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Abstract

OPOLOGY, an esoteric branch of mathematics, studies different classes of
objects which have fundamentally similar geometrical structures. Ob-
jects within each of these classes can be continuously deformed to create

each other. Topology has acquired its strong foothold in the domain of solid-state
physics and materials science, with its application to explain the integer quantum
Hall effect in the late twentieth century. Since then, topological properties were
associated with the electronic and phononic structures of various materials. In this
thesis, only electronic topological properties were studied, and therefore, the phrase
‘topological materials’ will be used to refer to materials with topologically distinct
electronic structures. These materials show geometrically protected knots in their
electronic structures owing to their special lattice structure and constituent elements.
These topological knots are immune to small perturbations and defects in the mate-
rials and thus, the properties of these materials are robust as long as the underlying
reason behind the topological knot is not destroyed. These materials can be of sev-
eral types based on their nature of electronic dispersion. Topological materials which
have band openings at the Fermi level are classified into topological insulators and
topological crystalline insulators respectively depending on the absence or existence
of any spatial symmetry protecting the non-triviality. When topological materials
have metallic energy vs. momenta (E — k) dispersion, they are called topological
metals. These metals can be of several types, viz. Weyl, Dirac, triple-point, and
nodal line semimetals based on the dimensionality and number of degenerate states
at the topologically protected crossings. Topological flat band materials are another
kind of these materials that show no dispersion of certain electronic states owing to

destructive interference of Bloch wavefunctions.

In the last few decades, the study of topology in solid-state materials has found
numerous applications to bring this subject to the limelight of research interests.
Topological materials were found to be a possible pathway to realize qubits for next-
generation quantum computers. Topological insulators and metals have emerged as
promising candidates for new generations of transistors and processors. Also, these
materials have found applications in spin-based electronics or spintronics. Topologi-

cal insulators, metals, and flat-band materials have been shown to give rise to a new



type of superconductivity or topological superconductivity. In this thesis, artificial
intelligence, first-principle methods, and k.p perturbation theory have been utilized
to identify new topological flat-band materials and pathways to engineer topological
transitions among different topological metallic states. In the first chapter, the ob-
jectives of the thesis are introduced and a literature review on relevant topological
materials is presented. In the second chapter, the basics of the theoretical methods
used in the thesis are described. The subsequent chapters describe the work done

to achieve the objectives.

In the third chapter of the thesis, the origin of topological flat bands was studied
using a data-driven approach. A deep neural network was utilized to identify flat
bands within the band structures of materials (from a 2D-materials database for
tractable size). The materials thus identified are further categorized based on the
coordination of the atom by which the flat band is populated. This categorization
leads to the identification of 48 lattice geometries responsible for flat dispersion,
many of which have been identified in recent literature. Therefore, the present
study generates a database of all possible 2D lattice structures that can lead to flat
bands, helping focused research on newly identified lattice structures as a future
scope. Although this study started with a goal of identifying only topological flat
band materials, it ended up with a database of all flat band materials of which the
former is a subset. This is because the state of the art in this domain does not
have the means (utilizing only E — k dispersion data) to separate topological non-
trivial band structures from their trivial counterparts as of yet. It may be performed
with help of charge density data or electronic wavefunction data, but open databases
usually do not host these data due to storage constraints. Thus, the task of isolating

the topologically nontrivial bands from flat bands remains a future scope.

In the next two chapters, engineering approaches to manipulate electronic bands of
newly discovered topological materials to witness topological transitions are stud-
ied. Towards this, the use of mechanical strain in cases of nonmagnetic materials
and magnetic fields/spin-torques in cases of magnetic materials were explored. The
fourth chapter focuses on the use of strain to attain topological transition in the dia-
magnetic RE-PdBi (‘RE’ refers to Rare-Earth) series. YPdBI, a diamagnetic RE-half
Heusler alloy, lying near the boundary between trivial and non-trivial materials was

studied first to show a transition to the non-trivial state under tensile strain. To
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validate the theoretical observation with experiments, a semi-infinite slab is modeled
to replicate the behavior of thin films. Simulations with the slab show the existence
of surface-originated high-mobility electrons near Fermi energy in agreement with
the experiments. The experiments also show signatures of topological non-triviality
as demonstrated by the theory. Inspired by the study on YPdBIi, other diamagnetic
half-Heusler alloys were studied under tensile and compressive strain. It was found
that the topological triple-point semimetallic state of these metals evolves under
strain changing the number of triple-point nodes. It was also found that these tran-
sitions are accompanied by multiple band-inversions near Fermi energy. A phase

diagram for ease of material selection is presented.

In the fifth chapter, topological transitions were studied under a magnetic field or
spin torque. DyPdBi, an antiferromagnetic half-Heusler alloy was chosen for the
study, which lies near the boundary between trivial and non-trivial materials. It
was found that DyPdBi can show a transition between two topological semimetallic
states. When the local magnetic moments of dysprosium are oriented to the three-
fold rotation Cj axis of the crystal, i.e. when the C5, symmetry is preserved, DyPdBi
hosts four topological nodes along the C3 axis of the Brillouin zone, making it a
triple-point semimetal. When the local magnetic moments of Dy are oriented to
a direction perpendicular to the three-fold rotational axis, the antiferromagnetic
structure has four Weyl nodes, two on each side of the mirror plane of its Brillouin
zone. The triple point fermions of DyPdBi give rise to a characteristic peak in the
anomalous Hall conductivity response, but the Weyl fermions can not contribute to
the anomalous Hall conductivity response. The difference in energy between these
two topologically distinct states is a mere ~ 15 meV, making them switchable with

a magnetic field or spin torque.

In the final chapter, the conclusions of the research work are explained in brief. The
scope of future research work is also described in this chapter. In a nutshell, there

are several novel impactful outcomes of the research conducted in the thesis.

e The deep learning-assisted study described in the third chapter yields a fam-
ily of Al-based tools readily applicable to any materials database to identify

flat-band generating sublattices, many of which are potentially topologically
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nontrivial. This will help identify new functional materials potentially hosting

highly correlated physics like unconventional superconductivity.

The study on strain-based topological transition gives us pathways to choose
the appropriate material and stress required for fine-tuning bulk and surface
transport characteristics by utilizing the topological phase diagram of diamag-
netic RE-half Heusler alloys.

The study on magnetic field-driven topological transitions gives a way to distin-
guish Weyl and triple point metallic phases experimentally through signatures

in anomalous Hall conductance.
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