac-like band
crossings in the vicinity of the Fermi level marked by red-circles. These band crossings
are mainly originating from the Fe 3d orbitals. Next, Figs. 6.9(g) and 6.9(h) show the
Fermi maps of HoFegSng and DyFegSng, respectively, from the in-plane and out-of-plane
momentum space. From the in-plane ('K M) Fermi map, we mainly observe one small
and two large Fermi sheets around I' point. On comparing the Fermi sheets with the
electronic band dispersions shown in Fig. 6.9(e), we can conclude that the two large
Fermi contours are of hole-type and the smaller one is of electron-type. Similarly, from
the Fermi map taken in the I'M L A plane, we could observe two small electron-like highly
dispersive out-of-plane Fermi sheets along the M — L direction and another electron-type
Fermi sheet dispersing along the I' — A direction. In addition, from the Fermi map taken
in the 'K H A plane, we could observe two out-of-plane highly dispersive large electron-
type Fermi sheets along the K — H direction and two hole-like in-plane Fermi sheets
along the H — A direction. Since the applied field is perpendicular to the z(k,)-axis, the
Fermi sheets lying in the ' K HA and I'"M LA planes contribute to the magnetoresistance.
And can be seen from Figs. 6.9(g) and 6.9(h), the Fermi sheets in these planes show 2-

and 4-fold (nearly) symmetries. On rotating the magnetic field axis in the xy-plane, we
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Figure 6.10: Band structure of HoFegSng for (a) Fe 3d, (b) Ho 4f, and (c) Ho 5d orbitals.
Band structure of DyFegSng for (d) Fe 3d, (e) Dy 4f, and (f) Dy 5d orbitals.

could get the 6-fold modulation of the Fermi sheets of the 'K HA and I' M LA planes. We
note that the band structures presented here are calculated without spin-orbit coupling.
Spin-orbit coupling calculations are very challenging and lead to convergence issues due
to the presence of 4f states.

Next, as the Hall effect is sensitive to the topological band structure, we performed Hall
effect measurements for both HoFesSng and DyFegSng systems. The field-dependent
Hall resistivity (p.,) measured at different temperatures is shown in Figs. 6.11(a) and
6.11(b) for HoFegSng and DyFegSng, respectively. Here, p,, corresponds to the current
applied along the z-direction, field applied along the y-direction, and the Hall voltage was
measured along the z-direction. From Fig. 6.11(a), it is clear that the Hall resistivity is not
linear with magnetic filed, suggesting more than one-type of charge carriers dominating
the magnetotransport. Importantly, the slope of p,, vs. H curve is positive below 30 K
and negative for 50 and 100 K. We could not measure the Hall effect above 100 K due to
high noise to signal ratio. Similar behaviour was also observed from DyFesSng as shown
in Fig. 6.11(b). Figs. 6.11(c) and 6.11(d) show the Hall conductivity (o) calculated

from the Hall resistivity (p.,) and longitudinal resistivity (p,.) data using the equation,

__ Pm
P2, + P,

Following the semiclassical two band model, we fitted the Hall conductivity o,, using the

O = (6.2)

equation,
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Figure 6.11: Field-dependent Hall resistivity (p,,) measured at various temperatures for
(a) HoFegSng and (b) DyFegSng. Hall conductivity (o,,) derived from Hall resistivity
(p) at 2 K and 10 K of (¢) HoFegSng and (d) DyFegSng. Bottom left inset of (c¢) and

(d) are the Hall conductivity (o) derived at 20 and 30 K. Top right inset of (c) and (d)
show two-band model fitting of o,, at 2 K. Mean carrier mobility (left axis), i = /finfte
and MR(%) at 9 T (right axis) are plotted as a function of temperature for (e) HoFegSng
and (f) DYFGGSH(;.
2 2
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L+ (unB)®* 1+ (ueB)’

where ny(n.) and up(pe) are hole (electron) density and mobility, respectively. The two-
band fitting of o,, at 2 K are shown in the top right inset of Fig. 6.11(c) and Fig. 6.11(d) for
HoFegSng and DyFegSng, respectively. From the Hall conductivity fitting of HoFegSng at 2
K, the hole and electron density are found to be nj, = 0.64x10' em =3 and n, = 0.69x 10"
em™3. The ratio of hole and electron density ny/n. = 0.93, which is close to 1 for a
perfect electron-hole compensation. Also, the hole and electron mobility are found to
be pp, = 1.05 x 10* em? V=1 57! and g, = 3.62 x 10* em? V! 571, respectively, for
HoFegSng. The mean mobility is estimated to be i = 1.5 x 10* em? V! s71, using the
relation ji = \/finfte [35] . The mean mobility in this system is high and comparable to
the numerous other systems showing XMR [68, 36, 69, 70, 26].

Further, in Fig. 6.11(e) we can notice that the mean carrier mobility rapidly decreases
with increasing temperature between 2 and 100 K. Additionally, we also notice that the
MR% value drops between 2 and 100 K in a similar fashion of the mean mobility [see
Fig. 6.11(e)]. This observation suggests that the carrier mobility has a significant influence
on the observed XMR and ADMR [see Fig. 6.7]. According to the earlier reports, XMR
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behaviour in o — W P, strongly depends on the high carrier mobility rather than electron-
hole compensation, which is consistent with our observation in HoFegSng [71]. Note that
the band dispersions near the Fermi level controls the carrier mobility, and thus it is the
electronic band structure playing the dominant role of ADMR in these systems. Further,
DyFegSng also exhibits similar behaviour of carrier mobility to that of HoFegSng. In
DyFegSng at 2 K, the hole and electron density are found to be n, = 3.95 x 10%° em =3
and n. = 3.77 x 10*° em™3, respectively. The ratio of hole and electron density is
nn/ne = 1.05. The hole and electron mobility are found to be pj, = 0.10 x 10* em? V1
stand p. = 1.18 x 10* em? V1 571, yielding the mean mobility of i = 0.35 x 10* c¢m?
Vsl

6.4 Summary

In conclusion, we systematically studied the magnetic and magnetotransport proper-
ties on the high-quality single crystals of the Fe-based RFesSng (R = Ho, Dy) kagome
systems. Extremely large magnetoresistance (XMR) is observed at low temperatures
reaching the maximum MR percentage as high as 3 x 10® % for HoFegSng and 1 x 103
% for DyFegSng at 2 K under 9 T of applied magnetic field. Hall effect measurements
demonstrate the electron-hole charge compensation and high-carrier mobility, leading
to extremely large magnetoresistance at low temperatures. Further, the angle-dependent
magnetoresistance (ADMR) data reveal high anisotropy in the magnetoresistance. Impor-
tantly, the magnetoresistance anisotropic pattern changes significantly with temperature,

implies the temperature dependence of the Fermi surface topology in these systems.
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Chapter 7
Conclusions

This thesis comprises four research projects conducted during my Ph.D. The main find-

ings emerging from these studies are summarized below.

In the first project, we have grown Mny ¢4Ge (Ge-rich) single crystals to study the electri-
cal transport, magnetic, and magnetotransport properties. Importantly, we show that the
magnetic and magnetotransport properties of Mng ¢4Ge are different from Mns, ;Ge (Mn-
rich), particularly at low temperatures. We identify that the magnetic and Hall properties
of Mny g4Ge are qualitatively similar to those of MnsSn. Consistent with the magnetic
properties, the Hall effect study shows unusual behavior around the spin-reorientation
transition. This observation contrasts the previous studies on Mns, sGe as no such spin-
reorientation transition is observed. Further, by comparing the results of Mns 4Ge and
Mnjs 99Ge from this study with those of previous reports on Mns, sGe we propose that
the Mn concentration plays a crucial role in shaping the magnetic and Hall properties of
Mn;3Ge.

In the second project, we have systematically studied the electrical, magnetic, and mag-
netotransport properties of Mns;,)—sFesGe (0=0, 0.30, and 0.62). We find that the
electrical resistivity of the parent compound displays metallic behavior, while the system
with 6=0.30 of Fe doping exhibits resistivity similar to a dilute magnetic semiconductor.
With further Fe doping of §=0.62, the system demonstrates a metal-insulator transi-
tion at 100 K. Fe doping increases ferromagnetism and magnetocrystalline anisotropy. It
induces a spin-glass-like state at low temperatures. In addition, the spontaneous anoma-
lous Hall effect observed in the parent system is significantly reduced with increasing Fe
doping concentration. Importantly, the topological Hall effect observed in Mns g7Feq 30Ge
(6=0.30), is not found from the parent system Mnj 43Ge or Mns goFeg g2Ge (6=0.62).

In the third project, we conducted a comprehensive investigation on FezGe for its anoma-

lous Hall effect behavior along the in-plane and out-of-plane directions. Our study re-
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veals significant anisotropy in the anomalous Hall effect (AHE). Notably, the gradual
spin reorientation from the out-of-plane to in-plane direction, from high-temperature to
low-temperature in FesGe, provides a unique opportunity to study the temperature de-
pendence on the intrinsic Hall conductivity experimentally. The theoretical predictions
qualitatively support our experimental results. Furthermore, a topological Hall effect
(THE) signal is observed along the in-plane direction, originating from the emergence of
a noncoplanar spin structure stabilized by strong magnetocrystalline anisotropy below

the spin reorientation temperature (Tsg).

In the fourth project, we systematically studied the magnetic and magnetotransport prop-
erties on the high-quality single crystals of the Fe-based RFegSng (R = Ho, Dy) kagome
systems. Extremely large magnetoresistance (XMR) is observed at low temperatures,
reaching the maximum MR percentage as high as 3 x 10* % for HoFegSng and 1 x 103
% for DyFegSng at 2 K under 9 T of applied magnetic field. Hall effect measurements
demonstrate the electron-hole charge compensation and high carrier mobility, leading
to extremely large magnetoresistance at low temperatures. Further, the angle-dependent
magnetoresistance (ADMR) data reveal high anisotropy in the magnetoresistance. Impor-
tantly, the magnetoresistance anisotropic pattern changes significantly with temperature,

implies the temperature dependence of the Fermi surface topology in these systems.

Future Prospects

In the Ge-rich Mns ¢4Ge compound, a gradual spin-reorientation transition is observed
around 100 K. Although neutron diffraction studies exist for Mn-excess compositions,
similar investigations for Ge-rich variants are still lacking. A detailed neutron diffraction
study would be critical to uncover the ground-state spin configuration and the underly-
ing mechanism driving the spin reorientation. In the Fe-doped system, Mn s, ,)_sFesGe,
a pronounced topological Hall effect appears below 50 K, indicating the possible emer-
gence of nontrivial spin textures such as skyrmions. Lorentz transmission electron mi-
croscopy (LTEM) could provide direct real-space imaging to confirm their presence and
strengthen the understanding of topological magnetic phases in this material. For Fe3Ge,
temperature-dependent reorientation of Fe spins from out-of-plane (above Tgg) to in-
plane significantly alters the band structure, leading to a temperature-dependent intrin-
sic anomalous Hall effect driven by Berry curvature evolution. Temperature-dependent
neutron diffraction measurements would help quantify the spin canting angle and eluci-
date the coupling between spin texture and electronic topology. In RFesSng, the strong
temperature dependence of angle-dependent magnetoresistance (ADMR) suggests modu-
lation of the Fermi surface with temperature. Angle-resolved photoemission spectroscopy

(ARPES) would be a valuable technique to directly visualize these changes, offering in-
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sights into temperature-induced electronic structure evolution. In general, these findings
open up several avenues for future research. Advanced characterization tools such as neu-
tron diffraction, LTEM, and ARPES will be essential to unravel the microscopic magnetic

and electronic structures and their interplay in these complex systems.
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