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Abstract:

The groundbreaking discovery of topological insulators in 2@3tHhancethe importance of

band topology in condensed matter physics, with implications extending to superconductors,
semimetals, and other pivotal domains. Discoveries of topological phases in strongly correlated
systems, such as heafgrmion compounds like Smnd YbB 2, have further fuelled interest

in this area. The interplay between electron correlation and topology is particularly intriguing
due to its potential to induce nontrivial properties, shaping contemporary condensed matter
physics. To address thehesis objective of examining "correlation and topology,” we
investigated two correlated phenomena alongside topological properties: charge density waves
(CDWSs) and antiferromagnetic (AF) spin ordering. Initially, our focus was on LaAa&ih
1T-TaS, each exhibiting uniqgue CDW modulation characteristics. Further exploration led us
to the topological square net system GdAgShbsplaying antiferromagnetic spin ordering
along caxisat very low temperatures (T=14 K).

In LaAgSh, featuring a square net crystal structure, multiple CDW transitions occur as
temperature decreases. Large planar Hall (PHE) signals are found in the CDW phase, indicative
of a chiral metallic phase discovered through optimization viafirisiciples calalations. The
anisotropic nature of the Dirac cone gives the PHE signal at high #ngpstudy provides
insights into correlatiomriven topological transitions via electron transport measurements and
ab-initio electronic structure calculatisrin the case of 17TaS, which hosts chiral CDW, we
investigated Berry curvatwariven properties. Different degrees of CDW ordering are
observed depending on temperature, with the Berry curvativen PHE signabnd Non-

linear Hall effect (NLHE) appearing only inside theommensurat€CDW phase. The
breakdown of inversion symmetry in the commensurate CDW phase leads to persistent Berry
curvature, determined through a developed model Hamiltonian based on electronic band
structure.

Finally, in the investigation into magnetism aogology, we examined the antiferromagnetic
topological system GdAgSh The system exhibits significant naaturating
magnetoresistance and a positiWdE signal, reminiscent of other topological systems.
Anomalies in thePHE signal and distinct exponents in its magnetic field dependaboee

and belowthe Neel temperature (Jwere noted. Our experimental technique offers a pathway

to explore the influence of magnetism on topological properties.
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Chapter 1

Introduction:

Solid materials with ordered atomic structures, known as crystalline states, are fundamental in
modern technology. Theseaterials, such as ferromagnetic substances used in electric devices
and semiconductors driving computational advancements, underpin various technological
applications. Condensed matter physics extensively investigates these systems, particularly
focusingon electronic states and their correlations, which give rise to phenomena like
superconductivity and charge density waves.

In simpler scenarios where electron interactions are weak, a system can be described by the
influence of an average periodic potential. This leads to independentlika\states, each

either occupied or unoccupied depending on energy levels, yieldingeoptenomena. The
integer quantum Hall effe¢dQHE), observed in 1980 exemplifies this complexity, where
strongmagnetic fields induce chiral edge states, showcasing topological agmgrikogical

matter explores electrongt a tstepological structure, revealing deep connections between
bulk properties and conducting edge states. Additionally, crystalline systems exhibit low
energy excitations akin to elementary particles, like electron vacancies termed quasiparticles.
Describingsolids in terms of quasiparticles often simplifies understanding, especially in
conjunction with topological considerationsnraterials like topological semimetals

Topology, a comprehensive concept with applications extending beyond condensed matter
physics, involves the examination of enduring spatial characteristics amidst continuous
transformations. In the context of condensed matter physics, this spatial dsro@amnmonly
identified as the reciprocatgpace, elucidated by a (topological) band th&éry

In Section 1.1 We commence by providing a concise overview of illustrainstances
demonstrating topological concepts in everyday situati@estion 1.2 Wraps up by
summarizing the domains in physics where topology holds significance, elucidating its

presence in condensed matter physics
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1.1 Examplesof topologyfrom Everyday Life:

The objective of this section is to provide an intuitive grasp of topological classification without
necessitating mathematical expertise. The guiding principle is as follows: If two entities can

| D
& €O

Figure 1.1(a) Sphergb) Doughnut orTorus(c) Annulusstrip (d) Mobius strip

undergo a smooth transformation into each other, they are deemed topologically equivalent.
While this assertion may initially seem somewhat vague, it is unequivocal that actions such as
cutting andglueingdo not qualify as smooth transformations. In the process of a smooth
deformation, an object's defining chamistics remain unchanged, rendering it an equivalent
entity. Typically, an invariant, persisting unchanged throughout the transformation, serves to
characterize such a resilient attribute.

1.1.1 Sphere and Torus:

Initially, take a small quantity aiodellingclay andmouldit into a sphere, as illustrated in
Figure 1.1a Subsequently, the sphere can be smoothly transformed into a disk or a bowl.
However, to achieve a doughnut resembling the one depickegure 1.1b, the introduction

of a hole is necessary. Creating a hole involves puncturing through the middle of the sphere, a
type of deformation not considered smooth. Consequently, an object's hole count serves as an
Invariant, remaining constant through smoothodefations. In mathematics, the genus "g" is

12



defined as the number of holes and is associated tiw&hEuler characteristic. It can be

computed using the GauB®nnet theorem for surfaces without bound&ries

g=1li —— '@ £e. .11

over the Gaussian curvature K, as an integral.

1.1.2 Annulus and M6bius Strip:

Let's contemplate a simple analogy: the act of attaching the ends of a paper stiapHessin,

the resulting arrangement should mirror the illustrated entitidsgare 1.1c,and d. An
intrinsic property in this scenario is the count of twists embedded in the strip, underscoring the
fact that this distinctive feature remains unalterable unless the strip is cut afresh. Smooth
deformations possess the capacity to redistribute thestalisng the loop but are incapable of

modifying their numerical count.

1.2 Physics Overviewof topology.

The categorization of matter according to its organized phases constitutes a significant and
impactful paradigm in condensed matter physics. The breaking of local, spontaneous
symmetries is a defining characteristiceftain phases within this framework. The exploration

of topology in condensed matter physics has garnered notable attention in recer®times

goal is to provide a brief overview of the motivations for investigating the topological
properties of a system, the primary effects that can be observed, and the factors restricting these
effects to systems composed of condensed niattieis chapteis based upon the R§T]

In such scenarios, a local order parameter is defined, exhibiting a zero value outside of the
ordered phase and a finite value within it. A wiatliown example is the finite magnetizationin

the ferromagnetic phase. @oalysdhe transition, one can employ the Landau theory of phase
transitions, expanding the order parameter, which is expected to be small around the transition
point®®. Various types of phase transitions are then characterized by different orders in the
parameter. In contrast, other phases do not involve broken symmetries, adding subtlety to their
nature. For instance, consider the IQH efféavhere the quantized conductance remains
unaffected by both smooth and local fluctuations in material parameters

The conductivity can only be modified by closing the gap. A compelling feature of topological
effects, making them attractive for applications in physics, is their robustness. As topology is

an attribute of the underlying space of wave functions, it ofansiversal characterization of

13



systems. This resilience distinguishes topological effects from microscopic theories, which
depend on an array of material parameters.

As expounded in Section 2.2, the realm of topological band theory emerges as a potent
instrument for the categorization of crystals. Within each band resides a geometric phase, the
Berry phas#, harbouringlatent topological information. This implies that the essence of a
crystal's topology is intricately woven into its eigenstates rather than solely manifesting in its
energy spectrum. The Berry phase encapsulates invariants Jilkend Chern numbers,
symbolized as integrals, thereby facilitating the classification of insulators based on preserved
symmetries. The benchmark in this context is the trivial insulator, characterized as an insulator
that seamlessly transitions into the rato limit under the gradual cessation of hopping.
Topological effects exhibit resilience against localized disturbances, endowing them with
significance for experimental exploration. Two notable practical applications of topology
include errofprotected quantum computing, reliant on nonlocal qubits, lra@stablishment

of a unit system grounded in a perfectly quantized conductance. Although the majority of
topological insulators (TIs) maintain insulating properties, their significance lies in the
presence of gaplesarface states, rendering them compelling subjects for further scrutiny. A
noteworthy and experimentally verified instance exemplifying the existence of edge states is
the Quantum Hall effect (IQH effeét'? In a strong magnetic field, a tadimensional electron

gas (2DEG) generates Landau Levels (LLs) with quantized energies given by (n ¥:1/2) ¥

= eB/mwhere 'm’ represents tiparticle massThe edge conductance is directly proportional

to the number of LLs or the filling factor at the edge, where the local potential guides the LLs
past the Fermi energ8imilarly, the Quantum Spin Hall (QSH) effect, as discuss&gution

1.2.1.2 can be comprehended. In this scenario, the system features robustispaoupling

(SOC) instead of a magnetic field. One potential outcome of this setup is the emergence of a

finite spin Hall conductance

1.2.1 Band Theory:

Our focus now turns to the topological classification of matter, aligning with the concept
discussed in Section 2.1Which involves classifying matter based on its phase. This
undertaking poses a significant challenge. To simplify this classification, this section narrows
its scope to matter describable by band theory. In the context of a band insulator, the ground
state is epresented by a Slater determinant, and its description relies on the independent
electron approximationf the Hamiltonians of two insulators can be interchanged while the

system remains in the ground state, these insulators are deemed topologically equivalent. Given

14



that an insulator possesses a band gap, changes can be made gradually enough to avoid exciting
the system, a process known as adiabatic. Topological transitions during this transformation
necessitate a band closing. Within the constraints of band théosycdnstitutes the sole
method for altering a system's topological characteristics. Furthermore, the presence of a band
gap ensures that weak interaction effects do not alter the topological classification.
Consequently, the topology of interacting stad@sl noninteracting electrons that can be
adiabatically connected remains the sainethe subsequent discussion, we initiate with a
concise overview of band theory. The utilization of the Berry phase is introdu&edtion
1.2.1.1to elucidate topological aspects. As detailedséattion 1.2.1.2the presence of time
reversal (T) symmetry reinforces the topological classification. The emergence of gapless edge
states at the boundaries of topological systems directly stems from a topological change at

interfaces.

1.2.1.1Bloch theory:

We expeditiously revisit the Bloch theorem, serving as the cornerstone of band theory. The
initial assumption is made that the physical material under examination is both crystalline and
functionally noninteracting. This assumption, grounded in translattsymmetry, allows for

the labelling of singlgoarticle states by crystal momentum 'k'.

[ gl Q o6 i éé .12
D i is Bloch HamiltoniarH (k) =Q H (@) Q
H(K)D j i =0p 01 .6€6¢6.13

The band structure is characterized by the eigenv@yeand the corresponding eigenvector

P ;5 | .Occupancy of these bands progresses from the lowest energy levels upward, guided
by the Pauli exclusion principle, which stipulates that each state can only be occupied once. In
the context of insulators, a discernible energy gap at the Fermi energytesphealowest
unoccupied band, identified as the conduction band, from the highest occupied band,
recognized as the valence band

Considering the reciprocal lattice vector G, translational symmetry implies H (k + G) = H (k).
Within the periodic Brillouin Zone (BZ), crystal momentum is defined modulo translations by

a multiple of G. This equivalence corresponds to the topology afua @ in d dimensions.

The band structure can be comprehended as a mapping between the space of Bloch
Hamiltonians with an energy gap and the toroidal space of the Brillouin Zone.
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In practical terms, obtaining the band structure of a crystal is achieved throughitigimg
calculations, which offer a powerful and effective method.
Within a lattice, electronarepredominantly localized around individual atoms. Their ability
to transition from one atom to the next arises due to the overlap of outer electron orbits.
Utilizing delocalized bands allows for the description of overlapping orbitals. Often, the focus
Ison the physics near a specific point in the Brillouin Zone (BZ). In such cases, employing the
k-p theory becomes meaningful to derive an effective continuum model through an expansion
in k-spacelf the band structure exhibits a gap, rendering it effebtiveert across the rest of
the Brillouin Zone (BZ), these continuum models aptly encapsulate the essentaiéogy
physics.
We can now pinpoint the juncture where topological considerations become relevant in band
theory. This is achieved by closely scrutinizing the phase factors acquired by an electronin a
Bloch band during its time evolutiowe introduce the concept of the Berry phase and discuss
its quantization through Chern invariants quantum mechanics, a wave function is defined
up to a phase, such that the substitution
O0pi 07 0 i eéé.la

the eigerenergies remain invariant with the phase Q. As a result, the eigeenergies are
independent of the gauge, in accordance with the expectation for observables.
Let's analyze the temporal evolution of the system. Consider a Hamiltonian dependent on a
single parameter, denoted as R(t), which undergoes a slow cyclic evolutionfromt=0tot =T,
whereR (0) = R(T), and T represents the period. This evolution traces a closed path C in
parameter space. The definition of the instantaneous eigenstate basis of H (R(t)) is then given
by:

H(20)® 20 =0 20 H 20 €. .15

The phase of the eigenstate may be contingent on R(t) and is not predetermined at this point.
Throughout thepath, the phase function is expected to be simglaed and smooth. If
achieving global feasibility proves challenging, it becomes necessary to define the phase
function across multiple overlapping patches
The complete temporal evolution of thgantum state is determined by

adr o 020 T 0 €eéel6
The system remains in the instantaneous eigenstate in the adiabatic limit. Consequently,

eigenstate and quantustate can be related by
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where the Berry phase, or geometric ptias®, is defined by
Tt O Qo6 ol B O é €18
It stems from the fact that the instantaneous elggesis and the eigenenergies both alter during
time evolution. This can bewritten as a fspace path integral such that
r B= M _.ds éé.19
0 represents the vector potential whictkkiwnas Berry connection.
0 MOy D5 . éééllo

the surfacssand. =Y O representshe Berry curvature
ThoughO undergoes alteratioryy gauge transformation, the Berry phase remains a gauge
invariant quantity, formally equivalent to a magnetic flux.

MOy D . ééé.111
The Berry curvature is analogous to the magnetic field and it can be expressed in gauge
invariant form

=B i &f f ik f 666 .112

~

For degenerate bands, as per Egl3, the denominator approaches zero, implying the
presence of a monopole in the Berry curvature. The physical effects of the Berry phase depend
on the dimensions and whether the system is an insulator or a metal. The Berry phase,
particularly relevant to isulators in 1D and the Fermi surfaces of 2D metals, can be

mathematically expressed as an integral over a closed curve.

1.2.1.2Topology in Bloch state:

The topological invariarfiChern numberis defined as the integration of the Berry curvature
over the entire Brillouin zone.

0 — Q7Q é é.113
So to apprehend theéopological aspect of thelectronic band, one must witness the
phenomenon propelled by the Berry curvatditee Chern numbeis mainly associatedith
topological invariant under brokdmme reversal symmetry (RS).
Given that the Hall conductivity (and consequently t@kern invariant) displays an
asymmetrical response to time reversal, the presence of topologically significant states detailed

in the earlier discourse arises solely through the disruption of time reversal symmetry. This

17



disruption can manifest via external magnetic fields or through the imposition of magnetic
order. Nonetheless, tispin-orbitinteraction introduces an alternative topological category of
insulating band arrangements even in the absendenefreversalsymmetrybreaking In
topological materials, certain electronic properties are determined by the global topology of the
material's bulk electronic structure. These topological features can manifest as robust surface
states or edge states, which are protected against locatlqaitms. The buHboundary
correspondence principle states that there is a direct relationship between the topological
properties of the bulk and the existence and characteristics of these boundary states.

For example, in a topological insulator, the bulk of the material behaves as an insulator, while
its surface hosts metallic states that are topologically protected. These surface stades arise

to the nontrivial topology of the bulk electronic band structure. Similarly, in a topological
semimetal, the bulk may have band crossings known as Dirac points or Weyl points, leading
to exotic surface Fermi arcs or other boundary stdeslerstanding the bulkoundary
correspondence is crucial for characterizing and harnessing the unique electronic properties of
topological materials. It provides insights into how bulk topology dictates®éhaviourof

surface or boundary states, which is essential for designing novel devices and exploiting
topological effects in various applications, such as spintronics, quantum computing, and

energyefficient electronics.
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Quantum Hall Effect:

Initially, energy bands possessing a nonzero Chern number were identified in Landau levels

resulting from the quantization of a tvadmensional electronic gas influenceddgagnetic
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Figure 1.2(a) The schematic diagram of QHE with showing the mechanism of edge dinye
The schematic band structure of QHE systdadapted from Refl0]) (c) The illustration of the
device configuration of 2DEQd) Resistance and Hatksistances plotted against magnetic fielc
with demonstrabn of the plateau as a function of magnetic ficddlapted fronRef [1])

field perpendicular to the plafsee therigure 1.2a). Each Landau level is characterized by a
Chern number Consequently, a twdimensional electron system subject to Landau
guantization, with 3 filled LandasehH2@hisel s
guantizatiommepresents the integer Quantum Hall Effect (QHE), first observed by von Klitzing

in 1980. He gotNobel prize in 1985 for discovering this phenomenidares is equalto the

) e

Chernnumber The Chern number, denoted@sserves as a topological invariant, signifying
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its constancy despite smooth variations in the Hamiltofilis.consistency helps explain the

st abl e me a,and ceunts the chiraliedgéi statdsis crucial to emphasize that the
topological numbers mentioned earlier are exclusively dependent on the characteristics of bulk
states. In contrast, the quantum Hall effect is observable as a bostataoy a material. This
distinctive attribute represents a defining aspect of topological materials, wherein the
conductive behaviour at the boundary is dictated by the bulk propkrieccurrence
recognized as the bullloundary correspondence phenoméadrhe bulk gap state along with
conductive edge state is shown thigure 1.2b. In Figure 1.2c, d, the first experimental
observation of vanishing longitudinal resistance and quantized Hall resistance versus magnetic
field is presenteavith the schematic of #hdevice structure.

Quantum spin Hall Effe(@@QSHIE

Over the recent yeartheoreticakcientists havesuggested that electrical current might flow
along the edges without a magnetic fieltieir projections anticipate the emergence of edge
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Figure 1.3(a) The schematic representation of the edge current due to @9HEANd structure
of QSHE system(adapted from Ref [10])(c) First experimental evidence of QSHiG
(HgTe/(Hg,Cd)Teé QW as a function of magnetic field at different gatdtages(adapted from
Ref [15]) with insetshowingschematic othe devicestructure.

e
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states in insulators possessing appropriate electronic configurations. Ndt&tigtinct from

the quantum Hall effect, these edge states are expected to exhibit a fehd\aour carriers

with opposing spins traversing in opposite directions along a specific edge, as illustrated in the
accompanying diagramigure 1.3a and b This phenomenon is called the quantum spin Hall
effect, and researchers have eagerly tried to prove it through experiments.

Despite the abundance of insulators in the natural world, the majority lack the requisite
structural characteristics for the potential manifestation of the quantum spin Hall effect. The
distinctive electronic configuration of HgTe becomes crucial in thigext. While bulkHgTe
functions asnll-VI semiconductor, its electronic structure deviates from the norm. Typically,
in analogous materials, the conduction band originates fretates situated on the group I
atoms, and the valence band arises frostgtes at the VI atoms. However, inHg this
sequence undergoes an inverstmlow certain thicknessThe signatureof QSHE was
discovered iMHgTe/(Hg,Cd)Té QW °in 2007 The experimental result is shownRigure
1.3cwith theschematic of the devic&he plot showsnagnetic field dependent Hall resistance

at different gate voltages.

Quantum anomalous Hadiffect (QAHIE

The identification of the quantum spin Hall phenomenon has notably progressed the

investigation into the quantum anomalous Hall phenomenon. Through the induction of
(a) (b)

/conductmn band

edge states
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Figure 1.4 (a) The schematic illustration of the edge current due to QAb)Band structure of
QAHE system(adapted from Ref [10])(c) First experimental evidence of QAHE showing t
hysteresis loop at T =30 mit different gate voltagg(d) The plot of resistance vs. magnetic fie
dataat different gate voltage@dapted from Ref[16))
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ferromagnetism and the disruptiontohe-reversasymmetry, a particular spin pathway in the
guantum spin Hall configuration is inhibited describe ifrigure 1.4a,and b, consequently
leading to the emergence of the quantum anomalous Hall phenomé&iften.sustained
dedication and hard work, Xue's group achievedjtbendbreakingexperimental observation

of the quantum anomalous Hall effect without the necessity for an external magnetic field in
the magneticallydoped thin film of Cr 15(Bi 0.1Sbo.9)1.85T€s®. The Figure 1.4c,and d show
thatthe Hall conductance becomes quantized when the longitudinal conductance is zero.
The quantization of Hall conductance serves as a notable outcome in this end&heour.
centralidea of nontrivial phases of mattes based upon the fact whetHathe system poses
nonvanishing Berry curvature or not irdpace In this direction mainly two types difulk
material canconsider Weyl semimetal and massive gapped Dirac semimetal are condensed

mattersystemswvhose electronic transport propertagdictated by the Berry curvature.

3D topological insulator:

Commencing from the quantum spin Hall insulator in two dimensions, scientists have
investigated extending this idea to thwdienensional topological insulators featuring
conductive surface statésxperimental validation has successfully confirmed the theoretical
prediction.The surface states of these thtBmensional topological insulators share akin traits
with the electronic structures of graphene, manifesting a relativistic linear relationship between
energy and momentuim®14 Nevertheless, in contrast to graphene, these -tlimensional
topological insulators are characterized by a solitary Diae, devoid of any resemblance.

To establish a thredimensional topological insulator, a robust spibit coupling (SOC)

plays a pivotal role in substantially shaping the electronic configuration. Consequently,
semiconductors incorporating hefty elements and narrow band gaps emerge as auspicious
contenders, given the pronounced SOC impact in such heavy elefentnsurethe
effectiveness of the spiorbit couplingthe band gap must remamaller than the energy scale

of SOC, thereby guaranteeing thecurrence of the transition to a topological insufator
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The initial identification of a thredimensional topological insulator periéins to the BiSh; 1 «
alloy!’. Subsequent discoveries encompass thgSeBifamily, comprising BiTe; and
ShTes!®1% In contrast to the BSBh 1 .alloy, the BpSe variants prove comparatively
straightforward in their preparation. They demonstrate topological insulator properties even

(a) (b) v

Figure 1.5 (a) The helicalshaped Dirac cone surface features of thaleeensional topological
insulators. The green and blue arrows are used to show the spin texture ofelgicaons(adapted
from Ref [12]). (b) The electronic structure of the topological insulator,3%. it displays the
dispersion of the (111) surface measured via angd®lved photoelectron spectroscopy (ARPES).
The corresponding Brilloukzone is demonstratdddapted from RgR21]).

under elevated temperatur€®nsequently, BEe;emerges as a promising candidate éam:

temperaturapplications in lowloss spintronic devicé$

Dirac semimetal

In 2004, Novoselov et al. achieved a grodmdaking milestone through the successful
mechanical exfoliation to obtain monolayer grapién@raphene, a prominent example of a
Dirac semimetal, manifests Dirac fermions at the K and K' points in its Brillouin zone, leading
band gap surpassing 0.1 eV. Noteworthy is the&S8is band gaf?, approximately 0.3 eV

(equivalent to 3600 K), markedly exceeding the energy scale at room temperature.
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Figure 1.6: ARPES studies of NaBi: (a) The mapping of Fermi surface taken at a photon ene
of 55eV, is shown . BDP1 and BDP2 describe the Dirac pofhja/Vith a fixed photon energy ¢
55 eV, the constant energy contours are presented at three binding energy. The dispersic

three cut is also shown beloyc) Schematically bulk Dirac gint along with Fermi arc is
depicted(adapted from RefH])

ARPES studies ofCdsAsz: (d) Band dispersiomf CkAs covering a large energy and momentt
scale along th&d @ 0 direction measured by photons with mixed polarization (inset, \
bothcomponents perpendicular and parallel to the 0 direction) (e) Band dispersion measure
with photon polarization parallel to the@ 0 Q¢ i ‘@) Visualization of the Fermi surfac
extends across the entirety of the 3D Brillouin zone in the upper panel, while its projection o
surface Brillouin zone is depicted in the lower panel, specifically within ik idane. Notable
high-symmetry points within the Brillouin zone are denoted in the plot, with directional indic:
provided by grey arrows representing the [001] and [111] directi¢gklt demonstrating how the

band evolve from parabolic dispersion to lingaom (i) to (iv)}..(adaped from Ref2§])

Recently, graphene has garnered renewed attention owing to its exceptional physical attributes,
encompassing superlattice structures and superconductivity in the realm of magic angle

graphen&?* NagBi stands out as a noteworthy instance of a tiegensional topological
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Dirac semimetal, initially theorizé#l and subsequently validated through experimental
investigation$®2’,

Characterized by time reversal and threefold rotational symmetsij Nieatures two Dirac

poi nt s 4A drectipn. Enhplying techniques like ARPES, experimental observations
have unveiled the existence of Dirac cones and Fermi arcs connecting bulk Dirac points, as
illustrated in theFigure 1.6a, b. Femi arcs are also depicted iFigure 1.6¢c Transport
measurements have further demonstrated intriguing phenomena, including negative
magnetoresistance attributed to chiral anomalies and quantum oscillations. HoweBés, Na
susceptibility to instability and sensitivity to air have presented challenges for deeper
investigationsAnother prominent thredimensional Dirac semimetal, e#k,, is safeguarded

by time reversal and fourfold rotatiomal syiI
direction, as confirmed by ARPES experiméf(seerigure 1.6d-g for experimental reslis).
Additionally, C&As; has exhibited other captivating phenomena, such as quantum oscillations
and negative magnetoresistance stemming from chiral anodfalégnificantly, in 2017,

the observation of a thresimensional quantum Hall effect in €&, nanosheets marked a
noteworthy advancement, expanding the exploration of the quantum Hall effect beyend two

dimensional systems.

Weyl Semimetals:

fiMathematization may indeed be considered a creative endeavour of humanity, akin to
language or music,” asserted Hermann Weyl, the German physicist renowned for his
inclination towardnathematical elegance. This inclination led him to predict the emergence of
a novel particle when the fermionic mass in the Dirac equ#tieached nullity. Such a particle
could bear electric charge but, in contrast to all known fermions, would lack®mass
Throughoutis career, Weyl gradually distanced himself from this prediction, primarily due to
its implication of breaking a specific symmetry known as parity, which was believed to be
upheld at the timévioreover, the anticipated particle remained elusive throughout his lifetime.
Posthumously, the Weyl fermion found relevance in describing neutrinos, ultimately revealed
to possess mass. For a considerable duration, the Weyl fermion seemed destined to remain a
theoretical construct from the mind of a brilliant thinker. However, peisception changed
when the Weyl fermion entered the domaircohdensed mattgrhysics

282%0n three dimensions, the Weyl nodéis the linear intersection of two bandEhe

Hamiltonian that can be used to describe Weyl Fermion is as follows:
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Hk)= B Q, é .114
Where, representsthe Pauli spin matrices and thegrusinus sign signifies the chirality of
the Weyl Fermion.Linear cones emerge when two bands intersect at a Weyl TioeéVeyl
node with positive chirality serves as the source for Berry curvature, while the one with
negative chirality functions as the sink for Berry curvature, akin to a topological charge. Weyl
nodes exhibit resilience to minor system perturbations,theg can only be created or
annihilated in pairs of opposite chirality.
The topological charge of Weyl nodes serves as a discernible identifier, tapdlagical
i nvariant can be employed for their charact
charge, the total flux of Berry curvature passing through a closed surface is directly
proportional to the enclosed topological charge. In simpler tehmghirality of a Weyl node
determines the sign of its associated Chern number. To maintain a total topological charge of
zero, the cumulative Chern numbers for all Weyl nodes in a system must mutually cancel out,
as these nodes consistently occur inagitely chiral pair&.
Symmetries play a role in determining the quantity and location of Weyl nodes. In the presence
of inversion symmetry (1), Weyl nodes with opposite chirality are constrained to exist at the
same energy but with positive topological charge at momentum kegative topological
charge at momenturk. Additionally, if the system upholds time reversal symmetry (T), a
Weyl point at k is mapped onto the Weyl pointlatwith the same chiral charge under the
influence of T.However, if a material system does nadlet the *T symmetry, &Veyl node
undergoes a transformative mapping, returning to itself, yet embraciafered essence in
the form of an opposing chiralitffherefore, the existence of Weyl nodes is precluded in
systems that adhere to the combination of pakjtgr{d timereversal (T). The topological node
formed by thecombinationof these superimposed Weyl nodes, each bearing an opposite
chirality, is denoted as a Dirac node.
As the annihilation of Weyl nodesclusively occurs in paired configurations, and the adjacent
vacuum lacks Weyl nodes, there necessitates a state on the surface establishing a connection
between Weyl nodes characterized by opposing chirality. This distinctive surface state is
identifiedas a Fermi afé-3> Similarly, in the presence of a magnetic field along any given
direction, the interconnection of two Weyl nodes exhibiting opposite chirality is facilitated
through a chiral Landau levét. This phenomenon, known as chiral anomaly, contributes

adversely to the magnetoresistance observed in Weyl semimetals

One can divide the Weyl semimetal into three categories
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1 Type l1 Here, theNeyl point serves as the central point around which the Fermi
surface is concentrated.

9 Tilted Type I- In this casethe typel Weyl cone undergoes a tiltin an arbitrary
direction, the center of the Fermi surface is moved from the Weyl point.

1 Type II- In thesematerialsboth electron and hole pockeatrepresent at the

Fermi levet’38

Experimatal signature ofopologicalsemimetal:

Fermi arc:

Another significant characteristic of the Weyl semimetal phase under investigation is its
distinctive surface states, which bear resemblance to those found in topological insulators.

In contrast to the bulkermisurface, which is limited to a specific set of momentum points,
surface states can be established for almost every surface momentum. These surface states
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Figure 1.7 (a) Theoretically calculated band structure of Ta@ ARPES measuredakky Fermi
surface maps at thealue that corresponds to the Weyl no@&sARPES data showing energy v
momentum dispersion with displaying the Weyl cones with linear dispersion emidality. (d) The
Fermi arc is shown based ahe theoreticalcalculation. (e) The @erimentally observed surfac
state with showing the Fermi arc using the black arfadapted fromRef[38,39).
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manifest as intriguing geometric formations known as "Fermi arcs" within the surface Brillouin
zone. Notably, these arcs extend between the Weyl points, delineating a unique and intricate
pattern that reflects the peculiar topological nature of the Weylirsetal phase. This
phenomenon underscores the rich and unconventiehaliorexhibited by the surface states

in Weyl semimetals, contributing to the unique properties and potential applications of this
intriguing quantum state of matter. To et experimentally the Ferrarc,onehasto employ
independent surfaegensitive ARPES (AngkResolved Photoemission Spectroscépid)
Experimentally in parallel with the bul&ensitive soft Xray measurements, independent
surfacesensitive ARPE#vestigations conducted at vacuuiltraviolet photon energies have
demonstrated the presence of distinctive arcs on the (001) surface ofSeseksgure 1.7a, b

The Fermi surface, as characterized by ARPES, exhibits three prominent features. These
include a bowtieshaped feature with itsentrelocated at the&b point, an elliptical feature
centredat the® point, and a cresceshaped feature positioned near the midpoint of éach

, W (SeeFigure 1.7d, e)

Chiral anomaly in Weyl semimetals

In the realm of classical physics, chirality is a fundamental and unchanging physical attribute,
akin to angular momentum, energy, or electrical charge. This foundational principle mandates
the overall conservation of chirality, preventing an arbitraryidamce of one chirality over

its counterpart. However, a pivotal revelation emerged from a 1970s accelerator experiment,
challenging the classical preservation of chirality when subjected to parallel electric and
magnetic fields at the quantum level. Thisparture from chirality conservation manifested
itself in the decay of a neutral pion into two photons, a process seemingly prohibited by the

established law of chirality conservation.

Figure 1.8. (aWeyl cone wiiout applied magnetic fielgb) Weyl cone with applied magnetic fiel
(adapted fromRef [])
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Notably, even though the involved particles are bosons, distinct from massless Fermions,
chirality still holds a defined meaning. However, unlike masskessnions, it cannot be

directly associated with the handedness of the particlése context of electronic transport

inside a condensed matter system, the effectchfral anomalycan be understood using
semiclassical Boltzmann transpdéormalism To capture the physicswo opposite chiral

Weyl cones are consideréak depictedh Figure 1.8a,b). Todescr i be t he el ect |
in a crystal, onanustrely on the semiclassical formula and according to that formulism,

current density can be written*a$

Q —Bs g »n 6€.1.15
Here, phase space volume is denoted $oy{|ﬁo§ and it is equal to p

> || eg  when the system with finite Berry curvature is exposed to a magnetic
field. The following two equations are used to describe the motion of the wave packet

of the charge carrienith magnetic field in action

.e1.16
€1.17
> O |wg o« -F ¢g - o *g | é..1.18

» describe the group velocity2 "I is used to denote the distribution function of
electron reside at stakewith the real space positioniis
The distribution function can be evaluated using semiclassical Boltzmann transport

formulism assuming-independent relaxation time

g0 > —— é..1.19
Using this, we can get
Qi Qi QOE«--Otox +g |.E)+ higherordertermg —¢é 1.20

The deviation from the equilibrium state comprises tlu@mponents. The first term
accountsfor the altered distribution influenced by the electric field E, with the
component o alongE playing a pivotal role. The second term introduces the concept
of the chiral chemicglotential signifying the phenomenon where electron travels from

one chiral Weyl cone tanotheoppositely chiral Weyl cone when electric and magnetic
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fields are paralletonfiguration. The overall contribution of the term.(k) B is non

zero from the opposite chiral Weyl cone.
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Figure 1.9 (a) The schematic diagram of the LMR configuration wijtheing the angle betwee
current(l) and magnetic field(B). First observation NNfRDirac metal(b) Bi1xSh. (inset shows full
range LMR dataipto 15 T (adapted from Ref [40]jc) CsAs. (adapted from Ref [28{Yl) The first
experimental signature of chiral anomaly driven NMR observed in inversion symmetry broke
Weyl semimetal Tafadapted from Ref [41])

the electric field and magnetic field avet perpendicular to each other, then the velocity due to
Berry curvature (v k) B and the chemical difference betwegbachiral Weyl cone shall give

rise to additional conductivity which is proportional té. Bhis phenomenon is known as a
chiral anomaly. Experimental observation of negative longitudinal magnetoresistance is
believed to be caused by chiral anom@keFigure 1.8). As a result of this event, an additional
unique symmetrig¢under reversal of magnetic field directidiall effect alscappearsin the

Weyl system without Lorentz force which is known tae planar Hall effectExperimental
consequences of chiral anomaly first occur in a topological Biessimetal where TRS is
broken by the magnetic field, and the Dirac semimetal turns into a Weyl semimetal and shows
NMR. Examples of such Dirac semimeiiBio o7Shy o3 crystaf®, NasBi?’, and CdAs,?°. “4(see
Figure 1.9-c). However, it was in the year 2015, that experimental observations of negative

longitudinal magnetoresistance were made within an inversion asymmetric pure Weyl
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semimetal TaA¥(seeFigure 1.9d).
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Figure 1.10(a) The schematic illustration of device configuration of the measurement ofdPt
CdsAs2 (b) The magnetic field variation of the Rxy measured at 2 K at different angle bel
current and magnetic field in theyxplane. (c) The angular variation of the PHE signal(top) ar
in-plane resistance(bottom) at T= 2 K and B= $alapted from Rgi42]).

Parallelly, the planar Hall effect (PHE) is another experimental signature for the chiral
anomaly. It was first observed intapological Dirac semimetal GAs, along with
NMR*® (seeFigure 1.1(a-C).

Experimentasignature ofilted Weyl/Diracsemimetal:

Berry curvature dipole driven Non-linear hall effect:

Weyl semimetalsan be classifiedependingn the violation of Lorentz symmetry. Typke

obeys Lorentz symmetmyhile typell breaksit and the Weyktoneshows significant tilting.

The TaAs family of WSMs demonstrates characteristic Weyl cones in the bulk band structure
and falls into the typ# category, where the Fermi surface condenses to a singular point at the
Weyl point. More recently, the existenoé typell WSMs has been proposed in layered
transitionmetal dichalcogenides such as WT&*” and its counterpart MoEé8. In these
materials, both electron and hgecketsarepresent at the Fermi level. TybleNSMs display
anisotropic chiral anomaly, unique anomalous Hall etfegonlinearHall effecf% >3 unusual
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Seeback effeét, quasilinearLMR, TMR, and PHE!1:5556
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Figure 1.11(a) The Welcone of typel (b) The Weyl cone of tilted tygen nature(c) The Weyl cone
of typell in nature (d) BCD corresponding to the Wey cone of tybde) BCD corresponding to the
tilted typel. (f) BCD corresponding to the tilted typle(the images from (a) to (f) ardapted from
Ref[48] (g) I-V characteristicof WTe in longitudinal and transverse direction to demonstrate ohi
contact.(h) @ vs. \fin two configuration as shown in the top and bottom left inset. Red one de
Hall signal during forward current and black one is used to denote the result during reverse ct
The result here are taken from five layered devigeHere the same results vs. \f in two

configuration is plotted for four layered devi¢a@dapted from Rd47)).

An additional captivating experimental approach that can be utilized for discerning the
characteristics of netrivial electronic bands involves the utilization of the Aorear Hall
effect. Hall effects fall short in exploring the complex geometric traits of Bloch states in
materials that obey timeeversal invariance while breaking inversion symme#ryrecent
breakthrough uncovers a crucial insighhe prior assertion holds only within the linear
response regime, where Hall voltages exhibit linear proportionality to the external electricfield.

The narrative shifts when nonlinear Hall currents, with a quadratic relationship to the external
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electric field, manifest even under timeversal symmetric condition¥he genesis of this
nonlinear phenomenon links to an intrinsic contribution tied to a concept akin to the dipole
moment of the Berry curvature, called the Berry curvature dipole (Bliipplogical materials
characterized by an asymmetric distribution of Berry curvature in momentum space manifest
thisdistinctive nonlinear Hall effectA significant Berry curvature dipole (BCD) is presentin
systems with tilted Type | or Il Weyl conesdsystems with tiltedhassiveDirac cones.

1.3 Electronic correlation:

Fundamental to the realm of sclstlate physics is the underpinning concept known as the free
electron theory. This theoretical framework characterizes electrons within a condensed matter
system as entirely devoid of interactions. An enhancement to thdelmarises when
corrections, in the guise of the periodic lattice potential, are incorporated. This evolution
transforms the theory into the realm of the nearly free electron theory, rendering it more precise
in depicting actual material systems. This mefi model extends its applicability to a diverse
array of materials, encompassing metals, semiconductors, and insulators.

Substances exhibiting characteristics beyond the scope of explanation provided by the unbound
or nearly unbound electron theory, whitdglecielectrorelectron interactions, present a realm

of intricacy. Within heavy fermion systems, a phenomenon of hybridization manifests between
the fshell and the conduction electrons, frequently resulting in substantial alterations to the
electron mass thumh a process known as renormalizatioimteractions involving electrons

and phonons possess the capability to generate an attractive potential between two electrons,
thereby facilitating the coherent formation of Cooper paitkin BCS superconductors. This
mechanism serves as a resolution to a Fermi surface instability. Additionally, the manifestation
of charge density waves (CDWSs) stems from instabilities at the Fermi energy. In this context,
these instabilities are mitigatehrough energy minimization achieved by introducing a
periodic lattice modulatiorSimilarly, spin density waves (SDWs) manifest as fluctuationsin

the magnetic moment rather than variations in electron déh3itiMany of these complex
electronic states either work together or compete within the same matEn&ison pnictides,

for instance, frequently exhibit both SDW and unconventional superconductivity (SC),
facilitated by magnetic influencds.the domain of heavy fermions, a superconducting ground
state often suppresses the dominant magoeder. Transitiometal dichalcogenides (TMDs)

and cuprates offer yet another instance where the dual characteristics of superconductivity (SC)
and charge density wave (CDWghaviorsare observed.
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1.3.1 Charge density wave(CDW):
In the realm of charge density wave (CDW) transitions, encompassing boethrheasional
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Figure 1.12 (a) A depiction of Fermi surface nesting showcasing a wavevect() G.he zere
temperature Lindhard response function c(q)-omeo-, and threedimensional free electron gase:
(c) Conceptual portrayal of a Peierls transition for a edienensional substance, featuring tf
configuration and dispersion pigost) transition depicted in blue (red). A distinct gagmerges
at the wavevector q = 2kaligning with the fresh latticperiodicity (adapted from Rdf60]).

(2D) and threedimensional (3D) systems, elucidationis commonly provided by three distinct
models: Fermi surface nesting (FSN), electptronon coupling (EPC), and excitomsulator

(El). Transition metal dichalcogenide (TMD) materials consistently exhibit the requisite
conditions for these intricate mechanisms. Moreover, the pervasive manifestation of CDW as
a phenomenon with diminished dimensionality finds an apt Im the stratified structure of
TMDs, rendering them a versatile and accommodating platform for the intricacies of CDW

behaviou? 62,
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1.3.1.1Peierls distortion

The genesis of FS{$eeFigure 1.12a) CDW traces its origins to the Peierls distortadipure

1D metals. As portrayed Figure 1.12c, theatomic chains of 1D metals succumb to instability

at lower temperatureé key change happens when the lattice constant doubles, causing the
BrillouinzonetobecutinhalfThi s change creat es,gawingrigeioer gy ¢
electronic modulation characterized by a wave vector p{dkplayedn Figure 1.1Z ). The
intricate interplay between lattice distortion armdectronic energy reveals a delicate
equilibrium, with the elastic energy from the former proving less than the reduction in the latter.
Consequently, the doubled lattice stands as an energetically stable configuration. Noteworthy
in this context is the egvalence of the CDW vectogéow = 2ks) to the vector linking the
Fermi surface z on &histcamplexplenomenprkis calledND FENe, ) .

to some extent, extends its influence to 2D scenarios, wherein&@B@&rom FSN agarallel

Fermi surface(seeFigure 1.12a) contours find connection through a CDW wave vector,
known as the FS nesting vector ().

The Peierls transition, marked by the opening of the Fermi surface gap, precipitates a transition
from a metallic to an insulating state. In instances where the periodicity of the electron density
aligns as a rational multiple of the lattice distortiorg@mmensurate charge density wave
(CCDW) materializes. Conversely, when the ratio of the two periodicities assumes an irrational
number, an incommensurate charge density wave (ICDW) ensues, resulting in an electron
density that oscillates out of phase wilie lattice distortionConsequently, the fundamental
aspects of Peierls' model encompéss:manifestation of FSN withiimeelectronic structure,

a distinct spike evident in the Lindhard functi@eeFigure 1.12), the emergence of a Kohn
anomaly within phonon spectra, a pivotal transition witkive lattice structure, and a

transformatiorfrom metal to insulator state.

1.3.1.2Role of Electron-Phonon Coupling (EPC)

In a stratified quaskD material NbSg the traditional and extensively studied CDW system, a
plethora of investigatiorfs'®® haverevealed that the observed charge ordering phase shift

di verges from the Peierls6é depiction. Speci
nesting. NbSgpossesses a hexagonal stratified arrangement with a lattice constant of 3.443 A,
Initial diffraction analyse® "*and recent scannirtignnellingmicroscopy (STM) observations

63 have consistently verified the structural transition @wl= 33.5 K, with gow e 0.7 AL,

35



Recent inelastic Xay scattering experimeni&disclosed a Kohiike irregularity in phonon
spectra and demonstrated that phonon softerengredaround g, € 0.7 A'* triggered the
structural transition. Nevertheless, the measured resistivity versus temperature displayed no
alteration at the CDW transition temperature, suggesting the absencenefabinsulator
transition linked with the structural transition. Most notably, as illustratedjure 1.13a, the
Fermi contour derived frorARPES measurementdoes not show any sign of FSNA
diagram Figures 1.13a) illustrates the Fermi contour derived froneprecise fitting ofARPES
data,side by side with the wavevecifrthe charge density wave (cifyv), determined through
diffraction analysesAttributing the emergence of the charge density wave to Fermi surface
nesting (FSN) is untenabl&€he lack of FSN becomes evident in the Lindhard susceptibility
function plots (both real and imaginasyshown irFigure 1.13 b,cgenerated from the assessed
electronic structur®. These plots exhibit no discernible peak at thevgositiorf®.

Mazin and colleagues employed the traditional CDW materials NO%&e, and CeTeto
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Figure 1.13(a) lllustration of Fermi Surface contours alongside the experimeitalv. of NbSe(b)
Rec(glc)lamedrggomput ed from empiri cal (deRrasahtethe
derived ElectrorPhonon Coupling (EPC) matrix elemegt)2. (e) Depict the observed phono
dispersion (points) at T = 8 K and predict the soft phonon behavior (solid line) utiligmg? and
an estimated bare phonon (dashed lidispersion(adaptedfrom Ref[54,55]).

support their conclusion and demonstrated that by adequately incorporating EPC, the observed
properties could be elucidaféd® It is evident, therefore, that experimental investigations
should thoroughly examine the phonon spectra to ascertairdiygendence &PC(as shown

in Figure 1.13d). While one might assert that both FSN and EPC entail eletittce

interaction, wherein electrons transition from occupied to unoccupied states, they must be
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delineated due to the distinct nature of their scattering mechanisms: FSN entails elastic
scattering, whereas EPC involves inelastic scattering from the lattice.

Inelastic Xray scattering unveils a temperatutependent peculiarity in the acoustic phonon
branch at a specific wave vector, denotedgag The observed data on the modified phonon

di spersion al ong tHuy@e 1d3ibk aistinctlyollostréteas apmondincédo M
softening of phonons occurring approximately at,.g0:695 A, suggesting a direct
correlation between the charge density wave (CDW) and the obsameedaly akin to the

Kohn effect. Just preceding the transition temperature, the phonon energy exhibits an
imaginary component, signifying a structural rearrangement of the lattice. Beyond the
transition temperature, there is a noticeable reduction in phenergy nearg,, albeit it does

not reach zero.

1.3.1.3Excitonic insulator:

Jerome and colleagué$introduced the concept of the excitonic insulator mechanism. In
semiconductors characterized by a narrow band gap ofreemails with minimal bandverlap,

the population of charge carriers remains limited. Within this context, these carriers have the
propensity to coalesce into excit@hsomposite entities comprising bound helectron pairs.

This phenomenon occurs when the indirect gap, whethéngois semiconductors or negative

in semimetals, is smaller than the binding energy of the exciton. Consequently, this process
extracts charge carriers from the Fermi surface, instigating the formation of an insulating state.
In scenarios involving an indirect gap, the outcome is a nonzero exciton momentum, thereby

triggering a subsequent transition to a charge density wave (CDW).

1.3.1.4The Jahni Teller effect:

The JahinTeller effect, originallyproposedy Hughes, is instigated by a structural distortion
that disrupts the degeneracy of the ground state effefgyexemplify, the transition metal T
within the TX dichalcogenides can adopt either octahedral (1T) or trigonal prismatic €2H) T
Xe coordination. Distinct energies characterize the transition metal d bands contingent upon
the octahedral or trigonal prismatieXs coordination, where the 2H polytype exhibits a lower

d;2 energy than its 1T counterpart. Consequently, a transition to trigonal coordination could
diminish the energy of the octahedral polytype. This transition occurs when the chalcogen ions

X surrounding a transition metal ion, T, in the octahedotate in opposing directions.
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Consequently a localized augmentation in conduction electron density (negative charge)
emerges at the corners of the unit cell, constituting an attractive potential for the positively
charged T ions. The outcome is a lattice distortion propelled by<acdordinationin real

space, rendering it a manifestation of the bandiJedlter effect rather than a Fermi surface
effect.

The phase shiftdinked to charge density wave (CDW) occurrences vary significantly
depending on the system. No single mechanism universally applies across all materials.

Typically, the transition'"s mechanism prove
model. @mprehending the nuances of structural shifts alongside the anisotropic electronic
structure is essential for delving into the roots of the phase transitions observed in transport

measurements.

1.3.2 Magnetism:

Another phenomenowhich is caused btheelectroric interactionis magnetic ordering in a
material systenThis phenomenon is driven by the quantum mechanical exchange interaction,
denoted as J, operating betwemighbouringnoments. Initially proposed independently by
Werner Heisenberg and Paul Dirac, this interaction accounts for the electrostatic forces
considering the Pauli exclusion princifdé?
All materialsarecomposed of atoms, and the way matter behaves is intricately connected to
the arrangement of these atoms and their interactions with each other. Within an atom,
electrons, which carrgnegative charge, can be described as circling the nucleus, possessing
an orbital angular momentum denoted by L. Classical mechanics dictates that

0O » a o é ..1.21
In thisscenario, with r, iy and v representing the electron’s orbital radius, mass, and velocity
respectively, the expression for the magnetic dipole moment m of a small current loop can be

derived as follows:

O 062 "Oi%2 é. .. 2
and thecurrent I= e v—= e. .3.2
In this scenario, e represents the charge of

of said electronu,the unit vector normal t@areaA. When we integrate Equations21, 1.22,
and1.23 together, we obtain
a QF & 0 €. .4.2

In this context, the parametei¥c¢d s referred to as the ggmagnetic ratio.
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Due to the motion of electrons, all atoms inherently possess a magnetic dipole moment,
rendering all matter susceptible to magnetituence. However, the generation of this
magnetic moment isn't solely attributed to the orbital angular momemhtpof glectrons. In
guantum mechanics, another crucial factor called intrinsic (spin) angular mome&)exis(s.
Essentially, all elementary particles, including electrons, possess spin, akin to their angular
momentum around their respective axes. This spin, being a purely quantum meduosueat

with no classical counterpart, also contributes to the generation of a magnetic dipole moment.
Consequently, the total angular momentum (J) is defined as the sum of orbital and spin angular
momenta,) = L + S. As emphasized by Mattis and Golfld spin (S) plays a significantly

larger role in determining a material's magnetic properties compared to orbital angular
momentum ), with the latter ofteriound negligible

Given that all substances exhibit some degree of response to a magnetic fiekdeitaato

clarify the notion of magnetic materials. These materials can be categorized based on the
alignment of their magnetic dipoles: parallel, godirallel, or lacking alignment altogether.
When individual dipole moments exhibit random orientationresultinginanetsof nzer o ( |
= 0), the material is termed paramagnetic or diamagnetic. In colloquial terms, such materials
are oftenlabelledas noamagnetic. Nonetheless, paramagnetic and diamagnetic substances
may display partial alignment under the influence of an external magnetic field. Conversely, if
dipole moments exhibit nerandom alignment even in the absence of external magnetic
influence, the material is classified as ordered. Ordered magnetic materials encompass
ferromagnets, antiferromagnets, and ferrimagnets. Table 2 illustrates various examples of

distinct magnetic materials.

1.3.2.1Diamagnetism and Paramagnetism:

In materials exhibiting diamagnetism or paramagnetism, the individual dipole mamlewcts
interaction, leading to random orientation and a resultant zero net magnetic moment, as
depictedn Table 1row 2. However, when subjected to an external magnetic field, these dipole
moments can undergo partial alignment. Yet, upon removal of the applied magnetic field, these
materials do not retain any magnetization due to the dominance of intrinsic thermal energy
over the potential energy organizing the dipoles, resulting in thermal agitation that randomizes
the orientations ah. The distinction between these materials lies in the direction of the induced
magnetic field: paramagnetic materials exhibit a magnetic field aligned with the applied field,
while diamagnetic materials show a field opposed to it. Diamagnetism ariseg&onotion
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of electrons around nuclei, as per Lenz's Law, wherein the application of an external field
prompts electrons to adjust their velocity to counteract changes in magnetic flux. Diamagnetic
effects are inherent in all matter due to electron motion, albeisllyssubtle. Often,
diamagnetism is overshadowed by paramagnetism or ferromagnetism in many materials.
Paramagnetism's accurate description necessitates a quantum physics frameovosk.

within paramagnetic materials possess an electron spin denoted by S, which remains nonzero.
Upon the application of an external magnetic field, these spins align themselves with the field

direction, thereby generating a magnetic field parallel to the radtéield.

1.3.2.2Ferro, Ferri, Antiferro -magnefism :

Ordered magnetic materials exhibit a structural configuration wherein their dipole moments
naturally align in specific orientations relative to each other. Deipitenal agitation, these
materials maintain fixed dipole moment arrangements due to insufficient energy to randomize
them In ferromagnets, all dipole moments align parallelly, facilitating their magnetic
behaviouas depicted ifable 1 Conversely, antiferromagnets and ferrimagnets feature dipole
moments coupled in antiparallel configurations, resulting in mutual cancellation. The
distinguishing factor between antiferromagnets and ferrimagnets lies in the extent of this
cancellation.

In antiferromagnets, dipole moments within sublattices possess identical magnitudes, resulting
in complete cancellation, as shownTiable 1 row 4 Conversely, ferrimagnets exhibit dipole
moments of varying magnitudes, illustratedTiable 1 row 5 resulting in a nonzero net

magnetic momenthismacroscopic distinction leads antiferromagnets to behave akin to non
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Table 1. Summary of magnetic materials (taken fRef[57] )

Magnetism Examples Magnetic behaviour
Diamagnetism B1, 51, Cu, inert gases 00000 AM AI/}{
O O O O O |Atoms have no
Susceptibility small and |© © © O O jmagnetic moments. H T
negative (=107 1o — 107%) o OHO © o e ] ——
=0
Paramagnetism Al, 02, MnBi ddv oe ) ]
% Q® P GL./\.t_omts (];aw rant-c_ioml} M
oricnted magnetic
Susceptibilty small and I o Q ® TR,
positive (10 *to 10°%) @"ﬂﬂb‘? o —J5
Ferromagnetism Fe, Ni, Co, Gd d g g Q | Atoms are organized |[fAM
N § |in domains which
Susceptibility large o § |have palrallcl aligned H
(generally > 100) © ® B Q §|magnetic moments.
H=0
Antiferromagnetism Cr, MnQ, FeO d g d g Aloms are organized |AM
in domains which
Susceptibilty small and ‘G; © % b g ha_"'e antiparallel H
positive (107 to 10-%) % (’]Q aligned moments.
Ferrimagnetism Fe;O,, MnFe,0y, o dp/o ,.Atoms are Drggm&ed M
NiFe;0y d o /o & in domains which
% a|d @ havea mixture of
Susceptibility large o B lo & unequal antiparallel H
(generally = 100) =0 aligned moments.

magnetic materials, while ferrimagnets resemble ferromagnetic substamcesaterials
exhibiting ferra, ferri-, and antiferromagnetic, the interaction between the intrinsic atomic
magnetic moments gives rise to a leragnge spatial arrangement. This phenomenon is driven
by the quantum mechanical exchange interaction, denosed], aoperating between
neighbouring momentdnitially proposed independently by Werner Heisenberg and Paul
Dirac, this interaction accounts for the electrostatic forces considérengauli exclusion
principle. It involves two electrons whose total wave function must be antisymmetric, leading
to either a spirsinglet state (S = 0) or a spiriplet state (S = 1), characterized by energy
eigenstates&and E. The exchange interaction is quantified as the energy disparity between
the singlet and triplet eigenstates, expressed assJ = EBVhen E < Ey, resultingin J <0,

the singlet state becomes energetically favourable, leading to antiparallel alignment of spins.

Conversey, when k> Er, favouring parallel alignment results fi@rromagnetic coupling.
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1.4 Correlation and topology

1.4.1 Topological materials with electronic interaction

Numerous collective instabilities and fundamental aspects of topology capésatgchers in

the field of condensed matter studies. It proves intriguing to investigate the intricate
relationship between these occurrences within a solitary quantum substance, paving the way
for an array of extraordinary characteristics. For instawt®jn (TaSe):l, the onset of a
charge density wave (CDW) transition at temperatures below 263 K triggers the emergence of
axion insulator properties by unveiling Weyl noteesConversely, the induction of
superconductivity in Weyl semimetals WoaT@and MoTe under pressure enables their
topological edge states to exhibit superconductbehaviour holding promise for
advancements in quantum computatfoii In the research area of topology and correlation,
Kagome metals A¥Sh; (where A = K, Rb, and Cshowhuge potentialThe electronic bands
neighbouringhe Fermienergy in AY8hs showcase intriguing characteristitsaturingDirac

cones an@an Hove singularities (VHSS), distinguished by their peculiar adlddices. These
features potentially induce anomalous Hall effects within a magnetically frustrated sublattice.
Furthermore, the onset of-plane 2 x 2 CDW and superconducting orders beneath their
respective critical temperatures in 48b; further sparks intense scrutiny regarding their
formation mechanisms and intricate intergfay

The topological Kondo insulator represents a distinct category within Heawvyoncorrelated
systems. Initially observed four decades ago, Kondo insulators were recognzerbasgyap
semiconductors. It has been highlighted that conventional Kondo insulators can be classified
topologically. Notably, SmB8® and YbB;, 8 have garnered significant interest as potential
topological Kondo insulators. The presence of topologically protected surface states has been
identified as the underlying cause of a longstangumyle the lowtemperatursaturatiorof
electrical resistivity.Furthermore, in addition to the topological Kondo insulator, recent
investigations have unveiled a distinct type of topological state termed-Kéeylo
semimetals. Examples include the rmmtresymmetric compound GBisPd®? and the
centrosymmetric material YoPt8iwhen subjected to a magnetic field. Noteworthy aspects of
these studies encompass the examination of electron correlation's impact on topological
transport characteristics and the exploration of Weyl semimetals proximate to the magnetic
field-induced quatum critical point. The profound influence of electron correlation serves to

enhance the diversity of topological states in materials.
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1.4.1.1Interplay between topology and CDW

In theirinvestigation, the quaginedimensional substan¢&aSe).!’° recently demonstrated
to exhibit Weyl semimetal characteristics in its unaltered configurafigu(elb). Its Fermi

boundary originates solely from Weyl cones, hosting 24 pairs of Weyl points with opposing
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Figure 1.14(a)CDW mediated gapping out of the Weyl cone to form an axionic insulator of4{j#las
(adapted from Ref B]) (b) An aerial perspective ARPES depiction reveals/d §Tio.1sTe at 300 K,
utilizing a photon energy of 21.2 e¢) Similarly, another depiction, mirroring the former, illustrate
1 T-Vife at 200 K, employing a photon energy of 9(azMpted from Ref [g). (d) The emergence
of a chiral timereversal breakingcDW modulation initiates a topological gap opening at the Fe
level (on the left). This separation results in a nonzero Berry curvature, whose accumulation i
a substantial anomalous Hall effect (depicted on the right). This depiction showcase®th#ous
Hal | c 0 n gus.Eatkn c Byis &pressed in units of/k, with e representing the element
charge and h denof(dapeg framRaff@}.k 6 s constant

Below the critical temperature, Tc = 263 K, (Tagkadopts anncommensurate CDW state,
undergoing a transition akin to Peierls phenomena, concomitant with the emergence of a gap
of approximately 260 meV in singlgarticle excitations. Tis gapped material is believed to

be ar axionic insulato(seeFigure 1.14a). Anotherexample of the intricate interplay between

CDW and topology is described in MTe,, whereaflat band appears due tioeformation of
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CDW from aDirac-like band* (seeFigure 1.14b,c). In theRef [84], they initiate with TiTe
exhibiting a straightforward 1T configuration reaching the minimum temperature, then
progress towards the single crystalMixTe;t o reach both 1T and 1Tn
temperaturesthe chiral timereversal breaking CDW order creates a gap near the Fermi level
in the Kagome superconductor K3ks. This gap engenders a rganishing Berry curvature,
which produces a remarkable anomalous Hall effetother example of topogical
correlated material&uAl, 85, undergoes a series of antiferromagnetic (AFM) transitions in its
CDW-ordered state and exhibits a topological Hall signal inside the complex CDW state with
probable chiral spin texture.

Lanthanumbased LaAgSbfrom the square net series has been rigorously studied for decades
due to its exotic properties such as linear Diike dispersive bandand the presence of
multiple CDW transitions A distinctive featurevas discovered between normal and CDW
state which makes this material a potential candidate for studying correlation and tép®logy

A unique chiral characteristic wasisoidentifiedin differentCDW statesof 1T-TaS8%%

which makeghis materiala promising subject for investigatimg this researcfield.
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1.4.1.2Magnetic topological materials:

Over a century ago, Edwin Hall observed a significant phenomenon in ferromagnetic
semimetals and metalgjown as the anomalous Hall effect (AHE). This effect, characterized

by the relationship between Hall resistivity and an applied external magnetic field, was noted
to correlate strongly with magnetization. Recent understanding highlights the crucidl role o
Berry curvature in influencing the AHE in these matefial$ Berry's insights elucidated that
energylevel crossings give rise to physical band crossings, akin to magnetic monopoles known
as Weyl pointslt is noteworthy that magnetic Weyl semimetals are prevalent, with each
crossing point in the band structure of a ferromagnetic centrosymmetric compound associated
with nodal lines or Weyl points.

The most basic form of topological semimetal, lacking tireeersal or crystalline symmetry,
represents the physical embodiment of conventional Weyl fermions. These fermions manifest
as twofold degeneracies emerging when two singly degenerate bandsatterany point

within the Brillouin zone, showcasing linear dispersion away from the point of degeneracy.
Notably, Weyl fermions possess a significant topological characteristic known as the Chern
number (0), denoted by ijoudingthe Weyl panv. BhisCletne d o n
number serves as a nontrivial topological invariant, imparting local stability to Weyl nodes
against gapping. The Berry curvature, crucial for understanding electronic transport
phenomena, concentrates near these Wedgsiocontributing significantly to the emergence

of a large anomalous Hall effeétew examplesare given below.

Anticipated antiferromagnetidopological semimetals have been foreseen based on
investigations into large anomalous Hall effectsingkin ( X = Sn, Sh a@ckvjadieat d | r
ab initio calculations in MgBn and MeGe featuring kagome layers of Mn atdth®. Thenon
collinear magnet MsBn, emerges as a candidate for magnetic Weyl semimetal, hosting six
pairs of Weyl points

YbMnBI, is another potential candidate within the ddriictide family for Weyl semimetal
behaviour. In this compound, the anticipated Weyl nodes are generated through a similar
mechanism. Its tetragonal unit cetbmprises a 2D square lattice of Bi atoms, providing a
platform for the proposed topological fermions. Experimental dati)ding Shubnikov de

Haas(SdH) oscillations observed imagneto transpomeasurements, suggest a low mass for
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Figure 1.15(a) Anomalous Hall effedqfAHE) vs magnetic field of MsBn after field coolindFC)

and zero fieldcooling ZFC). (adapted from Ref [9Q] (b) The magnetic field evolution of AHI
collected from MgSb (adapted from Ref [92]).(c) Anomalous Nernst signal vs. magnetic field
YbMnBE at different temperaturéd) Anomalous Hall resistivity vanagnetic fieldof YbMnB; at
severaltemperature (adapted from Ref [93]).

the charge carriers, aligning with the expectation of Weyl nodes proximate to the Fermi energy.
A giant Berrycurvaturedrivenanomalous Nernst effect is detected in YoMsiBNotably,
certain ferromagnetic kagome lattice materials like;SPeS,;, FeSrn, and FeSn exhibit
intriguing topological properties. For instance, theoretical predictions §81€% indicate the
presence of three pairs of Weyl points underayplane ferromagnetic order, a proposition
supported by observations of a giant anomalous Hall effect and srsgived photoemission
spectroscopy (ARPES) resiitsFesSn, displays two Dirac cones with a-30eV gap near the
Fermilevel. Similarly, in FeSn, a flat band alongside a pair of Dirac dzasteen observeéd

In Ewl122 systems, such as EuwBd;, EuSnAs;, or EulnAs;, aside from the
antiferromagnetic transition at low temperaturess];T significant spirreorientation (SR)

magnetic orders have been detected across a broad temperatu?® ¥&niger instance, in
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EuCdAs;, robust spin fluctuations emerge around 100 K, propelling the magnetic Weyl

Fermions well beyond the AF transition. Consequently, unconventammahalous Hall and

Nernst effects also manifest abovg-,Texhibiting distinct temperatuand field behaviours
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Figure 1.16(a) The temperaturedependence of PHE amplitude (at B=9 T, and 0.5 T) of ¢
ferromagnetic MgSn (the color shade is used to show different spin arrangement.statie)pted
from Ref L01]) (b) The PHE amplitud€-c chira)) at B=9 Tvs. temperature (T) of GdPtBi wit
inset showing chiral anomaly driven NMR datadapted from Refl46])

compared to those belowd In EulnAs;, identified as amxion insulator, a magnetic polaron
(MP) emerges above ad, resulting in substantial negative magneto resistivity (MR).
Additionally, some studies have reported helical magnetic orders coexisting vytheAAF

lattice below T, indicating a complex magnetic structure for EAs. Moreover, Weyl
physics in magnetic Weyl semimetals (MWSMS) is particularly intriguing due to the interplay
between magnetism and topological ordering. This interaction gives rise to a plethora of rich
and unconventional quantum phenomena, including quaattomalous Hall (QAH) effects

and axion insulators. In MWSMs governed by broken tnenersal symmetry (TRS), the
manifestation of Weyl physics, such as chiral anomaly, is notably distinct. Spdgjfical
MWSMs hosting fewer Weyl points (WPs) but with a wedfined helicity, such as chiral
Majorana modes, are more favoured compared to MWSMs with a higher WP count, where
helicity becomes less wetlefined due to the broken Lorentz invariance.

The PHE signal which is assumed to be caused byanishing Berry curvature shovas
anomaly with reduction of temperature. Often the anomaly occurs around the spin ordering
temperature which indirectly implies the connection between topology and magnetism as also
previously observedSeveral nottrivial spin textures are probed usitige PHE study of

MnsSntL The amplitude ofhe PHE signal showananomaly when the systetmansformso
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different antiferromagnetic state starting from inverse triangular configuration to Helical then
finally spin glass stateésdPtBi, for instance, has been proposed as a magnetiedfieth

Weyl semimetallt shows negative MR along with PHE sigmiziven by chiral anomaly as
proposedpreviouslyin the literatué”>1%3and the PHE amplitude shows sign reversal which
indicatesa possiblecompetition between differentechanismsThe PHE signal also shows a
kind around the magnetic transitiodl these featuresuggest gossible linkbetweenspin
orderingand nontrivial bandvhich can be probed through the PHE.

In regards to magnetic topological materiedse earthbasednagnetic RgSh, series become

the potential candidate3o explore the field of topological magnetic materials and the
interplay between topology and magnetism, we chose GdAgS8lzh is an AFM material
from the RAgSh seriesPreviously In this material, powder neutron diffraction studyax
resonant exchange scattering measurements, and Mossbauer spectwvese@mynducted and
discovered that the moment of Gd atomsarranged perpendiculdo the caxis antt
ferromagnetically below 13.8 K. Extensive magnetic measurements were performed on this
system but electronic transport study on this is rarely conducted. A large asdtoated MR

with anisotropic is discovered in this matenehich indicatestopological propertiesThe
mechanism behind this extraordinary transport in this system is not properly addrebged in
literature In chapter 5, we discussed the material system with defanfsagnetetransport
techniquedike TMR, LMR, andPHE. A distinct transport property is discovered below and
above . We also conductemidetaileanagnetisation studyy extracting De Hass Van Alphen

oscillation and calculated the effective mass.

1.5 Motivation of the thesis:

Topological materials, distinguished by their unique electronic configurations, provide a
platform for unprecedented quantum phenomena and extraordiebaayiours Within their

ordered atomic structures, electrons exhibitintricate patterns dictated by topological properties,
leading to phenomena such as the quantum Hall effect and topological insulators. These
materials challenge conventional understanding andl iminense potential for transforming

fields from electronics to quantum computing. The exgion of topology in condensed matter
physics commenced with the revelation of the quartat effect, demonstrating a profound
guantization of Hall coefficients due to the Berry phase. Klaus von Klitzing's pioneering
experimental work in unveiling thigfect earned him the Nobel Prize in 1985. Subsequently,
there has been a surge in both theoretical and experimental efforts to unravel the mysteries of
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topological materials. This surge has resulted in the prediction and discovery of numerous
topological materials, including 3d topological insulators, Dirac, Weyl, and nodal line
semimetalsThis exploration extends beyond traditional boundaries to encompass correlated
systems, where the interaction between topology and Coulomb forces leads to a plethora of
exotic phenomena. The Nobel Prize awarded to Robert B. Laughlin, Horst Stérmer, and Daniel
Chee Tsui in 1998 for their work on "fractional” quantum hall systems naasignificant
milestone in understanding the role of topology in interacting systems. Subsequent extensive
theoretical and experimental investigations have been conductea iresearch area of
topological and correlated materials. The intricate interplay between topology and phenomena
such as magnetism or CDW often results in the emergence of exotic phases such as the axion
insulator. For instance, electronic interactamven chargedensity waves can be observed in
materials like the Weyl semimetal (Tay$ where the CDW induces the axion insulator phase.
The antiferromagnetic MnBTe; has also been extensively studied due to its combination of
topology and magnetism, has@i a nortrivial axion insulator phase. Other examples of
topologically correlated materials include topological Kondo insulators, topological Mott
insulators, and alterations in topological classification. The influence of electron correlation on
topological states presents a particularly intriguing avenue, with the pdteritindamentally

alter ground state properties. Consequently, the relationship between Coulomb forces and
topology stands as a central focus in condensed matter physics, providingsrghts into a
diverse array of material§his dissertation will delve into specific cases, utilizing real material
examples to investigate the intricate interplay between charge/spin ordering and topological
phases. Our focus will be on LaAgSénd 1FTaS, where complex charge ordering occurs
through CDWformation, and the potential antiferromagnetic 1iovial semimetal GAAgSh

to explore the realm of topological correlated systems. Lanthdrased LaAgSbfrom the

square net series has been rigorously studied for decades due to its exotic properties such as
linear Diraclike dispersive bands, CDWs, and superconductivity. Notably, distinct phenomena
like linear and quadratic transverse magnetoresistanabaesved below and above CDWs,
respectively. This discovery underscores the need floorough eploration of the impact of

CDWs on the material's topological properties

To further proceed to show a possible connection betta@iogy and correlation, weelect

a particularly fascinating andiidely investigatedjuasi2d CDW system1T-TaS, in which
external tuning factors likeemperature, pressure, or chemical substitution span an extremely
complicated electroniphase diagraniThis remarkable phase diagram also shows pressure

induced superconductivity and a phase known as the Mott phase in addition to multiple charge
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density wavesApart from that, amanybody collective phenomenon in condensed matter
known as the chiral charge densiyave which is observed in 1T 1laS may have
implications for topological physiand unconventional superconductivityigmotivatesus
tostudy the relationship between CDW ordering andmsial electronic bands in this system
The electrostatic interaction betweelectrongespectinghePauli exclusion principlgives
rise to magnetisml o further enrich the field of interaction and topologe also investigate
the complex connectiorbetween magnetism and topology tims thesisby studying an
antiferromagnetic GdAgSbfrom the rareearthbasedsquare netRAgShk series In this
material series previously peopldiscoveredlinear dispersion AFM, and CDW, heavy
Fermionwhichindicatesthat GdAgSbmay bea possible magnetic topologicastem.

1.6 Organization of the thesis:

The entire thesis has been divided isitacchapterand one appendiXhe overview of different
chapterds given below:

In the chapter 1, the concept of topology in genersense as well as in the context of
condenseadnatter physichias beenntroducedStarting for the observation of quantum Hall
effect, the journey of topological idea in condensed matter physiggesentedWe have
introduced th@onttrivial topological materialexhibitingQSHE,QAHE, 3d Tls, 3d Dirac and
Weyl semimetglalong with theirexperimentabbservations. Then we bring in tidea of
electronic correlatiorin this context, the concept oharge density waves discussed, being
relevant for the thesis. After a brief introduction to diffem@aignetic systes) we discuss the
work related to theoexistencand interplay of CDWtopology and magnetism gpeesented
LaAgSkh and 1FTaS as CDW systemand GdAgSh as a magnetic systeare chosen to
explorethe research idea of topological and correlated system. This thesis desavbéhe
Charge orderingnd magnetic ordering coexistth the topological properties aradfect the
topological properties

In the chapter 2 contains details about the experimental techrsghat is employed for
understanding the effect of Berry curvature on the transport propdftighermore, the
working principle of thecharacterizatiotechniques are discussed here.

In the chapter 3, we focused on theaAgSh which is asquarenet CDWDirac systemWe
investigated the effect of CDW in the system by perfornthegmagneic field dependent
electronidransporbelow and abov@cpows. A signchangen the amplitudef thePHE signal
belowCDW is observedThetransversenagnetoresistancegsiadratian normal phaséuta
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linear MRis found inside CDW statalong with adistinct featuren the inplane angular MR.

The PHE signahcreaseguastlinearlywith magnetic fieldWe also present the temperature
evolutionof the ordinary Hall coefficient which shows anomaly around the phase transition.
With the help of electronic barsdructureywe demonstrated that this unusual findmmight be
attributed to the transformation from a normal sémiac system to a tilted Weyl semimetal
driven by the chiral charge density wave (CDW), as finite Berry curvature is detected within
the CDW state.

In the chapter 4, To dig deeper into topology and CDW, we turned our attention to studying
1T-TaS, a classic CDW system. We used two types of Hall effect experiments, called non
linear Hall effect (NLHE) and planar Hall effect (PHE), to look at how charge ordafiegs
thematerial's topological properties. Our findings showed that there were measurable NLHE
and PHE signals only within the fully commensurate CDWQ@W) state, suggesting that
this state has netrivial topological characteristics. Additionally, we ran thetizal
calculations to determine the Berry curvature dipole (BCD) within H@DQV state. We also
investigated any changes to the Fermi surface by conducting ordinary Hall effect and Seebeck
measurements.

In the chapter 5, we looked at how spin ordering, which is affected by exchange interaction,
impacts the topological properties, along with electronic interagtlooh is discussed in the
previous chaptefTo explore this research directiome performedietails magnetotransport
studies orsquarenet antiferromagnetiGdAgSh. A low effectivemass is calculated from the
De-Haas Van Alphen data of magnetization. Bmailar PHE signalike several topological
materialhas also beediscoveredn this systemA distinct nature of PHE above and below
Neel temperature is found with a kink around the Neel tempenatucé suggest the possible
effect of magnetism on the topological featufbe possiblesemimetallic nature also been
demonstrated through two band fitting the ordinary Hall and magnetoresistancata.
Overall,in this chapter we have tried to show the effectrEgnetisnmon the topological
propertiesthough magnetization, magnetotransport studies, ,Pélfifl inrplane angular
magnetoresistance.

In the chapter 6, we present the conclusion of the thesis and the future scope in the research
direction of topology and correlation in the condensed matter physics.

In the appendix, we have presentethe noise spectroscopic study ehemical vapour
depositedCVD) graphene basdteld effect transistor.
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Chapter 2

Experimental techniques:

This chapter provides an overview of the experimental methods used in this thesis. The first
section describes Physical property measuremenis@@PMS) based magneti@nsport like
Magnetoresistance, Hall effect, Planar Hall effect etc. Next, we explaiworking principle

of instrument which is used for characterize the materddsr that, we describe hordauilt
electronic transport setups, which include {mmperature cryogenic insert development,

noise spectroscopy techniques, and-hoearHall techniques

2.1 Magneto transport:

The Physical property measurement-sgt (PPMS) as depicted irfrigure 2.1a, stands as a
remarkably versatile measurement platform, offering not only-kesnfunctionality but also
customizable featureis used for measuring the magnetansport propertie3he resultis a
conducive, lowvibration environment conducive to the precise measurement of samples,
marking a significant advancement in experimental accuracy and reliability.

Therei s a sampl e chamber at t he botHRgoela)f t he
into the sample chamber using the puck inserting Td@. puck has 12 sockets at the bottom,

which connect to the outbox of the PPMS when the puck is put in place. We can put the sample

on top of the puck.

2.1.1 Hall effect:

Edwin H. Hall introduced thelassical Hall effect in 1979, delineating the trajectory of a
charged particle subjected to a magnetic field. Consider a scenario where electrons are
constrained to move exclusively along thg plane. When a persistent curr@htlow along

the xdirection, and a magnetic fid8) is applied perpendicular to this current (in the z
direction), the charge carriers undergo the influence of the Lorentz force. Consequently, the
electrons deviate from their original path, leading to the accumulation of oppbsitges at

the corresponding boundaries of the sample. This charge accumulation engenders an internal
electric field.

When the electric force reaches a magnitude sufficient to counterbalance the Lorentz force

imposed by the applied magnetic field, electrons can traverse from the upper edge to the lower
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edge of the material. This migration results in a voltdifferencebetween the two edges of
the sample, denoted as Hall voltage(V
In a state of equilibrium, the Lorentz force is expressed as:

¢ NA T A mnméé...ée.2.1
Here, v represents the particle's velocity, and q is the charge of the partiaddenibtes the
thicknesof the sample, the Hall voltage;Yand Hall resistance (Rbetween two boundaries
can be expressed as:

w — Y "0ééeée... 2.2

In this equationR, signifies the Hall resistance,denotes carrier densiyd | is the current
coursing through the sample. Tha@smulation implies a linear dependence of Hall resistance
on the applied magnetic field. When a magnetic field is present, the charged particle follows a
circular path with a cyclotron frequenay () given by1 =eB/m Here, e= 1.6x10%° C, B

represents the strength of the magnetic field, and m is the mass of an electron.
2.1.2 Magnetoresistance:

Themagnetoresistance arifesm the diversion of electrons from the direction of the electric
field due to the Lorentz force, leading to an increase in resistivity with a concurrent rise in the
magnetic fieldThis effectis usually small at low magnetic fields but can become much larger
at high fields. In classical OMR theory, OMR is always positive and proportional to the square
of the magnetic field when the product of the cyclotron frequéncydnd the relaxation time

(0 is very smaland constant when t1 p . For stoichiometric semiconductors, where the
number of electrons equals the number of holes, OMR behaves differently. The relationship is
given by:

-289" 71 zL p eée. ... 2.
-2060 1T @Ol pH n éé. . .&.2.
In the classical Hall effect, when there's a vertical magnetic field (B), a current flowing
lengthwise creates a Hall voltage ()Y perpendtular to thecurrent directionIn regular
systems with just one type of charge carrier (either electrons or holes), this Hall voltage creates
an electric field that balances out the Lorentz force, allowing the carriers to keep moving
straight aheadn semimetalshowever both electrons and holes move sideways in the same

direction. This cancels outy/ making it zero or very small. So, the carriers are always pushed
sideways by the Lorentz forcBubsequentlyunder a small B, this sideways push with open
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orbits causes a giant magnetoresistance (GMR) that increases quadratically with the magnetic
field in semimetals like WTg!%4 Positive magnetoresistance (MR) typically manifests in
metals, semiconductors, and semimetals, whereas negative MR is observed in magnetic
materials. MR, in most nonmagnetic compounds, ielatively feeble phenomenon. It is
delineated by quadratic field dependence in low fields, reaching a saturation point with a
magnitude of a few percent in the case of metal®

(a) (b) Transverse MR and ordinary Hall effect (c) Transverse angular MR

B ﬂkﬁy C-BMS'LB/IB -
D
7~ g >

(d) In plane AMR and planar Hall effect (e) Longitudinal angular MR
R C-axis
[ 12

B 5

Figure 2.1(a) The photographic image of PPMS -sgi(top) and the rotators seip(bottom).(b)
Transverse MR and ordinary Hall effect sgt(c) Transverse angular MRRd) In-plane AMR and
planar Hall effect.(e) Longitudinal angular MR.

A linear magnetoresistane is frequently observed in topological quantum materials,
including topological insulators (TIs) and Dirac and Weyl semimetais.observation is quite

unusual as the "classical" magnetoresistance (MR) observed in most metals and
semiconductors depends quadratically on the magnetic field(MmB?), it is reasonable to

speculate that LMR may be linked to the unique electronic band structure of topological
materials, such as the linear band dispersion near Dirac points.

Thelinear magnetoresistancemight be caused by several reasitke chargeinhomogeneity

theory wheret is causedlue tointerorbit transfer of carriemaediated byluctuation of charge

carrier or ly disordet®. According to theA b r i k dhean’disear magnetoresistance

might arisebecause o Diracl i ke | i near di spersive band. Ab
probability of transferring electrons in a certain direction, known as the longitudinal transfer
probability, depends on the magnetic fiBldn materials wittDirac-like linear dispersiorthe
way el ectric charges screen each other, rep
vector (or reciprocal Debye screening radius), changes with the magnetic field. Conversely, in
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regular materials with a different electron dispersion pattern, this screening wave vector
remains constant regardless of the magnetic fieloitherstudies @ topologcal materials
swggested thathe linearnon-saturatednagnetoresistance mighatisedue to norvanishing

Berry curvaturé!-°®

2.1.3 Planar Hall effect:

The Planar Hall Effect (PHEY?1%3is a phenomenon in which the external magnetic field is
oriented within the plane defined by the Hall electrodes, distinguishing it from other Hall
effects where the magnetic field is perpendicular to this plane. PHE is primarily a consequence
of the anistropic magnetoresistance (AMR), which manifests itself in both parallel and
perpendicular orientations relative to theplane rotational magnetic field (RseeFigure
2.1dfor the experimental setp). The characterization of PHE involves the measuregroe
longitudinal and transverse resistancs (and'Y ). The emergence of PHE can be
attributed to various factors, including intrinsic magnetism, topological properties, and the
anisotropic Fermi surface of the material under investig&ti@f!!2 The interaction of these
factors with the implane rotational magnetic field leads to distinctive changes in resistances,
providing a means to explore and identify the underlying physics of different quantum

materials. By analysing the behaviour2of andY  inresponse to the magnetic fietoche

can gain valuable insights into the unique properties and characteristics of materials exhibiting

(a) (b)

BAcmal SL

Figure 2.2 (a) The error due to the misalignment due to tilt of ¢hestal plane from the planar
magnetic field(b) The error due to the misalignment of the Hall electrode.
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the Planar Hall Effeciin generalthe angular dependence of PHE signal folldhes Eq. 23
and theFigure 2.3cshows the typical angulaependencef the PHE

To obtain the actual planar Hall signal, two potential errors typically arise, primarily due to the
misalignment of the crystal plane with the magnetic field and misalignment in the Hall

(a)

M am 3K
wheres m =My "
M " oem #1 0

(b)
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Figure 2.3:(a).’Y (+6T) and’Y (-6T) vs.gat T=2K. (b)."Y (+6T)

vs. g at T=2K after removing the out of plane Hall components by followingEipe2.7. (c).
Y @'Y vs. g at T=2K after removing the angular MR part by following tke. 28a
(d'y (+9T7) and'Y (-9T) vs.g at T=2K."Y (+6T) vs. g at T=2K
after removing the out of plane Hall components by followingethe2 7. ). (f) 2 WY vs.gat
T=2K after removing the angular MR part by following tGeg. 28b.

electrodes, as schematically showrrigure 2.2aand?2.2b, respectivelyThe following two
equatiors can be employed tget rid of the errors

h

0%

2 eé. 27
2 éeé. 2.8a
2 é... 2.8b
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Figure 2.3ashows theaaw data for +6 T and- 6T. Figure 2.3b demonstrate the corrected
signal after averaging the signal at=B6 T and B= - 6 T. The actual PHE signal can be
obtainedafter correcting the signal further usiig. 28a(seeFigure 2.39. Subsequentlyfor
topological materialghe angular dependence ofptane AMR can also be extracted using
Eq. 28b (seeFigure 2.3(d-f)).

2.2 Magnetization

2.2.1 Vibrating -sample magnetomete(VSM):

VSM is also known as a Foner magnetometer, serves as a scientific apparatus designed to gauge
magnetic characteristics by relying on Faraday's Law of Induction.lifidoln Laboratory's

Simon Foner conceived the VSM in 1955, disclosing his invention in 1959. Additionally, G.W.
Van Oosterhout and P.J. Flanders made references to it in 1956. The initial step involves
placing a sample within a consistent magnetic fiélthe sample possesses magnetic qualities,

it aligns its magnetization with the external field.

Sample holder

Electromagnet
Electromagnet

Uniform magnetic field

Figure 2.4 Schematicof aVSM setup

The magnetic dipole moment of the sample generates a magnetic fiatidngeover time
as the sample moves vertically. This movement is typically facilitated using a piezoelectric

material. The oscillating magnetic field induces an electric field in the VSM's pickup coils.
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Consequently, the current generated is proportionate to the sample's magnétibaginen

induced current corresponds to greater magnetization. Consequently, a hysteresis curve is
typically recorded, allowing deduction of the magnetic properties of thelsam

One can have an intuitive idea about the ordering of spin moments of different kinds of
magnetic systems through magnetization measureriviEgnetization data is crucial for
understanding and characterizing the complex behaviours in ferromagnetic, antiferromagnetic,
and spin glass superconductors. In ferromagnets, magnetization measurements reveal how
magnetic domains alignndicating the material's response to external magnetic fields and
temperature changes. For antiferromagnets, magnetization data helps identify the arrangement
of opposite spins and their influence on the material's magnetic properties. In spin glass
systans, which exhibit disordered magnetic states, magnetization measurements uncover the
random freezing of spins and the resulting magnetic frustration. Overall, magnetization data
provides insights into the interactions and transitions within these mateidiisg in the
development and optimization of advanced magnetic and superconducting technblaiges.

helps to characterize the superconductor through observing the Meissner effect. When it enters
a zeroeresistance state, characterized by perfect diamagnetic screening and an abrupt decrease
in susceptibility. In the superconducting state, the vasosceptibility is exacthd in SI units

or-1/ 4° i n'cgs wunits

Magnetization measurements in presence of magnetic field can also be used to probe the Fermi
surface of a material. The oscillatory fluctuation known as the de-taa#\Iphen (dHVA)

effect manifests as a periodic alteration in the diamagnetic suscdptdmhcerning the
strength of a magnetic field (B). This approg@cbvides detail insights into the extremal areas

of a Fermi surface. The inaugural detection of this phenomdatas tal930 when de Haas

and van Alphen conducted experin®iTheir investigationentredon the magnetization (M)

of semimetal bismuth (Bi) at 14.2 K, charting its dependence on the magnetic field (B) in
elevated fields“. The findings revealed a periodicity in the magnetic susceptibility M/B
relative tothe reciprocal of the magnetic field (1/B). Notably, this occurrence exclusively
materializes under conditions of low temperatures and large magnetic fields. Analogous
oscillatory tendencies have also been identified in magnetoresistance, recognized as the

Shubnikovde Haas effecti411°
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2.3 Scanningtunnelling microscopy (SEM)

It serves as a potent instrument in material science. It employs @ihéygy electron beam

Electron gun

y

ar w

Anode

Objective lens
) " —— condenser lens

-/x
-~

Backscattered electron
Detector

-Y scan coil

X-RAY DETECTOR

W Secondary electron DETECTOR

Figure 2.4 The schematic diagram &canningunnellingmicroscopy

directed through a sample, enabling observation of its crystal structure, morphology, and
elemental compositiorBEM facilitates examination of crystal grain boundaries, structural
dislocations, and material defects, as weltresanalysis of the quantity, size, and shape of
low-dimensional entities such as quantum dots, nanosheets, and nanowires.

Electron beams emit from the source of the column in the electron gun and gain speed as they
traverse through the column under a set accelerating voltage (1L 88\keV). Components

such as condenser lenses and apertures work to diminish the beam'3 edtiitimate lens

within the column, the objective lens, concentrates the beam onto the surface of the sample.
Beam diameters in an SEM vary greatly, ranging from less than 1 nanometer to 20 nanometers,
contingent on the electron gun type, acceleratintage, and lens setup.

Samples are affixed onto a stage within the chamber, with both the column and chamber
maintained in a vacuum through a combination of pumps. The degree of vacuum relies on the
microscope's design. Certain microscopes facilitate adjustable pumping, peythgsample
chamber to sustain a lower vacuum than the remainder of the column to facilitatedown
imaging.The electron beam's position on the sample is regulated by scan coils positioned above
the objective lens. These coils enable the beam to traverse the surface of the sample in the X

Y plane. Once scanned, the beam interacts with the sample, producing\sgioals such as
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secondary electrons, backscattered electrons, and characteristys. XThese signals are
subsequently detected by suitable deteatasshownin Figure 2.4).

A scan generator, in conjunction with an external computer equipped with specialized software,
synchronizes the data from the scan generato
period) with the intensity recorded by the detector. This synaraton allows for the real

time display and examination of a grayscale image, pixel by pixel. Adjusting the dwell time of

the electron beam at each X,Y position can modulate the sigmalise ratio. Additionally,
magnification is determined by the sipé the scanned area, with higher magnifications
corresponding to progressively smaller scanned areas. The number of pixels within a given
scan area can also be adjusted, affecting the apparent resolution.

2.4 X-ray diffraction (XRD):

The X-ray diffraction (XRD) method, a nemvasive approach, is utilized for probing the
atomic arrangement within crystalline materials. By directing a beam-@yX onto the
specimen, which then undergoes diffraction by its atomic planes, one camigstetails such

as crystallite dimensions, structural imperfections, and phase composition. Through analysis
of the angles and strengths of these diffracted beams, a wealth of information regarding the
atomic structure, crystallinity, and thickness ofrfd can bebtained encompassing factors

like

(a) (b)

X-ray source
Detectcr Incident X-ray

Difracted X-ray

mmmme -

\\sar;ple ‘.‘.

Figure 2.5 Schematic diagram of (a)-day diffractometer and (b) Xay diffraction

strain, orientations, and defeclis Chapter 2, section£ a depiction of the XRD technique is
given The apparatus comprises arra§ tube as the radiation source, optical components
guiding the incident beam, and a goniometer supporting the sample stage and detector. The

crystal lattice, behaving akin to a periodic array of atoms, exhibits elastiesegtof
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electromagnetic waves, includingrdys. These scattered waves interfere constructively under
specific conditions dictated by Bragg's law, expressed as:

2Qi Q¢ e6éééé. 9 2.
Here,Qrepresents the spacing between atomic plandsnotes the incident angkesignifies
any integer, and_ stands for the wavelength of ther&y beam. Consequently, diffraction
patterns manifest solely atcidenceangles corresponding to the lattice structure's sp&eing
Notably, diffraction arises only when Bragg's law is satisfied, facilitating constructive
interference between-kays and atomic planes, with observations including both the intensities

and angles of the reflected beams relative to the incident dirgctioml ) .

2.5 Electronic transport:

2.5.1 Low-temperature electronic transport setup:

A cryogenic apparatus of utmost importance for executing precise electrical transport
experiments is the variable temperatimsert In the pursuit of this objective, we hadesigned

a dipstick whose intricate design is illustrated in Figure 2.13. This specialized probe
encompasses several integral elements, notably a sample holder firmly attached to a copper
plate, a primary stainlessteel tube facilitating wire connectioramyd four smaller diameter
stainless steel tubes, serving a dual psedny accommodating connections for the heater wire
and housing the conduit for gas purging. Additionally, a vacuum jacket has been incorporated
into the design to effectively shield the primary sampteavoidsudden coolingn liquid
nitrogen environmenAlso, establishment of a vacuugn 10 - 10% mbai) within the chamber
Isnecessarto ensure a gradual and precisely controlled cooling mechanism for our specimen.
The dipstickintegrates a 250hmmanganin heater wirgsee Figure 2.6), facilitating precise
control over the temperature of the sample stage. Complementarily, a PT100 temperature
sensor is strategicallpositioned near the sample holder, enabling accurate -teaé
monitoring of the sample temperatufée wires emanating from the room temperature source
are intricately wound around the copper stageefficient thermalization with the batfhe

temperature is controllddy tuning the heater power usitgmperature controllét.akeshore,
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Model 340) The finely tuned PID parameters of the temperature controlleryield an exceptional

Electrical connection
outlets €

Vacuum port €—— IE_

Heater

Manganin wire
AYAYANAYAYA!

—Liquid cryogen
(N, or He) <

VYV UV '\

Sample € Lu

Figure 2.6. Schematic of the dipstick inside the Nitrogen Dewar (M) the Back arrow showing

the heatermade of manganin wirémage of the sample holder of the dipstick (right side).

temperature stability at tleample stageithin few milli Kelvin accuracyFor connecting the
sample wires to the instruments, we employ BNC cables, which are then affixed to a breakout
box. To ensure that our sample never remtgaging, we implement a thregay svitch and
establish connection3his configuration ensures that the sample is either grounded or set to
the desired voltage level for the experiméuatbVIEW based programes are developed

performthe measurements

2.5.2 Non-linear Hall effect:

An additional captivating experimental approach that can be utilized for discerning the
characteristics of notrivial electronic bands involves the utilization of the rflorear Hall

effect. Hall effects fall short in exploring the complex geometric traits of Bloch states in
materials that obey timeeversal invariance while breaking inversion symmetry. A recent
breakthrough unveils a crucial nuance. The prior assertion holds true only thi¢hiimear
response regime, where Hall voltages exhibit lineargnagnality to the external electricfield.

The narrative shifts when nonlinear Hall currents, with a quadratic relationship to the external
electric field, manifest even under timeversal symmetric condition¥he genesis of this
nonlinear phenomenon links to an intrinsic contribution tied to a concept akin to the dipole
moment of the Berry curvature, called the Berry curvature dipole (Blipplogical materials
characterized by an asymmetric distribution of Berry curvature in momentum space manifest
thisdistinctive nonlinear Hall effectSubstantial BCD manifests within the system, akin to the

inclined Type | or Il Weyl cones and tegstem with massive tiltebirac cone.
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Figure 2.7 (a) The schematic of a massless inversion symmetric Dirac cone with Zero Berry ct
(BC) () By breaking inversion symmetry, opening an energy gap at the Dirac point results in sig
BC (Y) close to the edge of the bands (see
(dashed line) €) The states at the Fermi level can have different Berry curvatures and anis

Fermi velocity(— Dby tilting the Dirac cone, which results in naero Berry curvature Dipole (D).

A massless Dirac fermion (found in graphene) has no Berry curvtureljegin with Figure
2.7a). Breaking inversion symmetry to create an energy gap near the Dirac point, as in the case
of gapped graphene) results in a significant Beuaryature close to the gapigure 2.7b). But
still, the BCD is zero as the BC is uniform at the Fermi level. As depictédjure 2.7c, the
tilted Dirac cone near each hot spot makes the distribution of BC to beniimnm, resulting
in a finite BC dipole at the Fermi level.

"#$ -1 - - —LEQE éeé210
where is the ener gy is denoted bppredntsthe i s t
chemical potseatibé gndupPpUvr&dkocity along U. F
curvature is zero, so BCD is also vanished. But for-tilbed gapped Dirac cone, BC is
constant. However 6 phateequa bubapgosite \alueoon ihe oppositd) / O k
sides of the Fermi surface, so the integral is zero. The Berry curvature and group velocity
acquire different value because of the tilted Dirac cone which induces a finite BCD in the
system with tilted gappeldirac cone Figure 2.7c).
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Figure 2.8 (a) The illustration of the second harmonic Hedlltage NLHE) measurement sel
up based upon lock in amplifiéb) Thetypical curve of®  vs."O.

For observing the secondorder conduction one has to use Q ... O00. As we
measure the voltage difference, so we need toansform the current into electric field.

See the following equation:

O — 00 —O0O0OO0Elg 6 —0 0 p OEf 0 - e¢éé211

In the nonlinear measurement, detectthe voltage at theecondrequency®? usinglock in
amplifierwith a phase shift of “tA¢(out of phase componenet of lock in amplifier) The

experimental technique to detect the nonlinear Hall signal is schematically shéguia

2.8a. The typical nature of the IV plot is shownkigure 2.8b.

2.5.3 Thermo-electric effect

The phenomenon known as the Seebeck effect involves the creation of an electromotive force
(EMF) across two distinct points within a conductor experiencing a variance in temperature.
This EMF is specifically referred to as the Seebeck EMF, or alternatibedlyhermoelectric

EMF. The relationship between this EMF and the temperditfexences quantified by the
Seebeck coefficient. In the context of measurement, a thermocouple evaluates the potential
difference between the hot and cold endsdsimilar materials. The magnitude of this
potential difference corresponds directly to the temperalifferencebetween theends

Initially identified in 1794 by the Italian scientist Alessandro Volta, piienomenon bears the
name of the Baltic German physicist Thomas Johann Seebeck, who independently rediscovered
it in 1821116,

Copper blocks are used as a heat source and heat sm&néisned irFigure 2.9a . cigarette

rolling papergOdetCascadedolloré (OCB) is attached to the copper block with the help of
two-component epoxy glugStycast 2850 FT with catalyst 9) to electrically isolate but
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thermally coupled to the Chlock. The sample ihenthermally anchored witbigarette rolling
paperspaper using silver paste. Furthermdbe silver paste is used as @ectrode on the
sample. The whole system is mountedhimacuurmsealed homemade cryogenic insert. The
Seeback voltages are acquired usinglathley 2182A nanovoltmeter. The temperature
controller, Lakeshor836, collects théemperature difference between the two ends terminal
of the sample using two 100 thermakensorg seeFigure 2.9a).

2.5.4 Noise spectroscopy

Electrical systems, whether in materials or devices, often experience small fluctuations in their
electrical resistance. The$@ctuations are known as "resistance fluctuations" or "electrical
noise".The average or typical resistance of a material is called the-diremged resistance”

and is represented by the symbol <R>. However, the actual resistance at any given moment,
R(t), can vary slightly around this average value. This variationisrepireseh as ¢pR = R/
<R>.These resistance fluctuations arise from small changes happening at the microscopic level
within the material. By studying these fluctuations, we can gain insights into the underlying
physical properties and behavior of the matenwalevice at the most fundamental, microscopic
scale. Understandingsistance fluctuations is important not only from a scientific perspective,
but also for practical applications where electrical systems need to function rehiadlysing

these fluctuations can help identify and address issues in the design and operation of electrical
components and devices.

There are mainly three types of Noise presents in a condensed matter. system

Johnson noise:Thermal fluctuationscommonly referred to as 'Nyquist noise', or 'Johnson
noise', are a manifestation of the fluctuatitissipation theoref’. The power spectral density
(PSD) of thermal fluctuations for a resisteith resistance R maintained at temperature T is

represented hy
Su(f)=4ksTR.é &€ . 22
This spectral power (&f)) remains constant across frequencies, akin to white noise. It is

unaffected by the current flowing through the resistor or the material properties of the resistor,

rendering it impractical except when assessing the effective electron temperature.
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Shot noise It is stemming from discrete carrier movementavices, also exhibits a white
noise profile. It manifests as fluctuating current with a spectral dependeiy,dBectly

proportional to the charge carrier (q) and current (I) in the device:

SfH=2q<1>é. 12 .

Shot noise serves as a crucial tool in mesoscopic physics, providing direct experimental

insights into the charge and statistics of cur@antying quasiparticles in the system, especially

noticeable at lowemperatures and high frequencies.

1/f noise: The phenomenon of 1/f noise, prevalent in almost any resistor carrying current,

showcases voltage fluctuations with a power spectrum following ‘apl&t t er n,

approximately equal to 1. Referred to as '1/f noise' or 'flicker noise' in literatigrgyptcally

wi t

presumed that noise levels decrease inversely with the volume of the sample between probes.

However, reducing sample size maintains noise source dimensions, intensifying overall

electronic transport fluctuatioriBhe spectral power of volgg noise $(f) exhibits quadratic

dependence on applied bias, leading to its augmentation beyond thermal voltage upon applying

appropriate bias voltage. 1/f noise observations span various matgsiams, including

semiconductors, metallic and magnetic films, spin glasses, heterogeneous conductors,

superconductors in normal states, tunnel junctions, electronic devices, magnetic sensors, and

even heartbeats. Beyond applications, it serves as totexplore diverse physics phenomena,

encompassing structural phase transitions, magnetic domain wall motion, electron glasses, and

guantum transport in lowimensional system 126,
Experimental Technique:
Generally, theluctuationof voltagepV = «+qp¥§ encompasses both conductance and
background variations. The Power Spectral Density (P8D¥) of t he out put
the lockin amplifier is expressed as follows:

YH O O OYQ Q V,YQAITOVé. 2. 14
Here,"Y "B represents the PSD due to background fluctuations, a(fj ®&notes the
spectral density of resistance fluctuations in the sampjesighifies the product of the
preamplifier and lockn amplifier gains, § stands for the excitation frequency, f indicates the
measurement frequencyydd enot es t he RMS value of the

the phase angle of input voltage detection to the-lo@mplifier concerning the bridge current.

When U &Yq@e/(Gg2=T+Y (indicating noise from both sample and background
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intheinphase component). Conie®d s/(&)2y"Y (sighifging U e ql
only background noise in the quadrature component). Hence, subtracting tbkepbuaise

signal from the irphase one reveals the noise stemming from the sample due to resistance
fluctuations. The concurrent measurement of background noisgsadienconductivity noise

represents the prime advantage of the AC techifd(sz=eFigure 2.1()

Data from the lockn amplifier was sent to the computer usind@bit analogie-to-digital

converter (either a Hbuilt data acquisition of MFLI lock in or a National Instrumentskii6

DAQ) connected through LabVIEW. The acquisition card has an input impedance of about
10Mq.

Due to under sampling of the data, there might be a discrepancy in noise measurement process.
This discrepancy emerges due to inadequate sampling rates unable to catch high frequencies.

As a result of this, the low frequency power spectral density is corrupted with the higher
frequency signal due to aliasing effect. The aliasing problem is depictedure 2.%. In

Figure 2.9, the signal's sampled points suggest a single wave of a sinusoid, but in actuality,

they represent five waves.

To overcome this issue, the afiasing low pass filter is used to remove the unwanted signal.
Employing the lockin time constant targeted toward a value near 13/2qms), alongside the utmost

attainable roHloff (D 24dB/octave). Thus, any element exceeding fs/2 undergoes cutoff, with an
attenuation surpassing 1@ t f Ns/ 2, mar ki ng t hdecimaidnf ect i v

(a) (b)
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suf‘“cer‘:eate* l"“‘"l‘ v .
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e el S
Figure 2.9(a) The schematic presentation of the Seeback effeaps@t)The red signal undergoe
under samplingrepresented by black dots, leading to the digitized signal depicted as a cya
which appears to possess a lower frequartrypared to the original signal.

Subsequently, the signal undergoes digital passage through atiasitig filter, with acut-off set at
f Njs/ 2, exhi bi toff pptgntialyreaehing 80a0tdB/actave.rThid effectively eradicates
all stray signal remnants beyond fNjs/ 2. The dat ac

point, thus reducing the sampling ratdgodevoid of any aliased signals. Consequently, this approach
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enables the acquisition of clear spectra across numerous frequency orders. FIR digital filters, employing
a Kaiser window design, were deployed. To enhance efficiency and optimize memory
utilization, decimatiomnfolds in three stages. For a total decimation factor of 64, a sequence
of successive decimation factors of 8, 4, and 2 is utilized, while for a factor of 32, 4, 2, and 2
are employed. The digital filter's retiff is maximized during the final stagé&he data,
transformed into digital form and then reduced significantly, underwent analysis to derive the
voltage fluctuation's power spectrum. This was accomplished through a discrete Fourier

transf?r)m approach termed the "averaged periodogram method," pione&kedidiy 28, This
a (b)

Lock in amplifier
: 7§ 10-13
1/f noise
+\ VA |
|

o
Lo |
1
16 bit ADC d E 16
-
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-
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[ DSP and decimaticn |
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| power spectrum calculation |
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L Y\'f 10-17 \ thermal nOiSle
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Figure 2.10 (a) Lockin amplifier basedac techniquefor measuring noise and the schema
diagram for obtaining the power spectralensity PSD) (b) A typical PSD vs. frequency plot
displayingflicker noise andhermal noisan the same graph

technique offers notable benefits, including decreased computational steps and memory

requirements, thereby shortening the overall processing time.

68



Chapter 3

Detection of Nontrivial Topology Driven by
Charge Density Wave in a Sembirac
Metal

3.1 Introduction:

Efficient singleparticle methods, exemplified by electronic structure computations, have
proven to be adept in the successful identification of numerous topological mateoatsh

their distinctive topological invariants. However, the introduction of eleetdentron
interactions into this realm reveals a spectrum of more unconventional consequences. The
theoretical landscapg@oposeintriguing scenarios, suggesting that a Weyl semetal, under

the influence of attractive electrariectron interactions, may undergo a transformative phase,
emerging as a topological superconductor. Conversely, certain Weylnsetais that
incorporate epulsive electrorelectron interactionsnay manifest incommensurate charge
density waves, with theoretical models predicting the occurrence of peculiar axion
electrodynamics®,

Beyond these captivating scenarios, the exploration of emergent topological phases has
extended tanclude a plethora of novel quasiparticles. Among these are the quantuhresipin
insulato? 15, fractional Chern insulatéi®, and the intriguing possibility of an axial Higgs
modé3! This study aims to understand the unusual electronic structuraAgfSk with a
broader goato find materials with exotic ground stateaAgSh, selected as an example of a
square net compound, represents a type of structure where many intermetallic compounds have
been identified as topological semietal$32133 As we delve into the unique characteristics of
LaAgSh, we aimto contribute valuable insights to the evolving landscape of topological
materials, shedding light on their potential applications and the fundamental understanding of
exotic quantum states.

ARPES measurements, complemented by -fréticipal calculations, robustlyonfirm the
presence of a tilted Dirac cone within the electronic structure of La&§Skhis distinctive
feature adds a layer of complexity to the material's behaviour and contributes to the ongoing
debatesurrounding its unique electronic properties. Furthermore, LapAg8hbits a notable
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dualphase behaviouroncerningcharge density waves (CDWSs). The first CDW transition
occurs at 211 K and is characterized by an incommensurate wave modulation spanning
approximately 4€unit cells along the lattice vectar Subsequently, at a lower temperature of
186 K, a second CDW transition ensues, associated with an incommensurate CDW along the
c directiort®4*% Intriguingly, as the temperature continues to decrease, a commensurate order

emerges, involving sknit cells3e,

However, despite the wealth of experimental data, the nature and origin of these CDWs in
LaAgSh remain subjects of ongoing discussion within the scientific community. Fermi surface
measurements suggest a nesting veegarthe calculated one, yet numerous experimental
observations present challenges to a negdiigen CDW scenarfd-13’. This difference shows

that many complex factors affect the CDW phenomena in LaAgSb2. We need a better
understanding of these factors and how they influence the material's electronic béteevior.
combination of ARPES measurements, fipsinciple calculations, and complex CDW
transitions in LaAgShcreates an interestimyenueghat encourages more research and could
help us better understand exotic quantum states in topological matfEniedg. observations

align with the evolving understanding that, while there may be Fermi surface regions parallel
to one another, other effects generally take precedence, and the direction of the charge density
wave (CDW) modulation exhibits little to no melation with the nesting vector. NMR
experiments reveal that, despite the long wawgth associated with the CDW at 211 K, only
two distinct La species have emerged, a phenomenon that appears #audoatover, the
recent observation of superconductivity below 300 mK, coexisting with the CDW, suggests a
robust electrosphonon coupling®®. This coupling has been invoked in discussions about the
characteristics of materials like NoS®, and 2HTaSe'4™

An intriguing observation in the realm of electronics is the identification ofsaduarated,
guastlinear magnetoresistance (MR) exhibiting distinctive characteristics both above and
below the charge density wave (CDW) transitfSn$he persistence of unsaturated quasi
linear MR at low temperatures remains enigmatic, with a simple attribution to the quantum
limit of possible Dirac fermions in an isotropic Dirac semim&faConversely, it has been
theorized that systems featuring an anisotropic and tilted Dirac cone may display unsaturated
guastlinear MR whenever nonvanishing Berry curvature is present, indicative of a topological
origin®®142 A deeper understanding of the interplay between topological characteristics and the

CDW phase in this system is necessary.
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The Planar Hall effect (PHE), denoting the transverse voltage generated when electric and
magnetic fields are coplanar, has recently emerged as a trabsged probe for detecting
nontrivial bands in various topological semietals or insulatot82143145 Examples include
ZrTes'4®, ChAs*®, GAPtBI4Y, VAIM8 TaSiTes*?, BirSe!®?, and SmB'S*.

In this chapter, we present the identification, achieved throughdiinstiple calculations and
electronic transport measurements, of an unconventional topological transition mediated by
charge density wave (CDW) transitions in single crystals of LaAgEkperimentally, an
anomaly in the ordinary Hall coefficient and zdreld resistivity is observed around 211 K,
indicative of the CDW transition mediating the reconstruction of the Fermi surface.
Additionally, in the lowtemperature phase, we observeasplinear magnetoresistance,
aligning with earlier findings in thiterature®®. The most intriguing observation is the Planar

Hall Effect (PHE) persisting from lowemperatures to room temperature, accompanied by a
change in the amplitude's sign at temperatures above the first charge density wave transition
(T>Tecowrd 211 K) . Our computational anal ysis i
phase mediated by phonons, diverging from a mechanism driven by-Eerface nesting.

This results in the distinctive stabilization of a l@mperature chiral metal phase.
Concurently, the lowtemperature structure exhibits a breaking of inversion symmetry, leading

to the presece of finite Berry curvature, explaining the observed PHE. Due to the anisotropic
nature of the Dirac cone, the PHE in the highmperature phase originates framanisotropic

response to m planemagnetic field

3.2 Experimental Results:

3.2.1 The crystal structure, electronic band structure, and resistivity vs
temperature:

Single crystals of LaAgShwere madéby the Skp u x t e &8PPEIemgntatLa (Alfa Aesar

99.9%), Ag (Alfa AesaB9.99%), and Sb (Alfa Aesar99.999 9%) in molar ratio 1: 2:20 were

kept in an alumina crucible. Thecible was then placed in a quartz tube and sealed under
dynamic vacuum. The quartz tube was kept at temperature 1050 °C for 12 h, andstdedy

(2 AC hil ) to 670 AC. At thisomemher huxr ef
centrifugation. The obtained crystal was rectangulidin crystallographic €axis along the
perpendicular of the plane. The Energy DispersiMeay Spectroscopy (EDX) wakone for

elemental analysis n  d i erent r egi o(seeFigurt 3.1b,lamd c)sThen gl e ¢

1The single crystal was grown by RatSiddBKelkaa Si ngh fr
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crystal structure of LaAgShks characterized by the tetragonal fadd space groupkigure
3.laillustrates two distinct types of Sb atoms in the material. To create 2D layers, a specific
type of Sb atom (depicted by red balls) and Ag atom (depicted by green balls) arrange
themselves in a square net. These layers are alternately stacked alorygtidiés eaxis and

include sandwiched La ions (blue balls) and the other type of Sb atoms (yellow balls). The
Brillouin zone for this structure, along with the corresponding tagmmetry points, is
depicted in the inset dfigure 3.1d*> The electronic band structure calculation reveals the
presence of multiple linear bands intersecting the Fermi energy in various directions of high
symmetryFigure 3.1e displays the dispersion of these bands crossing the Fermi efibigy.

linear bands are highlighted using blue circles. The anisotropic nature of the linear dispersive
band is shown irrigure 3.1f with k; fixed at zero. The subsequent discussion focuses on
temperaturedependent electrical resistivity, uncovering an anomaly in thefesbresistivity

upon cooling the sample below a typical temperature of 211cKwGJ, consistent with earlier
reports (seerFigure 3.23. Additionally, the system exhibits another anomaly abwk,
discernible from the 1 T versus T plotin the left inset &igure 3.2a The partial opening

of agap, induced by a charge density wave (CDW) forming along the aaaerd,ds associated

with the transitions atdowi = 211 K and Epw2 = 183 K. The incommensurate order emerging

at 211 K, spanning abod@-unitcells along the lattice vector a, has been attributed to the CDW
transition. Consequently, the appearance of multiple inequivalent lattice sites would be
anticipated. Intriguingly, NMR measurements reveal the detection of only two unique La sites.
These measurements also suggest the potential existence of an underlying periodic unit. The
CDW transitionj ni ti ally i ncommensurate at T 4183 K,
commensur ate at T auhitbcélls i the ¢ directioliTe gainga dsepex
understanding of the system's behaviour, we concentrate on this transition. The lattice
parameter ¢ experiences a reduction with decreasing temperature. The electrons of Sb atoms,

positioned directly above Ag atoms in the higimperature structures€e Figure

2 The theoretical band structure calcuaswereperformed by Prasun Boyal froRrof.Pr i ya Mahadevan
group (S.N.B.N.C.B.S)
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3.1a),experience stronger repulsion from the Ag atoms' electrons. Consequently, neighbouring
layers exhibit displacement in theyxplane and form a modulated structure, as depicted in
Figure 3.2e, when accounting for atomic displacements to minimize the total energy in a
supercell involving six repeat units along the c lattice vector. The optimized unit cell reveals

(a) (b} (c)

Element Wt% At%
AgL 23.04  26.14
SbL 48.62 48.88
Lal 28.34 24.97

Caunts {arbtrary unit)
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Figure 3.1: (a) The room temperature tetragonal crystal structure of LaAgSb2 (side \l@wijhe
EDAX/ EDX spectroscopy data on a randomly selected area of a giiogle crystal of LaAgSHkc)
FESEM image of a growsingle crystal of LaAgSkalong withThe elemental analysis of the EDA
data (for theelements present in the grown single crystal (where, Wt% and At% imply molar v
ratio and atomic weight ratio, respectivelypverlay of elemental mappings of La, Ag and @b.
Atom projected partial density of states. Inset demonstrates Brillouin zone of La@pEkectronic
band structure of LaAg2lncluding spin orbit interactions. The zero of the energy is Fermi ent
(indicated by the blue dashed line). The linear band dispersions in the vicinity of the Ferrhiahee
been indicated by the blue circled regiof§. Anisotropic Dirac dspersive bandwhich cross the
Fermi energy across the40 plane of the Brillouin zone.

an energy difference of 11 meV per formula unit. Despite the unusual presence of a chiral

structure in a metallic system, LaAgShbsplays extremely weak bonding in the c direction.
Our calculations, indicat i'rgonfrmtheckassididatiomt i on
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Figure 3.2 (a) Resistivity () versustemperature (T) plot exhibiting anomalies near the two CI
transitions indicated by the bl &OF aercws
depict two CDW transitions ¢bwiand Tecowz) more clearly. The low frequency phonon modes
a bilayer with their frequencies indicated have been given. P@methows a shear mode, whi
panel (c) represents a compression mode. (d) Top view of the crystal structure of LafhSh2
without CDW modulation (T>dbwi) and (e) with CDW modulation (T< dbw2). (f) Histogram plot
of no. Of La atoms in the CDW structure as a function of their average electrostatic potentia
distinct typesof La atoms in the modulated structure is obserdéetinset showing Band structur:
of the modulated supercell unfolded onto the high temperature structure X to R dir@ctiomll
band gap opens because of the modulation in the c direction. Size of the red dots are prop
to the contribution of the supercell states at those k points. The black line corresponds todtt
dispersion for the high temperature structure. The redddahed line represents the Fermi ener
in the calculation

of this material within the potentially exfoliable grdap Additionally, our computations

reveal the presence of very leamergy phonon modes, consistent with observations in other
layered systems. These modes include shear modes that facilitate layer sliding and layer
compressions, actively contributing to therf@tion of the modulated structuiseeFigure

3.2b and c for the mods). This aligns with experimental evidence of l@wergy modes
reported in reflectivity studié®. The band dispersions, calculated for the modulated structure,
have been unfolded onto the Brillouin zone of the Higinperature structure. This analysis

reveals a small band gap along the RX direction, while a metallic band is observed in the other

directions(seeFigure 3.2f)
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3.2.2 Planar Hall Effect and MagnetoresistanceMeasurement:

To explore the effect of charge ordering due to CDW formation on the transport mechanism in
the system, we utilize a perpendicular magnetic field and measure the magnetoresistance as
well as Hall signal with varying magnetic field (séigure 3.3afor the schematic illustration

of the measurement sep). The MR shows a quadratic magnetic field dependency itisede
normal phase as plotted in the left inseF@fure 3.3b. The MR data collected at T=300 K is

fitted using the semiclassical Boltzmann transpérs equat i 8n t hat f ol | o\
oY — éé .31

Herel i are used to denote fittinmarameters

However, a quaslinear increase of MR witA magnetic field is discovered insitlee CDW

state of this system (s€gure 3.3b). The observation is well matched with the earlier studies
inthissysterff. T he F e r quasi2bnaturé ia\emdfiédshrough angular TMR studies
inside the CDW phase which is plottedkigure 3.3c. The experimental configuration is
schematically shown in the bottom right insetFodure 3.3c. Next, the ordinary Hall effect
measurement is performed. The rforear increase in Hall resistivity with an increase in
magnetic field (B) below T=50 K, as depictedrigure 3.3 is likely Dirac/Weyl Fermion.

To correctlymeasure the angular planar Hsitinal, he magnetic field is rotated such a way

that the current and magnetic field consistergtypainin the same plane. We measure the Hall
resistivity and magnetoresistance (MR) at various angydsdtween the current and magnetic
field to capture the planar signal.Figures 3.4a, and b, the intrinsic planar Hall effect (PHE)
signal is depicted for two representative temperatures, T = 10 K and 287 K, with B = 9T, after
eliminating all misalignment components. The procedure to eliminate the misalignment is
describedn chapter An the charge density wave (CDW) phase at 10 K, the planar Hall effect
(PHE) signal exhibits typical characteristics, that contain valleys at 45° (225°) and peaks at
135° (315°).
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“However, in the normal phase, a 180° phsisit occurs, with peaks at 45° (225°) and valleys
at 135° (315°). To further analyse the PHE data, Equatiis employedn the temperature
dependent angular PHE ddveith B fixed at 9 T) and Figure3.4d illustratesthe extracteyy

10

1
0 90 180 270
8 (deg) B (T)

10

Figure 3.3: (a)The schematic illustration of the measuremenugetor the magnetoresistance ar

ordinary Hall effect studies(b) The TMR as a function of magnetic field at t=2 K with in

demonstrated the TMR vs. B plot at T=300 K while black line showing the fitting cuneguwiétion

3L.(cCAngul ar transverse magnet or es iwghtinget shenving TMR) Vv s
the configuration(d) Hall resistivity at different temperature

versus T using a fixed magnetic field oT 9Clearly, with the temperature rising from 2 to 110

K, the Planar Hall Effect (PHE) coefficient systematically diminishes, reaching a point where

it becomes nearlyanishesn the proximity of the Charge Density Wave (CDW) transitions.

( T O 1Bevertheless, as noted in our dataset, it reappears at temperatures exceeding
Teowr ( @211 K) , but this time the amplitude i s
with oqf =-ve is detectedinsidben o r ma | state (T = 287 K», with
€ qcm, which is an order of magnitude smaller than the valueat T i@ K (1.13 x 10'e q

cm). We choose another sample and measure the PHE signal above and below CDW.
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The reversal inthe amplitude of the Planar Hall Effect (PHE) caused by the formation of charge
density waves (CDW) is confirmed for sample Il. The effect of the CDW on tiptaire
anisotropic magnetoresistance (AMR), which roughly follows Equation @tatbelow and
above the CDW transitions, is then examined.
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Figure 3.4. Angular variation of PHE resistivity’ (  )) at (@) T=10 K and(b) T=287 K (with inset
showing experimentatonfiguration of PHE measurement -sg¢t) with the fitted curve (solid lines
by Equation (1). € Angular variation of PHE resistivity’( )data taken from second sample

T=2 Kand T= 300 Kd)) Temperature dependencepf(B=9T) ="U ”||, extracted from the fitting
of the PHE signal using Equation (1). Both thewsare indicated by vertical dotted lineg)Angular
variation of the inplane resistivity difference ’¢{(— 7)) for B=9Tat temperatures below an
T>Tcows(T=20 and 300 K).(f) The temperature variation of the ordinary Hall coefficientiXR
measured at B=9T with mentioning the CDW temperatures by arrow.

Yet, in the hightemperature counterpart (edw: = 211 K), additional peaks appear in the
charge density wave (CDW) phase at specific angles that are not visible. The CDW transitions
break the crystal symmetry, intensifying the anisotropy in the Fermi surface. In the presence
of a magnetic field, thisaktice anisotropy induces anisotropic carrier scattering, potentially
resulting in the emergence of additional peaks in thelame angledependent magneto
resistance, as per the semiclassical approximation. There have been reports of the topological
Kagome metal K\éShs, which also undergoes charge density wave transitions, displaying a
similar in-plane angledependent magnet@sistance. Furthermore, a modification in slope is
observed near the charge density wave (CDW) transitiéigsie 3.4f) in the temperature

dependence of the antisymmetric-afitplane Hall coefficient (as illustrated in the inset of
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Figure 3.4f for the configuration of the otaf-plane Hall effect measurement). This indicates

a substantial reconstruction of the Fermi surface due to the formation of CDWSs. Although there
is a discernibleslope changat T a Tcpwi, no discernible significant change is foufich

Tcowe. The temperaturdependent planar resistivity and planar Hall signals, coupled with the
alteration in the ordinary Hall coefficient, unequivocally signify a modification in the
topological characteristics of the electronic bands, ta¢dd by the formation of charge density
waves.

lllustrated inFigure 3.5a, we conduct measurements of the angular Planar Hall Effect (PHE)
signal in the charge density wave (CDW) state (T = 2 K) at various magnetic fields to gain
insights into the PHE. Notabl¥igure 3.5b demonstrates that the amplitude of the PHIE,
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Figure 35. (a) Planar Hall resistivity { ) of LaAgSbas a function of angle between the curre
() and magnetic field (B) at different B (T=2K{b) Magnetic field dependence qi’="u |,
extracted by fitting the PHE signals with Equation (1) for different magnetic fields. The red
line shows the fitted curve with a power lawdof, where/ =1.4. (c) Magnetic field evolution of
longitudinal magnetoresistance (LMR) of the same sample with temperature fixed at 2 K.

foll ows a power | aw with the magnetic field,
we perform measurements of the longitudinal magnetic resonance (LMR) at T = 2 K with the
current (I) and magnetic field (B) aligned parallel to each o{Regure 35c). LMR is

commonly employed to identify chiral anomadgsisted negative magnetoresistance. Contrary

to expectations, our findings reveal a positive,-saturating LMR that increases in a quasi

linear manner with the applied magnetic field, suggestingtieabbserved magnetoansport
behaviour may be attributed to alternative mechanisms.

3.3 Theoretical Understanding of PHE:

Now, we'll try to comprehend the peculiar temperatdependent behaviour of the PHE signal

Figure 3.1a depicts a Centreymmetric hightemperature structure, and the magnetic nature
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of the material is absent insidee normal phase. Thus, the system maintaime-reversal
symmetry as well as inversion. As a result, the intriBgicy curvature is zero, suggesting that

the PHE at high temperatures has a -tapological origin. Anisotropy in the iplane
resistivity in the presence of a magnetic field results from the anisotropy of the Dirac cones, as
has been explained in theditituré™. Asbackscatteringp et ween st ates at Kk
in the direction parallel to the4plane magnetic field, while that is not the case in the direction
perpendicular to the field, one finds thigtbecomes >y which leads to a planar Hall signal

with negative amplitude according to thg. 3.4.

Figure 3.6: 2D colour plots of theq) x and p) y-component of Berry curvature in30 plane in
the CDW phase

The centresymmetricstructurebecomesoncentro symmetric by the formation of CDW
modulation that we findKigure 3.1f). The x and y components of the large intrinsic Berry
curvature that results from this are displayeéigures 36 a, and b, respectively. Thisis in

line with the PHE signallargeamplitudeobserved at low temperatures. In these systems, it

is also anticipated to see a positive PHE amplitadg (nduced bythe chiral anomaly and
negative LMR, both of which vary quadratically with B. On the other hand, we find a-quasi
linear positiveqd and a quasiinear positive LMR (sed-igure 3.5d). Apart from the
nonvanishing Berry curvature, emergent Weyl cones are tilted based on our theoretical
calculations conducted in the CDWase. Thus, the quadratic B term resulting from the chiral
chemical potential imbalance and the linear B corrections to the resistivity caused by the tilted
Weyl cones combine to produce the observed LMR and PHE sigtdl$1oreover, the same

tilted Diracconedrivenmechanism can also be attributed to our results of linear unsaturated
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