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ABSTRACT

This thesis investigates electronic structure, transport properties, and chiral magnetism
in quantum materials using first-principles methods. In bulk semiconductor systems, the
electronic structure and phase stability of Cu- and Ag-based chalcopyrites are studied us-
ing advanced exchange-correlation functionals within density functional theory (DFT). The
rMGGAC meta-GGA functional yields band gaps in close agreement with experiment,
while r2SCAN provides reliable thermodynamic phase stability, together establishing an
accurate computational framework for chalcopyrite materials. Their thermoelectric perfor-
mance is evaluated using the dielectric-dependent hybrid (DDH) functional combined with
Boltzmann transport theory, showing that band dispersion, effective mass, and carrier scat-
tering collectively govern the Seebeck coefficient and power factor. Among the systems
studied, the quaternary compound Ag,ZnGeS, achieves the highest figure of merit ZT =
2.57 at 800 K, identifying Ag-based quaternary chalcopyrites as promising candidates for
high-temperature thermoelectric applications. In two-dimensional systems, reduced dimen-
sionality, inversion symmetry breaking, and spin—orbit coupling (SOC) strongly influence
magnetic behavior. In the non-centrosymmetric H-phase FeTe, monolayer, biaxial strain
and electronic correlations enable continuous tuning of the magnetic anisotropy energy
(MAE) and Dzyaloshinskii-Moriya interaction (DMI), with the micromagnetic DMI con-
stant reaching 3.06 mJ/m?. In T-FeTe,/Pt van der Waals heterostructures, interfacial SOC
from the heavy-metal substrate activates a large DMI of 1.33 meV, and micromagnetic sim-
ulations confirm the stabilization of Néel-type skyrmions under an applied magnetic field.
In the centrosymmetric Ti»Si monolayer, Co and Pt co-doping simultaneously breaks inver-
sion symmetry and enhances SOC, generating finite DMI and enabling chiral spin textures
in an otherwise magnetically trivial system. These results establish a direct link between
electronic structure and emergent magnetic phenomena, providing a predictive pathway for
designing quantum materials with tunable transport and spintronic functionalities across

different dimensional regimes.

xi
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CONTENTS

SUMMARY

This thesis presents a comprehensive first-principles investigation of electronic struc-
ture, transport properties, and chiral magnetism in emergent quantum materials, with a par-
ticular emphasis on the interplay between symmetry, dimensionality, and spin—orbit cou-
pling (SOC). The central objective is to develop a unified understanding of how electronic
structure governs both conventional properties in bulk semiconductors and emergent mag-
netic phenomena in low-dimensional systems.

The first part of the thesis focuses on bulk semiconductor materials, where electronic
structure provides a well-established framework for understanding transport and energy-
related properties. Using density functional theory (DFT) along with advanced exchange-
correlation functionals, the electronic structure and phase stability of Cu- and Ag-based
chalcopyrite semiconductors are systematically examined. Particular attention is given to
accurately describing band gaps, band dispersion, and thermodynamic stability. Building
on this, the thermoelectric properties of ternary and quaternary chalcopyrite systems are
analyzed, with emphasis on the role of band structure, density of states, and carrier transport
in determining the Seebeck coefficient, electrical conductivity, and overall efficiency. This
part of the work highlights the importance of electronic structure engineering in optimizing
materials for energy conversion applications.

The second part of the thesis addresses two-dimensional (2D) materials, where reduced
dimensionality fundamentally alters symmetry, electronic screening, and magnetic inter-
actions. In these systems, inversion symmetry breaking and strong SOC play a decisive
role in shaping electronic and magnetic behavior. The study examines noncollinear mag-
netism in 2D monolayers and explores how external factors such as strain, interfacial effects,
and chemical modification can be used to tailor magnetic properties. Special emphasis is
placed on transition metal dichalcogenides (TMDCs) and transition metal silicides (TMS),
where different structural phases exhibit distinct symmetry characteristics, providing a nat-
ural platform for investigating symmetry-driven phenomena. To obtain microscopic in-
sight into magnetic interactions, the electronic structure from first-principles calculations
is further mapped onto Wannier-based tight-binding Hamiltonians. This approach enables

an orbital-resolved description of exchange interactions and provides a direct connection



CONTENTS

between electronic structure and magnetic anisotropy as well as antisymmetric exchange
interactions. A key focus of this work is the Dzyaloshinskii-Moriya interaction (DMI),
which arises from the combined effect of broken inversion symmetry and SOC, and plays
a central role in stabilizing chiral magnetic textures. The thesis investigates the micro-
scopic origin and tunability of DMI in a range of systems, including pristine 2D materials,
van der Waals heterostructures, and chemically modified compounds. In particular, het-
erostructures involving heavy-metal substrates are considered as a route to enhance SOC
and induce interfacial DMI, while chemical doping is explored as a complementary strat-
egy for symmetry breaking and interaction tuning. These studies provide a framework for
understanding the emergence and control of topological spin textures such as skyrmions.
Overall, this thesis establishes a coherent connection between electronic structure, trans-
port properties, and chiral magnetism across different classes of materials. By combining
first-principles calculations with atomistic and micromagnetic modeling approaches, the
work contributes to the fundamental understanding and rational design of materials for next-

generation energy and spintronic applications.
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Chapter 1

Introduction
1.1 Emergent Quantum Materials

The twentieth century witnessed remarkable progress in understanding the electronic prop-
erties of solids through the framework of band theory and Fermi liquid theory. Within this
paradigm, electrons in a crystal are treated as weakly interacting quasiparticles moving in
a periodic potential, and materials are classified as metals, semiconductors, or insulators
depending on the position of the Fermi level relative to the band gap [4, 5]. This frame-
work successfully accounts for the electrical, optical, and thermal properties of a vast range
of conventional materials, from simple metals such as copper and aluminum to technolog-
ically important semiconductors such as silicon and germanium, particularly in their bulk
form.

However, a growing class of materials has been identified whose properties lie funda-
mentally beyond the reach of this conventional picture. These are the so-called emergent
quantum materials, systems in which quantum mechanical effects, acting collectively on
a macroscopic number of electrons, give rise to entirely new states of matter and physical
phenomena that have no analogue in the physics of individual atoms or weakly correlated
electron gases [6, 7]. The defining feature of emergent quantum materials is that their most
striking properties are not encoded in the individual constituents but arise from the cooper-
ative interplay of charge, spin, orbital, and lattice degrees of freedom. Even small changes
in external parameters such as temperature, pressure, chemical composition, dimensional
confinement, or applied fields can trigger dramatic phase transitions and the emergence of

qualitatively new behaviors.
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The landscape of emergent quantum materials is extraordinarily broad and encompasses
several distinct classes. Strongly correlated electron systems, including transition metal ox-
ides such as V5,03 and NiO, heavy fermion compounds such as CeCug and URusSi,, and
Mott insulators such as La;CuQy, are characterized by large on-site Coulomb repulsion be-
tween electrons occupying narrow d or f bands, which drives them far from the weakly
interacting limit and can produce metal-insulator transitions, colossal magnetoresistance,
and unconventional superconductivity [8, 9]. Topological materials, including topologi-
cal insulators such as BiySe; and BisTes, and Weyl and Dirac semimetals such as TaAs
and CdsAs,, are characterized by non-trivial topology of their electronic band structures,
which gives rise to protected surface states and unusual transport responses [10, 11]. Two-
dimensional van der Waals materials, including graphene and transition metal dichalco-
genides (TMDCs) such as MoS; and WS, exhibit a unique combination of reduced dimen-
sionality, tunable electronic structure, and strong many-body effects when assembled into
heterostructures [12, 13]. Magnetically ordered and multifunctional materials, including
multiferroics and non-collinear antiferromagnets such as Mn3Sn, represent another impor-
tant class in which spin, charge, and lattice degrees of freedom are strongly coupled, leading
to complex magnetic and transport behavior [14].

A particularly important distinction within this broad class of quantum materials lies be-
tween bulk systems and low-dimensional systems. In bulk materials, electronic properties
are governed by three-dimensional band dispersion and screening effects, which often stabi-
lize conventional phases, although strong correlations can still drive complex electronic and
magnetic behavior. Representative examples include conventional semiconductors such as
Si and GaAs [15], as well as correlated oxides such as SrVO3; and La;CuO,, where elec-
tronic interactions lead to rich phase diagrams [8]. In contrast, low-dimensional systems,
especially two-dimensional materials, exhibit enhanced quantum confinement, reduced co-

ordination, and stronger sensitivity to symmetry breaking. These effects lead to pronounced
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modifications in electronic structure and interactions, often resulting in phenomena that are
either weak or entirely absent in bulk counterparts. Notable examples include graphene,
with its Dirac-like electronic dispersion [16], and TMDCs such as MoS, and WSe,, which
exhibit layer-dependent band gaps and strong spin—orbit coupling effects [17, 18].

What unites these diverse classes of materials is a set of common physical ingredients:
quantum fluctuations, strong electron correlations, reduced dimensionality, and symmetry
breaking. It is the interplay of these factors that gives rise to emergent phenomena and

makes quantum materials a rich platform for exploring new physics and functionalities.

1.2 Bulk Semiconductors

Semiconductors constitute a fundamental class of materials that underpin modern elec-
tronic, optoelectronic, and energy technologies. Their defining feature is the presence of
a finite band gap separating the valence and conduction bands, which enables controlled
manipulation of charge carriers through doping, temperature, and external fields. Proto-
typical semiconductors such as silicon (Si) and gallium arsenide (GaAs) have been exten-
sively studied and widely used in electronic devices due to their well-characterized elec-
tronic structures and favorable transport properties [15]. In addition, wide-band-gap semi-
conductors such as gallium nitride (GaN) and silicon carbide (SiC) play a crucial role in
high-power and high-frequency applications owing to their superior thermal stability and
breakdown characteristics [19, 20]. Understanding the electronic structure of semiconduc-
tors is essential for predicting and optimizing their physical properties. The relationship
between electronic structure and material functionality forms the foundation for the design

of next-generation semiconductor devices.
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1.2.1 Electronic Structure and Its Role in Material Properties

The electronic structure of a material governs its fundamental properties, including electri-
cal conductivity, optical response, and carrier dynamics. In semiconductors, key quantities
such as the band structure, density of states (DOS), and band gap determine the behavior
of charge carriers and their interaction with external perturbations [21]. The band structure
describes the dispersion of electronic states in momentum space and determines whether a
material behaves as a metal, semiconductor, or insulator. The density of states characterizes
the distribution of available electronic states and directly influences transport and thermo-
dynamic properties. The curvature of bands near the band edges defines the effective mass
of charge carriers, which strongly affects carrier mobility and conductivity [22]. The na-
ture of the band gap (direct or indirect) is crucial for optoelectronic applications. Direct
band gap materials such as GaAs and GaN enable efficient light emission and absorption,
whereas indirect band gap materials such as Si are less efficient for radiative processes but
remain central to modern electronics [15]. These distinctions highlight how electronic struc-
ture directly dictates material functionality. These features are schematically illustrated in
Fig. 1.1(a,b), showing the band structure and density of states near the Fermi level.
Accurate determination of electronic structure relies on a combination of experimental
and theoretical approaches. Experimental techniques such as angle-resolved photoemission
spectroscopy (ARPES) and optical spectroscopy provide direct insight into band dispersion
and carrier dynamics [23, 24]. Complementarily, first-principles methods based on density
functional theory (DFT), along with beyond-DFT approaches such as hybrid functionals
and the GW approximation, enable predictive modeling of band gaps, effective masses,

and electronic properties across a wide range of materials [25, 26, 27, 28].
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Figure 1.1: (a) Schematic representation of the electronic band structure of a semiconductor
showing the valence band, conduction band, and band gap (£,). (b) Representative band
structure and DOS, illustrating the role of electronic structure near the Fermi level (Er).
(c) Thermoelectric transport based on the Seebeck effect and key parameters governing
performance.

1.2.2 Electronic Structure in Energy Applications

The electronic structure of semiconductors critically determines their performance in energy
conversion and storage applications. In photovoltaic devices, the band gap is the primary
descriptor of solar energy harvesting efficiency. Si, with an indirect band gap of 1.1 eV,
dominates commercial solar cells due to its near-optimal band gap and earth abundance [15].
GaAs, with a direct band gap of 1.43 eV, achieves higher efficiencies and is widely used
in high-performance concentrator solar cells [29]. Emerging absorber materials such as
MAPDI; perovskites, with tunable band gaps in the range of approximately 1.5-1.7 eV,
have demonstrated rapid improvements in power conversion efficiency due to their favor-
able electronic structure and strong optical absorption [29, 30]. In thermoelectric energy

harvesting, efficiency is quantified by the dimensionless figure of merit Z7", defined as

2
g7 = 29L (1.1)
K
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where S' is the Seebeck coefficient, o is the electrical conductivity, « is the total thermal
conductivity, and T is the absolute temperature [31]. The power factor (S20) is strongly
influenced by the electronic structure, particularly the band dispersion and density of states
near the Fermi level. The thermoelectric transport mechanism and the dependence of per-
formance on these parameters are schematically illustrated in Fig. 1.1(c).

Bismuth telluride (Bi;Tes), with a narrow band gap of approximately 0.15 eV, remains
the benchmark thermoelectric material near room temperature due to its high density of
states near the Fermi level [32]. PbTe, with a band gap of 0.32 eV, is widely used for mid-
temperature thermoelectric applications, where band convergence engineering in PbTe—
SrTe alloys significantly enhances 21" [33]. More recently, SnSe has demonstrated excep-
tionally high thermoelectric efficiency due to its highly anisotropic electronic structure and
ultralow lattice thermal conductivity [34]. In addition, complex semiconductors such as
chalcopyrites (e.g., CulnSe,, AgGaTesy) and oxide materials such as SrTiO3 have emerged
as promising candidates due to their tunable electronic properties and thermal stability [35].
For photocatalytic applications, the positions of the valence and conduction band edges rel-
ative to redox potentials are critical. TiO,, with a band gap of 3.0-3.2 eV, is widely studied
but limited to ultraviolet absorption [36]. In contrast, BiVO,, with a band gap of approx-
imately 2.4 eV, enables visible-light-driven water oxidation due to favorable band edge
alignment [37].

Despite significant progress in both experimental characterization and first-principles
modeling, challenges remain in achieving quantitative accuracy for complex materials, par-
ticularly those with strong electron correlations and anisotropic electronic structures. Ad-
dressing these challenges is essential for the predictive design of advanced functional mate-
rials. Furthermore, reducing dimensionality introduces additional degrees of freedom and
enhanced quantum effects, enabling emergent phenomena beyond those observed in bulk

systems. In two-dimensional systems, symmetry, screening, and electronic confinement
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are fundamentally altered compared to their bulk counterparts. In particular, the absence
of inversion symmetry and the enhanced role of spin—orbit coupling (SOC) give rise to

phenomena that are weak or absent in bulk materials [38].

1.3 Engineering Two-Dimensional Materials

A defining advantage of two-dimensional (2D) materials lies in the ability to design systems
with tailored properties through controlled structural modifications. Unlike bulk materials,
where bonding constraints limit structural flexibility, 2D systems are typically held together
by weak van der Waals (vdW) interactions. This enables the realization of a wide range of
artificial structures and has established the concept of “materials by design” as a central
paradigm in low-dimensional systems [13].

One of the most widely explored approaches is the vertical stacking of different mono-
layers to form vdW heterostructures. Owing to the weak interlayer coupling, materials with
different lattice constants and electronic properties can be combined without strict lattice
matching requirements. This allows precise control over band alignment, charge transfer,
and interlayer coupling, leading to emergent electronic and optical properties not present in
the individual layers [12]. Introducing a relative twist angle between adjacent layers fur-
ther enriches this design space by generating moiré superlattices. These structures produce
long-range periodic modulations that can strongly modify the electronic band structure,
often resulting in flat bands and enhanced electron correlations. Such effects have been
demonstrated in twisted bilayer graphene, where correlated insulating states and supercon-
ductivity emerge [39].

In addition to vertical stacking, lateral heterostructures formed by covalently bonding
different materials within the same plane provide an alternative route to engineering 2D

systems. These structures enable direct electronic coupling across interfaces, offering fine
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control over charge transport and interface-driven phenomena, with significant potential
for nanoelectronic and optoelectronic applications [40]. Beyond structural design, external
tuning parameters such as strain, electric fields, and chemical doping further expand the
range of achievable properties. The combination of these approaches enables continuous
control over electronic, optical, and magnetic behavior, making 2D materials a versatile

platform for exploring emergent quantum phenomena [41].

1.3.1 Symmetry Breaking, Spin-Orbit Coupling, and Magnetism in
2D Materials

A defining characteristic of 2D materials is their strong sensitivity to symmetry breaking
and reduced dimensionality, both of which fundamentally influence their electronic and
magnetic properties. In bulk crystals, inversion symmetry is often preserved due to three-
dimensional periodicity, whereas in 2D systems it is naturally broken or can be readily
modified by substrates, interfaces, or external perturbations. This is particularly evident
in transition metal dichalcogenides (TMDCs), where the symmetry depends sensitively on
the crystal phase. This is illustrated in Fig. 1.2(a), where the structural differences be-
tween H- and T-phase TMDC monolayers and their corresponding symmetry properties are
shown. For H-phase TMDCs such as MoS; and WSe, intrinsically lack inversion sym-
metry, leading to valley-dependent spin splitting. In contrast, T-phase TMDCs generally
preserve inversion symmetry in their pristine form, resulting in spin-degenerate electronic
states unless symmetry is externally broken [42]. Similarly, when 2D materials are placed
on heavy substrates, such as graphene on Au or W [38], interfacial symmetry breaking
induces spin splitting through proximity effects as shown in Fig 1.2 (b).

SOC, particularly strong in materials containing heavy elements such as W, Pt, or Bi,
plays a central role in these systems. In the presence of broken inversion symmetry, SOC

lifts spin degeneracy and generates momentum-dependent spin textures, commonly de-
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scribed by Rashba-type splitting, as observed in Bi/Ag surface alloys and semiconductor
heterostructures [43]. Beyond modifying electronic structure, the interplay of reduced di-
mensionality and SOC has profound consequences for magnetism. In strictly 2D isotropic
systems, long-range magnetic order is suppressed at finite temperature, as described by the
Mermin-Wagner theorem [44]. However, magnetic anisotropy primarily arising from SOC
can stabilize long-range magnetic order even in atomically thin systems [45]. Recent studies
have confirmed intrinsic magnetism in materials such as Crls, CroGe,Teg, and Fe;GeTes,
demonstrating that stable magnetic order can persist in 2D monolayers, when sufficient
anisotropy is present [46, 45, 47]. These systems highlight the crucial role of SOC driven

anisotropy and reduced dimensionality in determining magnetic behavior.
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Figure 1.2: (a) H- and T-phase TMDC monolayers illustrating inversion symmetry. (b)
Schematic of a TMDC/metal van der Waals heterostructure heterostructure. (c) Emergent
phenomena including SOC, DMI, and skyrmions.

In addition to intrinsic magnets, magnetic properties can be engineered in thin films
and heterostructures through interface effects, strain, and proximity to heavy elements. For
example, Fe films grown on Ir(111) exhibit modified magnetic interactions due to strong
interfacial SOC, leading to nontrivial spin configurations [48]. Such systems provide a

versatile platform for tuning magnetic interactions in low-dimensional systems. The coex-
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istence of broken inversion symmetry and strong SOC gives rise to antisymmetric exchange
interactions, most notably the Dzyaloshinskii-Moriya interaction (DMI) [49]. Thus, in 2D
systems, electronic structure, symmetry breaking, and SOC are intrinsically linked to mag-
netism and the emergence of complex spin textures, forming the foundation for the phe-

nomena explored in the following sections.

1.3.2 Chiral Magnetism and Dzyaloshinskii—-Moriya Interaction

In magnetic systems, the competition between different exchange interactions determines
spin ordering. While the Heisenberg exchange favors collinear alignment, relativistic spin-
orbit effects introduce additional interactions. In systems lacking inversion symmetry, this

leads to the DMI [50, 51], which can be expressed as
EDMI = Dij . (Sz X Sj), (12)

where D;; is the DMI vector. Unlike the symmetric exchange interaction, which favors
collinear spin alignment, DMI promotes canting between neighboring spins, stabilizing
chiral magnetic configurations. Depending on the origin of this symmetry breaking, it can
be broadly categorized into two types. In non-centrosymmetric crystal structures, such as
MnSi and FeGe, DMI arises intrinsically from the lattice symmetry [52]. In contrast, in
low-dimensional systems and heterostructures, DMI originates at interfaces where inver-
sion symmetry is broken and strong SOC is introduced, as observed in systems such as
Fe/Ir(111) and Co/Pt [53, 48]. This interaction stabilizes noncollinear spin textures such as
spin spirals and chiral domain walls like skyrmions as shown in Fig. 1.2 (c) . Its strength
depends sensitively on crystal symmetry, atomic structure, and SOC, making it tunable via
material design and interface engineering [54]. In low-dimensional systems, these effects
are enhanced, enabling nanoscale chiral structures.

The interplay between exchange interaction, DMI, and magnetic anisotropy determines
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the magnetic ground state, including the emergence of topological spin textures [49]. Un-
derstanding and controlling DMl is therefore central to chiral magnetism in low-dimensional

systems.

1.3.3 Magnetic SKyrmions

Magnetic skyrmions are topologically nontrivial spin textures characterized by a continuous
rotation of spin orientations from a central core to the surrounding magnetic background.

Their topology is described by the skyrmion number

Q= 4i /m - (9,m x 9,m) dx dy, (1.3)
™

which takes integer values for isolated skyrmions [55]. This topological protection distin-
guishes them from trivial spin configurations and underlies their stability. Skyrmions were
first observed in bulk chiral magnets such as MnSi and FeGe [52], and later in ultrathin
films such as Fe/Ir(111), where interfacial DMI stabilizes nanoscale skyrmions [48]. De-
pending on symmetry, skyrmions can adopt Bloch or Néel configurations, determined by
the nature of the DMI [55].

Their nanoscale size and low current-driven mobility make skyrmions promising for
spintronic applications, including racetrack memory devices [53]. Additional textures such
as antiskyrmions and bimerons further enrich this field [56]. In low-dimensional systems,
skyrmions can be stabilized through the interplay of DMI, magnetic anisotropy, and ex-
ternal fields. Their tunability via strain, electric fields, and interface engineering provides
a powerful route for designing functional spintronic materials [49]. Understanding their

formation and control constitutes a central theme of the present work.
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1.4 Motivation and Scope of the Thesis

The preceding sections have established that the electronic structure of materials forms the
foundation for understanding their transport and magnetic properties. In particular, the in-
terplay between band structure, symmetry, and SOC plays a decisive role in determining
emergent phenomena in both bulk and 2D systems. While bulk semiconductors provide
a well-established framework for studying electronic and transport behavior, reducing di-
mensionality introduces symmetry breaking and enhanced relativistic effects, leading to
new magnetic interactions such as the DMI and the stabilization of topological spin tex-
tures. While these developments have significantly advanced our understanding of elec-
tronic structure, transport, and chiral magnetism, important challenges remain in achieving
quantitative accuracy in complex bulk systems and in establishing a predictive link be-
tween electronic structure and emergent magnetic interactions in 2D materials. The work
presented in this thesis addresses these challenges and is divided into two main parts.

In the first part of this thesis, we focus on bulk semiconductor systems, where the re-
lationship between electronic structure and material properties can be systematically an-
alyzed. Particular emphasis is placed on the accurate description of electronic structure,
phase stability, and thermoelectric transport in Cu- and Ag-based chalcopyrite semicon-
ductors using advanced density functional approaches. In the second part, the focus shifts
to 2D systems, where symmetry breaking and strong SOC fundamentally alter magnetic be-
havior. In these systems, the coexistence of broken inversion symmetry and SOC gives rise
to chiral magnetic interactions such as DMI, enabling the formation of noncollinear spin
textures including skyrmions. The thesis therefore investigates the microscopic origin and
tunability of DMI, noncollinear magnetism, and the stabilization of skyrmionic spin tex-
tures in two-dimensional materials and vdW heterostructures. Specifically, the objectives

of this thesis are summarized as follows:
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To investigate the electronic structure and phase stability of Cu- and Ag-based bulk
chalcopyrite semiconductors using advanced density functional methods with im-

proved predictive accuracy.

To analyze the thermoelectric properties of Ag-based ternary and quaternary chal-
copyrite systems, with particular emphasis on the relationship between electronic

structure, carrier transport, and thermoelectric performance.

To explore the role of reduced dimensionality, inversion symmetry breaking, and
SOC in determining the magnetic properties of non-centrosymmetric 2D systems,

particularly the H-phase FeTe, monolayer.

To investigate the formation, stability, and manipulation of topological spin tex-
tures such as skyrmions using atomistic and micromagnetic approaches in vdW het-
erostructures, specifically T-FeTes/Pt, where interfacial symmetry breaking and strong

SOC generate sizable DMI.

To understand the microscopic origin and tunability of the Dzyaloshinskii—-Moriya
interaction through chemical engineering, particularly via Co and Pt doping in Ti,Si,

enabling enhanced SOC and symmetry breaking.

Through these investigations, this thesis aims to establish a unified understanding of

how electronic structure governs transport phenomena in bulk systems and drives chiral

magnetism in 2D materials. By connecting first-principles electronic structure calculations

with emergent magnetic phenomena such as DMI and skyrmions, this work contributes to

the rational design of quantum materials with tailored functionalities for future electronic

and spintronic applications.
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Chapter 2

Theoretical Methods

2.1 Introduction

The theoretical description of material properties requires an understanding of the under-
lying electronic degrees of freedom. Electrons, owing to their small mass and quantum
nature, play a central role in determining the electronic, magnetic, and chemical behavior
of materials, while the heavier atomic nuclei can generally be treated separately within the
usual approximations. Early descriptions of electronic behavior in solids were developed
from classical pictures of conduction, most notably the free-electron model introduced by
Drude [57] and subsequently developed by Lorentz [58]. Although these models provided a
basic description of electrical conduction, they could not account for several important prop-
erties of real materials. The development of quantum mechanics and band theory provided
a more appropriate framework for describing electrons in solids and led to the classification
of materials into metals, semiconductors, and insulators [59, 60].

The quantum-mechanical treatment of interacting electrons gives rise to a many-body
problem whose direct solution becomes increasingly demanding with system size. A num-
ber of electronic-structure approaches, including the Hartree—Fock method, Maller—Plesset
perturbation theory, and coupled-cluster methods, have therefore been developed to treat
electron correlation at different levels of approximation [61, 62, 63]. While these methods
can provide highly accurate results for suitable systems, their computational requirements
can become prohibitive for extended materials.

Density Functional Theory (DFT), developed through the work of Hohenberg—Kohn

and Kohn—Sham, provides an alternative framework for treating the electronic structure of
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many-electron systems [64, 65]. The central idea is to formulate the ground-state prob-
lem in terms of the electron density rather than the full many-electron wavefunction. This
reformulation makes first-principles calculations feasible for atoms, molecules, and peri-
odic solids while retaining a practical description of the effects of electron—electron in-
teractions [66, 67]. Within DFT, the accuracy of the calculated properties depends on
the treatment of the exchange-correlation contribution. Consequently, the choice of the
exchange-correlation approximation is an important consideration when calculating elec-

tronic, structural, magnetic, and related properties [64, 68].

2.2 Quantum Mechanical Description of Many-Electron
Systems

The quantum-mechanical description of matter is based on the time-independent Schrodinger
equation [69]. For a few simple systems, such as the hydrogen atom, this equation can be
solved analytically [70]. Such a direct treatment, however, becomes impractical for sys-
tems containing many interacting electrons. The electron—electron interaction couples the
motion of individual particles, making the resulting many-body problem computationally
demanding [61].

For a system containing both electrons and nuclei, the time-independent Schrodinger

equation can be written as an eigenvalue problem involving the total Hamiltonian Hy:
HyVp = EpWr, (2.1

Here, U1 denotes the complete wavefunction of the system and depends on the coordinates
of both electrons and nuclei, while £ denotes the corresponding total energy. The total
Hamiltonian includes the kinetic energies of the particles together with their mutual inter-
actions. Because the nuclei are substantially heavier than the electrons, their characteristic

motion occurs on a much slower time scale. This difference in mass provides the basis for
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the Born—Oppenheimer approximation, which allows the nuclear and electronic degrees of
freedom to be treated separately [71]. Under this approximation, the Hamiltonian, energy,

and wavefunction can be written as

Hy=H+ H, (2.2)
Epr=FE+ E, (2.3)
Uy =00, (2.4)

where H and H,, describe the electronic and nuclear parts, respectively, and £ and F,, are
their corresponding energies. Likewise, the total wavefunction is represented by separate
electronic (V) and nuclear (¥,,) components. The electronic contribution constitutes the
central computational problem considered in electronic-structure calculations.

Within the Born—Oppenheimer framework, the electronic problem involves N inter-
acting electrons moving in an external potential vex (). The corresponding many-electron
Schrdédinger equation is

—liv%iv (T)—l—lii; U(x rn) = EV(x TN)
5 £ i — ext\ 7 5 gy ‘7"1'—7"3'\ 1,y TN) = 1y s TN)-
(2.5)
The three terms in the Hamiltonian describe, respectively, the electronic kinetic energy, the
interaction of the electrons with the external potential, and the Coulomb interaction between
electron pairs. The electron—electron contribution couples the coordinates of different elec-
trons and is a major source of difficulty in obtaining the many-body solution.

Electrons obey Fermi—Dirac statistics and are therefore fermionic particles. The corre-

sponding many-electron wavefunction must change sign when the coordinates of any two

electrons are interchanged. This antisymmetry requirement is written as
U(z1, ooy Ty ooy Ty oy TN) = = V(X1 oo, Ty ooy Ty ooy TN, (2.6)

where z; = (r;, 0;) contains the spatial coordinate and spin variable of the i-th electron.
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The antisymmetric character of the wavefunction is directly related to the Pauli exclusion
principle and places an important constraint on the allowed electronic states.

The wavefunction also provides a probabilistic description of the electronic configura-
tion. In particular, |¥|? represents the corresponding probability density in the full config-

uration space. Consequently, the wavefunction must be normalized according to
Z /d3r1 o dry |Y(ro, ..., rnoy)|? = 1. 2.7
150N

A more directly useful quantity for electronic-structure calculations is the electron density.
The spin-resolved density is obtained by integrating out the coordinates of all electrons

except one:
ne(r) =N Z /d37“2 o dry |V (ro, meoy, . TnoN) |, (2.8)
2 ON

The factor N accounts for the indistinguishability of the electrons. The density is normal-
ized such that the total number of electrons is recovered upon integration over space and

summation over spin:

> / d*rng,(r) = N. (2.9)

The expectation value of the electronic Hamiltonian can be expressed in terms of the many-

electron wavefunction as
(UIH|W) = (U|T + tox + Vee| W) = T + Vi + U = E,, 2.10)

where T', V4, and U denote the kinetic, external-potential, and electron—electron interaction

contributions, respectively. These terms may be written in terms of the total electron density

(T) :—%Z<\If iv? \1:> (2.11)
o =1
(Vext) = /d3rn(7“)vext(r) (2.12)
) = [ [ @.13)
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2.2.1 Wavefunction Variational Principle

The variational principle provides a practical route for obtaining the ground-state solution
of a quantum-mechanical system [70]. For a normalized trial wavefunction, the expecta-
tion value of the Hamiltonian cannot fall below the exact ground-state energy. The ground
state can therefore be obtained by minimizing this expectation value while enforcing the

normalization constraint. This condition is expressed as
o { (W) - piw i) } =0, (2.14)

where p acts as a Lagrange multiplier associated with the normalization of the wavefunc-

tion. Requiring the functional to be stationary with respect to variations in ¥ gives
(H — p)¥) =0, (2.15)

which has the form of the time-independent Schrodinger equation, with ;. corresponding
to the associated energy eigenvalue. The variational formulation provides the underlying
basis for several electronic-structure approaches, including the Hartree—Fock method and

density functional theory.

2.2.2 Hartree-Fock Approximation

The Hartree-Fock (HF) approximation [ 72, 73] provides a mean-field treatment of the many-
electron problem introduced above. Starting from the variational condition in Eq. (2.14), the
many-electron state is represented in terms of N single-particle spin-orbitals. The required
antisymmetry under exchange of electrons is ensured by expressing the many-electron state

as a Slater determinant:

1
V' N!

quF = det[zﬁh . ,1/)]\[], (216)
or explicitly,
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wl(ﬁ‘) wl(fz) wl(@v)
s - [ S U
UN(T1) Yn(T2) - Un(TN)

where 1); denotes the corresponding spin-orbital. The orbitals are determined by mini-

(2.17)

mizing the expectation value of the electronic Hamiltonian, (\IIHF|1£I |Wyr), while maintain-
ing their orthonormality, (1;|1;) = d;;. The resulting total energy within the HF approxi-

mation is

B =3 [ druitec) (5 ) vteo)+ [ntoater

| , b, oy (1, o (o (s o)
v [ardnt _w|“§:§:/ﬁ3f P ’

i,j o,0’

(2.18)

The four contributions in Eq. (2.18) represent the kinetic, external-potential, Hartree,

and exchange terms, respectively. The exchange contribution arises directly from the an-

tisymmetric form of the wavefunction. For identical orbital indices, it compensates the

corresponding self-interaction contribution contained in the Hartree term. Thus, within the
HF description, the exchange interaction is treated exactly at the mean-field level.

Applying the variational condition to Eq. (2.18) gives the self-consistent Hartree-Fock

equations:

1_, 3 5 W o' )i(r', o’)
[—§V ‘I’Uext() /d ’ ( /‘]¢Z r, U Z/d I.|r_r/’r 77/}]‘(1',0')

- eiwi (r7 0)7
(2.19)

where ¢; are the Lagrange multipliers introduced to enforce orbital orthonormality and

are commonly interpreted as the corresponding orbital energies. The HF approximation pro-

31



2 Theoretical Methods

vides an exact treatment of the exchange contribution within its single-determinant frame-
work, but it does not explicitly account for electron correlation beyond this exchange de-
scription. This limitation becomes important for systems in which correlation effects play
a substantial role. Methods such as configuration interaction (CI) can incorporate addi-
tional correlation effects, although their computational cost increases rapidly with system
size. Density functional theory offers a more computationally practical framework in which
exchange and correlation are incorporated through an exchange-correlation functional, as

discussed in the following section.

2.3 Density Functional Theory

Density Functional Theory (DFT) provides a practical framework for obtaining the ground-
state properties of interacting many-electron systems [64, 65]. A direct treatment of the
many-electron Schrodinger equation requires the wavefunction to depend on the coordi-
nates of all V electrons, resulting in a 3/NV-dimensional spatial dependence. The associated
computational effort becomes increasingly demanding as the number of electrons increases,
making a direct solution unsuitable for extended materials. DFT instead takes the electron
density n(r) as the basic variable. Since the density depends only on the three spatial co-
ordinates, the description is considerably simplified compared with the full many-electron
wavefunction. This density-based formulation has made DFT a central first-principles ap-
proach for studying the structural, electronic, and magnetic properties of condensed matter

systems.

2.3.1 Hohenberg-Kohn Theorems

The theoretical basis of DFT is provided by the Hohenberg-Kohn (HK) theorems [64].
These theorems establish that the ground-state electron density n(r) contains sufficient in-

formation to characterize the ground-state properties of an interacting many-electron sys-
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tem.

Theorem I: The ground-state electron density n(r) uniquely determines the external
potential v(r), apart from an arbitrary additive constant. Consequently, the Hamiltonian
of the system, as given in Eq. 2.5, is fixed by the ground-state density. All ground-state
observables, including the total energy, can therefore be regarded as functionals of n(r).

Theorem I1: For any trial density 0(r) that satisfies ii(r) > 0 and [ n(r)dr = N, the

corresponding energy functional obeys the variational condition:
Eln) < EJfl, (2.20)

where n(r) denotes the exact ground-state density. The physical density is therefore the one
that minimizes the total energy among all admissible densities. The first theorem allows the
total energy to be separated into a universal contribution and the interaction with the external

potential:
Buln] = Pl + [ n(r)ocs) ar. @an)

Here, the universal Hohenberg-Kohn functional Fy i [n] = T'[n] 4+ V..[n] contains the ki-
netic energy and electron—electron interaction energy. Its form does not depend explicitly
on the particular external potential. The ground-state density can then be found by mini-

mizing £, [n] while keeping the total number of electrons fixed:

5 {Ey[n] —u (/n(r)dr - N) } 0, (2.22)

where p is the Lagrange multiplier associated with the electron-number constraint [ n(r)dr =
N. At the stationary point, this quantity corresponds to the chemical potential of the system

and gives the Euler—Lagrange equation

(2.23)
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2.3.2 Kohn-Sham (KS) Formalism

The Hohenberg—Kohn framework establishes that the ground-state density is sufficient to
determine the properties of the system, but it does not provide an explicit form for the uni-
versal functional Fyx[n]. Kohn and Sham introduced a practical construction in which
the original interacting many-electron problem is replaced by an auxiliary system of non-
interacting electrons having the same ground-state density [65]. The electron-electron in-
teractions are incorporated through an effective potential, reducing the problem to a set of
coupled single-particle equations.

Within this formulation, the total energy is written as

Eyfn] = Tufn] + / n(e)o(r) dr + % / % & dr’ + Bgn), (2.24)

where T,[n] denotes the kinetic energy of the auxiliary non-interacting electrons. The sec-
ond contribution describes their interaction with the external potential, while the third term
represents the classical Hartree energy. The remaining many-body contributions are col-
lected in the exchange-correlation functional Ey.[n].

The electron density associated with the occupied KS orbitals {¢;(r)} is obtained from

n(r) = > [i(r)[* (2.25)

Minimization of the total energy with respect to these orbitals, subject to their orthonormal-

ity, gives the single-particle Kohn—Sham equations:

[—%VQ + veff<r)} (1) = (), (2.26)

where the effective potential is composed of the external, Hartree, and exchange-correlation

contributions:

Ver(r) = v(r) + / |:L(_r2/| d®r’ + v (1), (2.27)
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with the exchange—correlation potential defined by

Uxe(T) = 55:53;]

, (2.28)

In practical calculations, the KS equations are treated through a self-consistent field
(SCF) cycle. An initial electron density is first chosen and used to construct veg(r) from
Eq. (2.27). The resulting KS equations in Eq. (2.26) are then solved to obtain the orbitals
1;(r) and their corresponding eigenvalues ¢;. These orbitals are used to generate an updated
density through Eq. (2.25). The updated density is subsequently used to construct a new
effective potential, and the procedure is repeated until the density and total energy satisfy
the chosen convergence criteria. This self-consistent procedure provides the ground-state
solution within the selected approximation for Fy.[n].

The reliability of a KS calculation depends strongly on the treatment of exchange and
correlation. Because the exact functional is not available in closed form, practical DFT
calculations employ approximate forms of F,.[n]. The choice of this functional therefore

plays an important role in determining the accuracy of calculated material properties.

2.3.3 [Exchange-Correlation Functional

The exchange-correlation (XC) functional F.[n] contains the electronic effects that are not
represented explicitly by the non-interacting kinetic-energy term and the classical Hartree
contribution [74, 75]. It incorporates exchange effects associated with the fermionic nature
of electrons together with correlation effects arising from their mutual Coulomb interac-
tion [76]. Although the Kohn—Sham formulation provides an exact formal framework, the
explicit dependence of Ei.[n] on the electron density is not known. Its practical treatment
therefore requires an appropriate approximation.

The corresponding XC potential is obtained from the functional derivative of the XC

energy, as defined in Eq. (2.28). Different approximations to Fy.[n] have been developed to
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balance accuracy and computational cost. The choice of the XC functional is consequently
an important part of a DFT calculation and can influence the predicted structural, electronic,

and magnetic properties of a material.
Local Density Approximation (LDA)

The Local Density Approximation (LDA) provides a simple description of exchange-correlation
effects by relating the XC energy at each position to the electron density at that posi-
tion [75, 74]. The underlying assumption is that the electronic environment around each
point can be treated locally as a homogeneous electron gas with the same density. The

corresponding XC energy functional is written as

EXPAIn) = / n(r) exe(n(r)) d*r, (2.29)

where €,.(n) denotes the XC energy per electron of a homogeneous electron gas character-
ized by the density n(r). The associated XC potential follows from the functional derivative
of the XC energy:

oA () =SB _ ) )

on(r)

Oéxc(n) |

2.30
o (2.30)
The XC contribution can be separated into exchange and correlation components according

to
éxe(n) = €(n) + €(n). (2.31)

For the homogeneous electron gas, the exchange contribution has an analytical form [77]:

1/3
x(n) = —Z @) nt/3. (2.32)

The correlation contribution €.(n), on the other hand, is obtained from numerical calcu-
lations and represented through suitable parametrizations. Accurate quantum Monte Carlo
calculations of the homogeneous electron gas provide the basis for widely used parametriza-

tions [78, 79]. For magnetic systems, the spin dependence of the density is incorporated
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through the Local Spin Density Approximation (LSDA). In this case, the total density is

resolved into spin-up and spin-down components, n4(r) and n(r), giving

FLSDA _ / n(r) exe(nr (1), (1)) dPr (2.33)

LDA is most appropriate when the electron density changes gradually over space and can
provide a good description of equilibrium structural properties. Its limitations become more
apparent for strongly inhomogeneous systems. In particular, LDA commonly gives overly
strong binding and tends to underestimate semiconductor and insulating band gaps [80, 76,

81].
Generalized Gradient Approximation (GGA)

The Generalized Gradient Approximation (GGA) extends the LDA description by including
information about how the electron density changes in space [82, 83]. Thus, in addition to
the local density n(r), the XC energy depends on its spatial gradient Vn(r). This additional
dependence makes GGA more suitable for systems in which the electron density is not

spatially uniform. The XC energy within GGA is given by
ESGA[n] = /n(r) exe(n(r), Vn(r)) d®r. (2.34)

For a broad class of GGA functionals, the exchange contribution is written using an en-

hancement factor F,(s) applied to the LDA exchange energy:

ESA[n] = / n(r) &PA(n(r)) Fi(s) dPr. (2.35)

where the dimensionless reduced density gradient s is defined as

|Vn(r)
5= 2(3F2)33n(|r)4/3. (2.36)

The dependence on the density gradient provides GGA with greater flexibility in de-

scribing spatially varying electron densities than LDA. Among the commonly employed
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GGA forms are the Perdew—Burke—Ernzerhof (PBE) [82] and Perdew—Wang (PW91) [83]
functionals. In many systems, GGA gives improved structural parameters, total energies,
and binding characteristics relative to LDA. Nevertheless, the description of band gaps re-
mains a limitation, and correlation effects in strongly correlated systems may require a more
sophisticated treatment.

GGA therefore offers a useful compromise between computational cost and the de-
scription of exchange-correlation effects and has consequently become a standard choice
for first-principles calculations. However, the density and its first derivative are not always
sufficient to describe systems with more complex electronic environments. This has mo-
tivated the development of meta-Generalized Gradient Approximation (meta-GGA) func-
tionals, which include additional information about the electronic environment beyond n(r)

and Vn(r) [84, 85].
Meta-Generalized Gradient Approximation (meta-GGA)

The meta-Generalized Gradient Approximation (meta-GGA) represents a higher level of
approximation beyond GGA within density functional theory. In addition to the electron
density n(r) and its gradient Vn(r), meta-GGA functionals incorporate higher-order quan-
tities such as the kinetic energy density 7(r) or the Laplacian of the density, enabling a more
accurate and flexible description of electronic structure [84, 85]. The kinetic energy density

1s defined in terms of the Kohn—Sham orbitals as
1
T(r) =5 > Vi), (2.37)

where 1);(r) are the Kohn—Sham orbitals. Within this framework, the exchange—correlation

energy functional is generally expressed as

prmet-GOA T, — /n(r) exe(n(r), Vn(r), 7(r)) d*r. (2.38)
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The inclusion of 7(r) allows meta-GGA functionals to distinguish between different bond-
ing environments, thereby improving the accuracy of predicted structural and electronic
properties. A key ingredient in many meta-GGA functionals, particularly SCAN-type func-

tionals, is the dimensionless parameter « [85], defined as

w
T—T
o= (2.39)
vn|? . PR . . . uni .
where 7V = | Sn‘ is the von Weizsécker kinetic energy density [86] and 7" = -2 (372)2/3p%/3

is the kinetic energy density of a uniform electron gas. This parameter enables the func-
tional to distinguish between different electronic environments. Among the widely used
meta-GGA functionals, the strongly constrained and appropriately normed (SCAN) func-
tional [87] satisfies all known exact constraints for a semi-local functional and provides im-
proved accuracy for structural, energetic, and magnetic properties. A regularized version
of SCAN, known as r2SCAN, has been developed to improve numerical stability while
retaining the accuracy of SCAN [88]. In addition to SCAN-type functionals, the revised
meta-GGA for solids (rMGGAC) functional has been proposed to improve the description
of exchange effects in both localized and delocalized systems [89, 90]. In this context, the

Pauli kinetic energy density is defined as
=77 (2.40)

which provides a measure of electron localization. Another important class of meta-GGA
functionals includes orbital-free formulations, such as the OFR2 functional, which approx-
imate the kinetic energy density without explicit dependence on Kohn—Sham orbitals [91].
This is typically expressed as

T~ T[n,Vnl, (2.41)

thereby eliminating the need for orbital-dependent quantities and significantly reducing

computational cost. In a similar spirit, orbital-free variants of SCAN, such as SCAN-L
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and its regularized form r2’SCAN-L, have been developed [92]. These functionals replace
the explicit orbital dependence of the kinetic energy density with approximate density-based
expressions, enabling computational efficiency comparable to GGA while retaining the ac-
curacy of meta-GGA functionals. The importance of these orbital-free meta-GGA func-
tionals lies in their ability to combine improved accuracy with reduced computational cost.
By avoiding explicit orbital dependence, they are well suited for large-scale systems and
high-throughput calculations. In addition, they exhibit enhanced numerical stability and
reduced sensitivity to basis sets or real-space grids, making them particularly attractive for
practical implementations of DFT. These meta-GGA functionals are employed in Chapter 3
for benchmarking the electronic structure and phase stability of semiconductors.

Although meta-GGA functionals are generally more computationally demanding than
LDA and GGA, they offer a better balance between accuracy and efficiency compared to
hybrid functionals. As a result, they are widely used in modern first-principles calculations,

particularly for systems involving transition metals and complex magnetic interactions.
Beyond Semilocal Approximations: Hybrid Functionals

Semilocal functionals such as LDA, GGA, and meta-GGA describe exchange-correlation
effects using local or semilocal information about the electron density. Although these
approaches are computationally efficient, their treatment of exchange can lead to systematic
errors in properties such as band gaps and in systems where self-interaction and long-range
screening play an important role. Hybrid functionals address these limitations by combining
semilocal exchange with a contribution from exact Hartree—Fock (HF) exchange.

For solid-state calculations, the Heyd—Scuseria—Ernzerhof (HSE) functional [93, 94]
provides a screened hybrid approach in which the Coulomb interaction is separated into
short-range (SR) and long-range (LR) parts. Exact HF exchange is incorporated only in the

short-range component, while the remaining exchange and correlation terms are described
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using the PBE functional. The corresponding exchange-correlation energy is
Byt = aByt(w) + (1 = ) EfPE5 (w) + E7P (w) + B (2.42)

where « specifies the fraction of HF exchange and w determines the range over which
the Coulomb interaction is screened. The HSE06 parameterization uses a = 0.25 and
w = 0.2 A", This screened treatment generally improves the description of band gaps and
related electronic properties relative to semilocal functionals.

A limitation of HSEO6 is that both o and w are fixed parameters. Consequently, the same
degree of exact exchange is applied irrespective of the dielectric response of the material.
This can become important when comparing systems with substantially different screen-
ing properties, where a fixed screening prescription may not provide a uniformly accurate
description.

Dielectric-dependent hybrid (DDH) functionals provide a material-dependent alterna-
tive by relating the amount of exact exchange to the dielectric screening of the system [95].
In this approach, the long-range HF contribution is weighted according to the inverse macro-
scopic dielectric constant, e '. A range-separated form of the DDH exchange-correlation

energy can be written as

Epe=(1—a)E + BN 4+ (1 — ) BN + e BT 4+ EO (2.43)

T

Here, the amount of long-range exact exchange is determined by the dielectric screening
rather than being fixed universally. This provides a material-dependent treatment of ex-
change and can improve the transferability of hybrid calculations across systems with dif-
ferent dielectric responses.

The range separation is controlled by the screening parameter 1, which sets the char-
acteristic division between short- and long-range interactions. Recent developments have

introduced a first-principles determination of i based on the compressibility sum rule, con-
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necting the screening parameter with the exchange-correlation energy of the uniform elec-
tron gas [96]. The resulting methodology is employed in Chapter 4 to study high-band-gap
semiconductors, for which an appropriate description of dielectric screening is important

for obtaining reliable electronic properties.
Hubbard Correction: DFT+U Method

Semilocal and hybrid functionals do not always provide an adequate description of systems
containing strongly localized electronic states, particularly partially filled transition-metal
d orbitals and rare-earth f orbitals. For these systems, the treatment of on-site electron—
electron interactions within conventional DFT can lead to excessive delocalization of lo-
calized states and consequently affect the predicted electronic and magnetic properties. The
DFT+U method addresses this issue by adding an explicit on-site Coulomb interaction for

the selected localized orbitals [97, 98]. The total energy is expressed as
EPTTHY = BT 4 By — Enp, (2.44)

where E; denotes the additional Hubbard interaction and Epc accounts for the double
counting of interactions already contained in the underlying DFT functional.

A simplified rotationally invariant formulation was introduced by Dudarev et al. [99].
In this approach, the correction is determined by the effective interaction parameter Uy =
U — J, giving

Uetr

BV = EPT 4 =23 (e — 1) (2.45)
m,o

where n,,,, represents the occupation of a localized orbital with orbital index m and spin .

The additional energy term favors integer occupations of the localized states and therefore

provides a more appropriate treatment of their on-site Coulomb interactions. As a result,

DFT+U can improve the description of electronic structures, magnetic moments, and band

gaps in systems where localized electrons play an important role.
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The reliability of a DFT+U calculation depends on the value assigned to the Hubbard
parameter U. This parameter may be selected empirically or obtained from first-principles
approaches such as linear-response and constrained DFT calculations. Compared with more
computationally demanding many-body methods, DFT+U offers a relatively inexpensive
way of including the dominant on-site correlation effects associated with localized orbitals.

The systems investigated in Chapters 5, 6, and 7 contain transition-metal states for
which partially occupied d orbitals are important. DFT+U is therefore employed in these
chapters to account for the corresponding on-site electron correlations and to obtain a more
reliable description of their electronic and magnetic properties.

In this chapter, the theoretical concepts used throughout this thesis have been intro-
duced. The discussion covered density functional theory together with the principal exchange-
correlation approximations considered in the present work, ranging from semilocal func-
tionals to hybrid and dielectric-dependent hybrid approaches. The DFT+U method was also
introduced to treat systems containing localized d states. These methods form the theoreti-
cal basis for the electronic-structure calculations and subsequent analyses presented in the

following chapters.

2.3.4 Pseudopotentials and Plane-Wave Basis

The explicit treatment of core and valence electrons in first-principles calculations can be
computationally demanding, particularly because the wavefunctions of core electrons vary
rapidly close to the atomic nuclei. A pseudopotential approach replaces the explicit core-
electron contribution with an effective interaction acting on the valence electrons [100].
The resulting pseudo-wavefunctions are smoother in the region close to the nucleus and
therefore require fewer basis functions for their representation. Outside a selected core ra-
dius, the pseudo-wavefunctions are constructed to reproduce the corresponding all-electron

behavior.

43



2 Theoretical Methods

Two commonly used approaches are norm-conserving pseudopotentials and the projec-
tor augmented wave (PAW) method. Norm-conserving constructions impose constraints on
the pseudo-wavefunctions to preserve the relevant charge properties, while PAW provides a
transformation between smooth pseudo-wavefunctions and the corresponding all-electron
quantities [101]. The smoothness introduced by these approaches makes plane waves a
convenient basis for representing electronic states in periodic systems.

For a periodic crystal, Bloch’s theorem allows a Kohn—Sham state to be represented

using reciprocal lattice vectors G:

Yu(r) =) Coprg e ™0™, (2.46)
G

where k denotes a wave vector within the Brillouin zone and G is a reciprocal lattice vector.
The plane-wave basis is made finite in practical calculations by introducing a kinetic-energy

cutoff By ,

The cutoff determines the number of plane waves included in the calculation. Increasing

E.. enlarges the basis and generally improves the convergence of calculated quantities, at

the expense of additional computational effort. Consequently, the cutoff is selected through

convergence testing to obtain the required accuracy at a manageable computational cost.
The combination of pseudopotentials or PAW with a plane-wave basis is particularly

well suited to periodic solids. It provides a convenient framework for solving the Kohn—

Sham equations while allowing systematic control of basis-set convergence [102].

2.3.5 van der Waals Interactions in Density Functional Theory

Standard implementations of density functional theory, particularly within the LDA and
GGA, are well suited for describing covalent and ionic bonding. However, these semi-

local exchange—correlation functionals fail to capture long-range dispersion interactions,
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commonly referred to as van der Waals (vdW) forces. These interactions arise from corre-
lated charge fluctuations between spatially separated regions and are inherently non-local
in nature [103, 104]. The absence of vdW interactions in conventional DFT can lead to
significant inaccuracies in systems where weak interactions dominate, such as layered ma-
terials, molecular crystals, and van der Waals heterostructures. In such systems, neglecting
dispersion forces results in incorrect predictions of interlayer distances, binding energies,
and structural stability. To overcome this limitation, several approaches have been devel-
oped to incorporate vdW interactions within the DFT framework. One widely used class of
methods is the semi-empirical dispersion correction schemes, such as the DFT-D methods,
where an additional energy term is added to account for long-range interactions [ 105]. The

total energy in such approaches can be expressed as

Eprrp = Eprr + Edisp, (2.48)

where Egi, represents the dispersion correction typically described by pairwise atomic in-
teractions. Another class of methods involves non-local van der Waals density function-
als (vdW-DF), which incorporate dispersion interactions directly into the XC functional
through a non-local correlation term. These approaches provide a more physically grounded
description of long-range interactions and have been successfully applied to a wide range
of systems [104]. The inclusion of vdW interactions is particularly important in the study
of low-dimensional materials and layered systems, where weak interlayer coupling plays a
critical role in determining structural and electronic properties. Accurate treatment of these
interactions is therefore essential for reliable prediction of material behavior.

In this thesis, van der Waals interactions are incorporated using dispersion-corrected
approaches in conjunction with the DFT+U method, in order to accurately describe the
structural and electronic properties of van der Waals heterostructures where both weak in-

terlayer coupling and strong electronic correlations play an important role in Chapter 6.
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2.3.6 Wannier Tight-Binding Model and Maximally Localized Wan-
nier Functions

While first-principles calculations provide an accurate description of electronic structure,
their direct use in analyzing microscopic interactions or transport properties can be com-
putationally demanding. An efficient approach is to construct a tight-binding Hamiltonian
in a localized basis, which retains the essential physics while reducing computational com-
plexity. In this context, Wannier functions offer a convenient framework for connecting
first-principles calculations with model Hamiltonians. Wannier functions are localized real-
space orbitals obtained from a unitary transformation of Bloch states. For a given band n,

the Wannier function centered at lattice vector R is defined as

wn(Rx) = - 3 e ), (2.49)
k

where 1,k (r) are the Bloch wavefunctions. Since the Wannier representation is not unique,
maximally localized Wannier functions (MLWFs) are constructed by minimizing the spatial
spread of the orbitals, leading to a set of well-localized functions that closely resemble

atomic-like orbitals [106, 107]. The total spread functional is given by
Q=" [(wa|r?|w,) — (wy|r|w,)?] . (2.50)
Using MLWFs, the Hamiltonian Zan be mapped onto a tight-binding form, where the matrix
elements represent hopping amplitudes between localized orbitals,
Hpn(R) = (W (0) H [wy (R)). (2.51)

This representation enables efficient interpolation of band structures and provides insight
into orbital contributions and electronic interactions. In this thesis, the Wannier-based tight-
binding approach is employed selectively in the analysis of electronic and magnetic prop-
erties in Chapter 5, where it is used to construct an effective low-energy Hamiltonian and

to investigate microscopic origin of orbital resolved DMI.
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All calculations presented in this thesis were carried out using the Vienna ab initio Simu-
lation Package (VASP) [108, 109], based on density functional theory within the KS frame-
work and employing a plane-wave basis set. Different XC approaches, including meta-
GGA, hybrid functionals, and the DFT+U method, were employed as appropriate to ensure
an accurate description of the electronic, transport, and magnetic properties of the systems
studied. These methodologies form the foundation for the electronic structure calculations

and analyses presented in the subsequent chapters.

47



Chapter 3

Electronic Structure and Phase Stability
of Bulk Semiconductors

This chapter constitutes the first part of the thesis and focuses on the role of electronic struc-
ture in determining the properties of bulk semiconductors. In addition, the thermodynamic
stability of these materials is examined through phase stability analysis, which is governed
by the energetics of competing phases. The chapter also highlights the importance of XC
functionals within DFT, with particular emphasis on achieving improved accuracy and com-
putational efficiency using meta-GGA approaches. This chapter is based on the following
published work:

[1] D. Rani, S. Jana, M. K. Niranjan, and P. Samal, Journal of Physics: Condensed
Matter, 36, 165502 (2024).

3.1 Introduction

In recent years, the growing demand for efficient and sustainable energy technologies has
driven extensive research into semiconducting materials with tunable electronic and opti-
cal properties. Among these, ternary chalcopyrite semiconductors with the general formula
PIQUIRYT (where P = Cu, Ag; Q = In, Ga, Al; and R = S, Se) have emerged as a
promising class of materials for next-generation photovoltaic and optoelectronic applica-
tions. These compounds crystallize in a tetragonal structure derived from the zinc-blende
lattice with space group 142d [110], and their properties can be systematically tuned through
chemical substitution and structural modification [111, 112, 113, 114].

A defining characteristic of chalcopyrite semiconductors is their unique crystal struc-
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ture, which consists of two inequivalent cations coordinated tetrahedrally by a common
anion. This leads to unequal bond lengths between cation—anion pairs, resulting in intrin-
sic structural distortions. Such distortions significantly influence the degree of orbital hy-
bridization and play a crucial role in determining the electronic properties of the material.
Consequently, understanding the relationship between structural parameters and electronic
behavior is essential for tailoring these materials for specific applications.

Copper-based chalcopyrites, particularly Cu(In,Ga)(Se,S), (CIGS), have attracted con-
siderable attention due to their high efficiency and long-term stability in thin-film solar
cells [115, 116, 117]. One of the key advantages of these materials is their tunable direct
band gap, which can vary from 1.0 to 2.4 eV depending on composition, enabling their
use in a wide range of optoelectronic applications such as solar cells, solid-state lighting,
and photonic devices [118, 115, 119]. Several compounds, including CulnSe,, CuGaSe,,
CuGaS,, CuAlSe,, and CulnS,, have been extensively studied as efficient light absorbers
due to their favorable band gaps and optical properties [120, 121, 122, 115, 116, 117, 123].

For instance, CulnSe, exhibits an optimal band gap of approximately 1.1-1.2 eV, mak-
ing it highly suitable for photovoltaic applications, while CuGaSe, achieves competitive
efficiencies when gallium is incorporated [124]. However, it has been observed that solar
cell efficiency decreases when the band gap exceeds approximately 1.2 eV. On the other
hand, wide band gap materials such as CuAlS, (3.49 eV) are suitable for light-emitting ap-
plications in the blue region of the spectrum [125]. Despite extensive experimental studies
on these systems [126, 127, 128], theoretical predictions have not yet achieved comparable
accuracy, primarily due to the complex nature of d-electron interactions [129].

In addition to Cu-based systems, Ag-based chalcopyrites (AIGS) have also emerged as
promising materials with potential applications in optoelectronic devices, photonic sen-
sors, and photovoltaics [130]. These materials exhibit enhanced optical properties and

can improve device performance when alloyed with Cu-based compounds. For exam-
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ple, Ag(In,Ga)Se, has been shown to enhance thin-film solar cell efficiency [131], while
AglnSe, exhibits an increased band gap of 1.24 eV, improving optoelectronic performance [ 132,
133]. Similarly, compounds such as AgAlS,, AgAlSe,, AgGaS,, AgGaSe,, and AgInS, ex-
hibit desirable optical and electronic properties for various applications [ 134, 135, 136, 137,
138].

Despite the technological importance of chalcopyrite semiconductors, accurately pre-
dicting their electronic structure remains a major theoretical challenge. The electronic prop-
erties of these materials are strongly influenced by the hybridization between transition
metal d-states and chalcogen p-states, which governs the position of the valence band max-
imum and ultimately determines the band gap [139, 140]. These d-electron interactions are
highly sensitive to the choice of computational method, making reliable theoretical model-
ing difficult [141, 142, 143].

DFT has been extensively employed as a first-principles approach for studying the elec-
tronic structure of materials [26]. However, conventional exchange—correlation approxima-
tions such as the LDA [144] and the GGA [145] suffer from intrinsic limitations. In particu-
lar, these semilocal functionals introduce self-interaction errors and tend to over-delocalize
d-electrons, resulting in a systematic underestimation of band gaps and inaccuracies in en-
ergetic properties [141]. This limitation poses a significant challenge for accurately de-
scribing both electronic properties and thermodynamic stability. Hybrid functionals, which
incorporate a fraction of exact exchange, offer improved accuracy in predicting electronic
properties and band gaps [146, 147, 148, 149, 150, 151, 152]. However, their computational
cost is substantially higher than that of semilocal functionals, making them impractical for
large-scale or systematic investigations involving multiple materials and competing phases.

Within the framework of Density Functional Theory, meta-GGA functionals have emerged
as a promising alternative [153]. By incorporating additional ingredients such as the kinetic

energy density, meta-GGA functionals provide a more accurate description of electronic in-
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teractions and can distinguish between different bonding environments [87, 88, 154]. These
functionals offer a balance between computational efficiency and accuracy, making them
particularly suitable for studying complex material systems. Although some studies have
explored the use of advanced meta-GGA functionals such as SCAN and MGGAC for spe-
cific properties of chalcopyrites [155], a comprehensive and systematic investigation of
their performance in describing structural properties, electronic structure, and phase stabil-
ity remains lacking. In particular, understanding how these functionals capture structural
distortions, p—d hybridization, band gap variations, and thermodynamic stability within a
unified framework is still an open problem.

Therefore, there is a clear need to systematically investigate chalcopyrite semiconduc-
tors using advanced meta-GGA XC functionals to achieve improved accuracy without sig-
nificantly increasing computational cost. Addressing this challenge forms the central moti-
vation of the present work, which aims to provide a detailed understanding of the interplay

between structural, electronic, and thermodynamic properties of bulk semiconductors.

3.2 Computational Methodology

The present study is based on first-principles calculations within the framework of DFT, as
implemented in the Vienna A4b initio Simulation Package (VASP) [156, 108]. The interac-
tions between core and valence electrons are described using the projector augmented wave
(PAW) method [157, 109]. The XC effects are treated using both the GGA in the Perdew—
Burke—Ernzerhof (PBE) form [145] and a range of advanced meta-GGA functionals. In
particular, r’SCAN [87, 88] and rMGGAC [89, 90] are employed to assess improvements
in the prediction of structural and electronic properties. In addition, orbital-free variants
such as SCAN-L, r2SCAN-L [92], and OFR2 [91] are also considered to evaluate their

computational efficiency and performance relative to conventional functionals. These func-

51



3 Electronic Structure and Phase Stability of Bulk Semiconductors

tionals provide an efficient alternative to orbital-dependent approaches while maintaining
reasonable accuracy.

The Kohn—Sham wave functions are expanded in a plane-wave basis set with a kinetic
energy cutoff of 520 eV. The Brillouin zone is sampled using a I'-centered Monkhorst—Pack
grid of 11 x 11 x 11 for structural optimization, while a denser 15 x 15 x 15 grid is used for
electronic structure calculations, including density of states. All structures are fully relaxed
using the primitive tetragonal unit cell corresponding to the chalcopyrite phase (space group
142d). The electronic self-consistency loop is converged to an energy tolerance of 1076 eV,
and the ionic relaxation is performed until the Hellmann—Feynman forces on each atom are
less than 0.01 eV/A. The visualization of crystal structures and electronic charge densities

is performed using the VESTA software [158].

3.3 Results and Discussions
3.3.1 Structural Properties

Ternary chalcopyrite semiconductors with the general formula P/Q*/! R, exhibit intrinsic
structural distortion due to the presence of two inequivalent cations, resulting in unequal
cation—anion bond lengths [143]. The structural properties of these materials are charac-
terized by three key parameters: the lattice constant a, the tetragonal distortion parameter
n = ¢/2a, and the anion displacement parameter u. These parameters quantify deviations
from the ideal zinc-blende structure and play a crucial role in determining the electronic

properties of the system. The anion displacement parameter « is given by:
b _p— l?QfR
u=025+—7F—", (3.1
a
where [p_ and [ i denote the bond lengths between the anion and the two distinct cations.

In an ideal tetrahedral configuration, v = 0.25, while deviations from this value indicate

structural distortion. Such deviations directly influence the degree of orbital hybridization

52



3 Electronic Structure and Phase Stability of Bulk Semiconductors

4 ¢
Y ¢
1.01 ¢ ’ ‘ ¢ ®
2 |s goe koo 9
™ 1.00 f-@rererrerannanaas ‘ .................................. *® ...‘....'..
:‘h ° e ® x o *
o
(a) 0904 @ M o o ¢ u
g o .
o
B g
0.98 -
|
PBE B rMGGAC # r3SCAN-L
‘ rSCAN @ OFR2 u
0.97 T T T T T T T T T T T T
AgGaS, AgGaSe, AgAlS; AgAlSe, AgInS, AginSe, CuGaS, CuGaSe, CuAlS; CuAlSe, CulnS, CulnSe,
1.03 A PBE B rMGGAC # r’SCAN-L
¢ ‘ ® ‘ ?SCAN @ OFR2
1.02 4 ’
¢ ¢ ¢ ‘ ¢
g 101 A ‘ L e o ¢ s s
= * ¢ E v )
% 1.00 Frrrrrnnnnnnns .‘ ......... .‘. T ‘. ......... .‘ ‘
b £ * %o
0099 g
@
< u |
€7 0.98 A m
0.97 -
ol ¢
AgGaS; AgGaSe, AgAlS; AgAlSe, AgInS; AginSe, CuGaS; CuGaSe, CuAlS; CuAlSe, CulnS, CulnSe,
‘ PBE
1.06 - r?SCAN
‘ B rMGGAC
s ® OFR2
1.04 A # r2SCAN-L
5 *
-3 ]
2 1.02 ‘l‘ ®
3 |
o 1.00 freunens B [ B -cvccvncrrannnnnsnnnnnnany
() g $ |
“5o9s{ H 3 . $ : s T L
o ¢ 4
0.96 - ? ‘
® L]
* °
0941 o ?

T T T T T T T T T T T T
AgGaS: AgGaSe; AgAlS; AgAlSe; AgInS; AginSe; CuGaS; CuGaSe; CuAlS; CuAlSe; CulnS; CulnSe;

Figure 3.1: The ratio of theoretical to experimental values of (a) in-plane lattice constants
"a’, (b) tetragonal ratio 7 = ¢/2a (c) anion displacement parameter "u’ of Cu and Ag-based
ternary Chalcopyrites computed using different functionals.
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and are therefore closely related to the electronic properties, particularly the band gap [143].
The calculated structural parameters using different XC functionals are presented in Fig. 3.1,
where the theoretical values are compared with available experimental data. Fig. 3.1(a)
shows the ratio of calculated to experimental lattice constants a, while Fig. 3.1(b) and (c)
illustrate the corresponding behavior of the tetragonal distortion parameter 7 and the anion
displacement parameter u, respectively.

It is observed from Fig. 3.1(a) that the PBE-GGA functional slightly overestimates the
lattice constants, with deviations typically in the range of 2—4%. This behavior arises
from the known tendency of GGA to over-delocalize electron density in systems with
slowly varying densities. In contrast, meta-GGA functionals provide improved predictions,
with r?’SCAN showing particularly good agreement with experimental values across differ-
ent chalcopyrite systems. he variation of the tetragonal distortion parameter 7, shown in
Fig. 3.1(b), indicates that orbital-free meta-GGA functionals such as r’SCAN-L can capture
structural distortions with reasonable accuracy while maintaining computational efficiency
comparable to PBE [159, 127, 118, 160, 161, 162].

A significant improvement is observed in the prediction of the anion displacement pa-
rameter u, as shown in Fig. 3.1(c). The rMGGAC functional yields values of u that are
in close agreement with experimental data, particularly for Cu-based chalcopyrites. This
improvement can be attributed to the more accurate treatment of localized d-states, which
directly influences the bonding characteristics and reduces errors in bond length estimation.
In addition to semilocal and meta-GGA functionals, PBE+U calculations were performed
to assess the role of on-site Coulomb interaction in correcting the position of localized
d-states. However, the results show that the choice of U introduces system-dependent un-
certainty and does not consistently improve agreement with experimental data compared to
meta-GGA functionals.

Overall, the results demonstrate that while PBE provides a reasonable qualitative de-
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scription of structural properties, advanced meta-GGA functionals, especially r’SCAN and
rMGGAUC, offer significantly improved quantitative agreement with experimental observa-
tions. This highlights the importance of selecting appropriate exchange—correlation func-

tionals for accurately describing structural distortions in chalcopyrite semiconductors.

3.3.2 Electronic Structural Properties

In this section, the electronic structure of chalcopyrite semiconductors is analyzed in terms
of band structure, density of states (DOS), and band gap variations obtained using differ-
ent XC functionals. A well-known limitation of conventional DFT approaches, particularly
within LDA and GGA, is the presence of self-interaction error (SIE), which leads to an in-
accurate description of localized d-states [ 139, 163]. In chalcopyrites, this limitation results
in an improper treatment of p—d hybridization and the absence of derivative discontinuity
in the Kohn—Sham band gap. Consequently, the band gap, is significantly underestimated
compared to experimental values.

This effect is particularly evident in PBE calculations, where excessive delocalization of
d-electrons enhances p—d hybridization, causing an upward shift of the valence band and,
in some cases, leading to nearly vanishing band gaps. In contrast, the use of meta-GGA
functionals systematically improves the band gap by providing a better balance between
localized and delocalized electronic states. The performance of different functionals in
predicting band gaps is summarized in Fig. 3.1(a), where the ratio of theoretical to exper-
imental values is presented. It is evident that all meta-GGA functionals yield improved
band gaps compared to PBE, with deviations ranging from 60% to 100%. Among these,
the IMGGAC functional exhibits the best agreement with experimental values, with devia-
tions as low as 1-30% [141]. The orbital-free OFR2 functional, on the other hand, closely
follows PBE behavior due to its reduced sensitivity to orbital-dependent effects.

A direct comparison between rIMGGAC and the hybrid HSE06 functional is shown in
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Figure 3.2: (a): The ratio of theoretical and experimental band gaps with SOC correction
computed using various XC approximations and (b): Comparision of the band gaps of dif-
ferent chalcopyrite semiconductors computed using rMGGAC and HSE06 methods.
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Figure 3.3: Electronic band structure of CuGaS, with SOC using the rMGGAC exchange-
correlation approximation. The red lines delineate the conduction band while the blue lines
represent the valence band, providing a visual representation of the material’s energy levels
and electronic transitions.

Fig. 3.1(b). The close agreement between the two approaches demonstrates that ’IMGGAC
provides band gap predictions comparable to hybrid functionals, but at a significantly lower
computational cost [164, 165, 166, 1, 155]. This highlights the effectiveness of meta-GGA
methods for reliable electronic structure calculations. To gain deeper insight into the elec-
tronic structure, the band dispersion and density of states are analyzed for representative sys-
tems such as CuGaS,. The band structure obtained using the rMGGAC functional, shown
in Fig. 3.3, reveals that both the VBM and CBM are located at the I" point, indicating a
direct band gap nature. Similar behavior is observed across other chalcopyrite compounds.
The projected density of states (PDOS), shown in Fig. 3.4, provides further insight into
the orbital contributions. The upper valence band is predominantly formed by hybridized
Cu(3d) and S(3p) states, while the conduction band mainly originates from antibonding
combinations of Ga(4s), Ga(3d), and S(3s) states. A pronounced peak in Cu d-character is

observed approximately 3—4 eV below the VBM, indicating strong localization of d-states.
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Figure 3.4: Density of States (DOS) for CuGaS, calculated using DFT-PBE and various
DFT meta-GGA methods: r2’SCAN-L, r2SCAN, and rMGGAC. The total DOS is depicted
with black lines, while the projected DOS of Cu, S, and Ga are represented by green, violet,
magenta, and torquoise lines respectively. The red lines correspond to Cu-S bonds, and the
blue line represents Ga-S bonds. The position of the Fermi level is indicated by the dashed
black line.

The strength of p—d hybridization plays a crucial role in determining the band gap. In PBE,
the Cu d-states are positioned at higher energies, leading to stronger hybridization with S
p-states. This interaction shifts the VBM upward, resulting in a significantly reduced band
gap (0.68 eV for CuGaS,), corresponding to an underestimation of about 72% compared
to experiment. In contrast, meta-GGA functionals, particularly rMGGAC, shift the Cu d-
states to lower energies, thereby reducing p—d hybridization. This leads to a downward shift
of the valence band and a consequent increase in the band gap. For CuGaS,, the IMGGAC

functional predicts a band gap of 2.31 eV, which is in excellent agreement with experimen-
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tal values.

The variation in band gap across different functionals can also be correlated with the
structural parameter u. For functionals yielding v < 0.25, the anion is closer to Cu, resulting
in stronger p—d overlap and enhanced repulsion in the valence band, thereby reducing the
band gap. In contrast, for ’IMGGAC, where v > 0.25, the anion shifts away from Cu
and toward Ga, reducing orbital overlap and weakening p—d hybridization. This leads to
a widening of the band gap and improved agreement with experimental observations. A
similar trend is observed across other chalcopyrite systems, where the electronic structure
of the upper valence band is predominantly governed by Cu/Ag d and chalcogen p states.
The increasing separation between d-states and the VBM along the sequence Al — Ga —
In further reflects the role of cation chemistry in tuning the electronic structure.

Overall, the results demonstrate that accurate prediction of electronic properties in chal-
copyrites requires a proper description of d-electron localization and p—d hybridization.
Meta-GGA functionals, particularly rMGGAC, successfully capture these effects and pro-
vide band gap values in close agreement with experimental data, making them a reliable

and computationally efficient alternative to hybrid functionals.

3.3.3 Evaluation of Phase Stability and Accuracy

After elucidating the electronic structure of the chalcopyrite semiconductors, we now focus
on their thermodynamic stability through the evaluation of formation enthalpies and phase
stability diagrams. This analysis is crucial not only for understanding the intrinsic stability
of these compounds but also for assessing the accuracy of different exchange—correlation
functionals in predicting phase stability. Such investigations are central to the broader goal
of computational materials discovery [167]. In this work, the phase stability obtained using
PBE and various meta-GGA functionals is systematically compared with available exper-

imental data and hybrid functional results. Additionally, comparisons are made with data
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from established materials repositories [168, 169, 170] to identify consistent trends across

different computational approaches.
Gibbs Free Energies of Chalcopyrites and Competing Phases

At thermodynamic equilibrium, the Gibbs free energy of the chalcopyrite compound PQR,
is given by:

Gpor, = pbp + HQ + 2(1R (3.2)

which can be rewritten in terms of chemical potential differences as:
AGpgr, = Apup + Apg + 2App (3.3)

Here, Ap; = p; — pf represents the deviation of the chemical potential from its elemental
reference state. The thermodynamic stability condition to prevent elemental precipitation
requires:

Ap; <0 (3.4)

The Gibbs free energy can be expressed as:
G - EDFT —|— Fvib + PV (35)

where Epgr is the total energy, Fi;, is the vibrational contribution, and PV accounts for
pressure—volume effects. In this work, entropy and pressure contributions are neglected,
leading to:

AGpgr, = Epbhh, — EpFT — EQFT — 2ER"T (3.6)

A negative AG confirms thermodynamic stability. The calculated formation enthalpies
for all chalcopyrites are summarized in Table 3.1. A clear trend emerges: the PBE func-
tional significantly underestimates formation enthalpies by approximately 25-42%, con-
sistent with its known underbinding behavior [171]. In contrast, meta-GGA functionals

provide systematic improvement. SCAN and r2SCAN reduce the error to about 12-35%,
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Table 3.1: Calculated enthalpy of formation of PQR (eV per formula unit).

Compound PBE SCAN r’SCAN MGGAC rMGGAC SCANL r’SCANL OFR2 Ref

CulnSeq -1.78 -2.05  -2.15 -2.36 -2.37 -1.80 -2.05 -1.91 -2.77¢
AgInSe,  -1.71 -193  -1.53 -2.46 -2.53 -1.80 -2.06 -1.85 -2.51¢
CuGaSsy -241 279 -2.89 -3.16 -3.30 -2.60 -2.79 2.67 -2.99°
AgGaSy -2.13 239 254 -2.96 -2.98 -2.11 -2.43 -2.31 -
CuAlS, -335 -397 -393 -4.28 -4.17 -3.76 -3.83 -3.59 -4.50°¢
AgAIlS, -3.09 -3.66 -3.67 -4.17 -3.92 -3.44 -3.56 -3.31 -
CuGaSep, -1.94 -2.12 -2.33 -2.39 -2.57 -1.97 -2.18 270 -3.27¢
AgGaSep; -1.84 -191 -2.17 -2.38 -2.44 -1.68 -2.01 -1.88 -
CuAlSey; -2.54 -2.82  -3.05 -3.31 -3.24 -2.73 -2.89 =270 -4.24¢
AgAlSe, -2.51 -2.83  -2.97 -3.37 -3.18 -2.54 -2.80 -2.59 -3.24f
CulnS, -2.05 -2.55  -2.60 -2.90 -3.06 -2.48 -2.60 -2.42  -3.309
AgInS, -1.68 -2.15 225 -2.51 -2.55 -1.98 -2.18 -2.00 -

a[170] °[172] °[173] 9[174] °[175] T[176] 9[122]

while orbital-free functionals (OFR2, SCAN-L, r*SCAN-L) show moderate improvement
with comparable computational cost. Among all approaches, MGGAC and rMGGAC ex-
hibit the highest accuracy. For instance, in AgInSe; and CuAlS,, the deviation is nearly
negligible (~0.01%), indicating performance comparable to hybrid functionals. This high-
lights the capability of these functionals in accurately describing formation energetics. A
comprehensive comparison of formation enthalpies of chalcopyrites and their competing
binary phases is presented in Fig. 3.5. The competing phases are selected based on ex-
perimentally known stable binaries, including Cu—Se, Ag—Se, Ga-S, In-Se, and related
systems. From Fig. 3.5, several important trends are observed. First, PBE consistently
predicts underbinding for both chalcopyrites and binary phases. Second, meta-GGA func-
tionals significantly improve the relative energetics. A notable feature of rMGGAC is its
systematic behavior: it slightly underestimates formation enthalpies for P-R binaries while
overestimating those for Q—R binaries. Despite this asymmetry, it remains highly accurate

for the primary chalcopyrite compounds.
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Figure 3.5: Comparisons of absolute values of formation enthalpies in eV per atom of the
chalcopyrite and the binaries calculated by PBE and meta-GGA with reference data for
AglInSe; [1], In—Se binaries [2] and Ag—Se binary [3]

Phase Stability Diagrams

To further evaluate stability, phase diagrams are constructed using chemical potential con-

straints. For example, for AglnSe,:
A,UAQ + A/J[n + 2A/~LSe = AGAgInSeQ (37)

with the constraints:

Ap; <0 (3.8)

The phase stability diagrams obtained using different functionals are shown in Fig. 3.6.
Each point in the diagram corresponds to a set of chemical potentials satisfying thermody-
namic equilibrium. The shaded region represents the stability window where the chalcopy-
rite phase is stable against decomposition into competing binaries. The boundaries of this

region are determined by competing phases such as AgsSe and In,Ses, leading to conditions
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such as:

QAMAQ + A,uSe < AHAQQS@ (39)

2A:U“In + 3A,UfSe < AHInzSeg (310)
A strong dependence on the choice of functional is observed. PBE yields smaller stability

Appg (eV) Apng (eV)
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Figure 3.6: Phase stability diagrams of AgInSe, obtained using different XC functionals
(PBE, r>SCAN, r>’SCANL, tMGGAC, and OFR2), compared with experimental results
from Kim et al. [1]. The shaded region represents the thermodynamically stable chemi-
cal potential range of AgInSe,, while regions below the blue lines and above the red lines
indicate instability toward Ag—Se and In—Se competing phases, respectively.

regions due to underestimation of formation enthalpies. The OFR2 functional is included

primarily for benchmarking purposes due to its computational efficiency. However, as its
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behavior closely resembles that of the GGA-PBE approximation, detailed analyses such
as density of states and phase stability diagrams are presented only for the more accurate
meta-GGA functionals. In contrast, r’SCAN produces larger stability regions and shows
good agreement with hybrid functional (HSE06) results. Although rMGGAC accurately
predicts formation enthalpies, its deviations in certain competing phases (e.g., InoSes) lead
to inconsistencies in the predicted stability region, occasionally resulting in apparent insta-
bility.

Overall, these results highlight that accurate prediction of phase stability requires a bal-
anced description of both chalcopyrite compounds and competing phases. While IMGGAC
provides highly accurate formation enthalpies, r?SCAN offers more consistent phase sta-

bility predictions, making it a reliable choice for materials design.

3.4 Conclusion

In this chapter, a detailed first-principles study of Cu- and Ag-based chalcopyrite semi-
conductors has been carried out to understand the interplay between structural parameters,
electronic structure, and thermodynamic stability within density functional theory. Partic-
ular emphasis has been placed on the role of exchange—correlation functionals in capturing
the underlying physics of these materials.

The structural properties reveal that small variations in the anion displacement parame-
ter (u) and tetragonal distortion (1) play a decisive role in determining the electronic struc-
ture. In particular, deviations of u from the ideal value directly modify the cation—anion
bond lengths, thereby controlling the extent of p—d hybridization between Cu/Ag d-states
and chalcogen p-states. This hybridization is the key microscopic mechanism governing
the position of the valence band maximum. Within the PBE approximation, the over-

delocalization of d-electrons leads to an enhanced p—d repulsion, resulting in an upward
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shift of the valence band and a severe underestimation of the band gap. In contrast, meta-
GGA functionals reduce this self-interaction error and provide a more accurate localization
of d-states. Among them, the ’IMGGAC functional yields band gaps in close agreement with
experimental values, indicating that it captures the balance between localization and hy-
bridization more effectively. A comparison with hybrid functionals such as HSE06 shows
that, although hybrid approaches improve band gap prediction through partial inclusion
of exact exchange, they may overestimate gaps in certain systems. In contrast, IMGGAC
achieves comparable accuracy without introducing empirical parameters, highlighting its
efficiency and predictive capability.

The thermodynamic stability of these materials has been analyzed through formation
enthalpies and chemical potential phase diagrams. From a physical perspective, phase sta-
bility is governed by the relative energetics of competing bonding environments in ternary
and binary phases. While ’MGGAC provides highly accurate formation energies for ternary
compounds, its description of binary phases is less balanced, leading to inconsistencies in
the stability regions. On the other hand, the r*SCAN functional provides a more uniform de-
scription of bonding across different chemical environments, resulting in reliable prediction
of phase stability. The calculated stability regions for experimentally known compounds,
such as CulnSe,, CuGaS,, and CulnS,, show good agreement with experimental observa-
tions, confirming the robustness of this approach.

Overall, this study highlights that an accurate description of chalcopyrite semiconduc-
tors requires a delicate balance between d-state localization and p—d hybridization, as well
as a consistent treatment of competing phases using semilocal XC approximations. These
insights provide a fundamental understanding of the electronic and thermodynamic behav-
ior of chalcopyrites and establish a reliable framework for exploring more complex low-

dimensional systems in subsequent chapters.
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Chapter 4

Thermoelectric Transport of Silver-Based
Chalcopyrite Semiconductors

This chapter extends the study of bulk chalcopyrite semiconductors from electronic struc-
ture to thermoelectric transport properties. While the previous chapter established the role
of electronic structure in determining band gaps and stability, here we focus on how these
features influence charge and heat transport. The thermoelectric performance is evaluated
in terms of the Seebeck coefficient, electrical conductivity, and thermal conductivity, which
together determine the figure of merit (Z'1"). These properties are calculated using Boltz-
mann transport theory combined with first-principles electronic structure calculations. To
achieve accurate band gap and transport predictions, a nonempirical dielectric-dependent
hybrid (DDH) functional is employed. Additionally, carrier scattering effects are incor-
porated through deformation potential theory, enabling realistic estimation of relaxation
times.

This chapter is based on the following published work:

[2] D. Rani, S. Jana, M. K. Niranjan, and P. Samal, J. Phys. Chem. C, 129, 3784 (2025).

4.1 Introduction

Thermoelectric (TE) materials have captured significant attention, particularly over the past
two decades, due to their unique ability to directly convert heat into electricity without re-
lying on moving components [177, 178]. These materials are considered crucial for the
development of sustainable energy technologies, with promising applications ranging from

waste heat recovery to power generation in wearable electronic devices and systems de-
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signed for disaster mitigation [179, 180, 181]. Despite these advantages, the widespread
deployment of thermoelectric devices is limited by their relatively low energy conversion
efficiency. The performance of TE materials is quantified by the dimensionless figure of
merit,

oS?T

7T = , 4.1)
K

where S' is the Seebeck coefficient, o is the electrical conductivity, 7" is the absolute tem-
perature, and « is the total thermal conductivity, which includes both electronic and lattice
contributions. Achieving high ZT requires a careful balance between these interdependent
transport parameters, making the design of efficient thermoelectric materials a challenging
task [182, 183].

Conventional thermoelectric materials such as Bi;Tes are widely used in commercial
cooling applications [184], while PbTe is commonly employed for high-temperature ther-
moelectric applications [185]. Other materials, including NiTiSn and ZrNiSn, have also
been explored due to their potential for thermoelectric applications [ 186]. The performance
of these materials is typically associated with achieving Z'1" values close to unity, either
through enhancement of the power factor (S20) or reduction in thermal conductivity. How-
ever, the toxicity of lead-based compounds and the high cost of tellurium pose significant
challenges for their large-scale application.

In recent years, attention has shifted toward Ag-based chalcopyrites, which have emerged
as promising alternatives due to their structural versatility and tunable electronic proper-
ties [187, 188, 189, 190]. These materials include ternary systems of the form AgXY, (X =
Ga, In; Y =S, Se, Te) and quaternary compounds Ag,PQR, (P = Mg, Mn, Fe, Zn, Cd, Hg;
Q =S4, Ge, Sn; R =S, Se, Te), which crystallize in diamond-like structures. Their com-
positional flexibility allows for fine-tuning of electronic structure and transport properties,

making them attractive candidates for thermoelectric applications. Experimental and the-
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oretical studies have demonstrated that compounds such as AgGaTe, and AgInTe, exhibit
low thermal conductivity, with values of 1.94 and 2.05 W m~! K™, respectively, at room
temperature [191]. Such low thermal conductivity is highly desirable for enhancing ther-
moelectric performance. Further investigations by Sharma et al. [192] have explored the
thermal properties of AgGaTe,, including its Debye temperature, entropy, and heat capacity
under varying pressure and temperature conditions.

Understanding the interplay between transport properties, temperature, and carrier con-
centration is essential for optimizing thermoelectric performance. In particular, identifying
the optimal doping concentration is crucial for maximizing Z7'. For example, AgGaTe;
has been identified as a promising p-type thermoelectric material with an optimal carrier
concentration in the range of 10 to 10?° cm~3 [188, 193]. Previous theoretical studies
based on the PBE+U approach [194] have reported Z'T" values of 1.38 and 0.91 at 800 K
for p-type AgGaTe; (AGT) and AgInTe, (AIT), respectively.

In addition to ternary compounds, quaternary materials such as Ag,ZnSnS, (AZTS)
and Ag,ZnSnSe, (AZTSe) have also attracted attention due to their suitable band gaps and
high absorption coefficients, which are advantageous for optoelectronic applications [ 195,
196, 197]. Experimental studies have reported band gaps of 1.20 eV and 1.40 eV for AZTS
and AZTSe, respectively. Furthermore, AZTS has demonstrated significant potential in
solar cell applications, achieving efficiencies of up to 10.7% [198]. These materials have
also been explored for photocatalytic [195] and photoelectrochemical applications [199].
Comparisons with CuyZnSnS, (CZTS) reveal similarities in structural and phase stability,
along with differences in electrical conductivity [200, 197]. Information on related com-
pounds such as Ag,ZnGeS, (AZGS) is available in the literature [201], while Ag,ZnGeSe,
(AZGSe) has been theoretically investigated using the mbj-GGA approach, showing en-
hanced carrier concentration and absorption properties [202]. These results highlight the

potential of quaternary chalcopyrites for improving thermoelectric and optoelectronic per-
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formance.

Despite these promising developments, the thermoelectric properties of Ag-based qua-
ternary chalcopyrites remain relatively unexplored. Optimization of key parameters such
as carrier concentration, effective mass, and band gap is essential for achieving high ZT,
as emphasized by Snyder et al. [35]. In this chapter, we employ the multiband Boltzmann
transport equation (BTE) framework to investigate the thermoelectric transport properties
of selected Ag-based chalcopyrites. The electronic structure parameters, including band
gap and effective mass, are obtained from first-principles calculations and used as inputs
for transport calculations. The relaxation time approximation (RTA), based on the multi-
band carrier transport model [203], is incorporated to account for carrier scattering effects.

The thermoelectric properties of AGT, AIT, AZTS, AZTSe, AZGS, and AZGSe are
systematically analyzed. Based on these results, optimal carrier concentrations are iden-
tified to maximize the figure of merit (Z77). The methodology presented here provides a
comprehensive framework for understanding and designing high-performance thermoelec-

tric materials and can be extended to other Ag-based systems [204].

4.2 Methods and Technical Details
4.2.1 Method

All calculations are performed within the framework of density functional theory using the
screened dielectric-dependent hybrid (DDH) functional, implemented within the general-
ized Kohn—Sham (gKS) scheme. The exchange—correlation potential in the DDH approach

is expressed as [205]:

VwIC’DH(l, 6;15 p) = [1 — (1 - e;l) Erf(lv““)} VmFock

- A=)V + (A —e NV + V. (42
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The choice of exchange—correlation functional depends on the physical properties of in-
terest. In the previous chapter, meta-GGA functionals were employed as they provide a
balanced and computationally efficient description of structural properties, band gaps, and
phase stability. These functionals successfully capture the essential physics of p—d hy-
bridization and significantly improve upon GGA. However, thermoelectric transport prop-
erties are highly sensitive to the details of the electronic structure near the Fermi level,
particularly the band gap and band curvature. Even small inaccuracies in band gap can
lead to significant errors in the Seebeck coefficient and electrical conductivity. Therefore,
a more accurate description of the electronic structure is required. While hybrid functionals
such as HSE06 [146, 147] improve band gap predictions, they employ a fixed fraction of
exact exchange, which is not material-dependent and may not provide consistent accuracy
across different systems.

In contrast, the DDH functional determines the fraction of exact exchange from the
macroscopic dielectric constant, making it a nonempirical and system-specific approach.
Thus, DDH offers a better balance between accuracy and transferability compared to meta-
GGA and fixed hybrid functionals, making it particularly suitable for reliable prediction
of thermoelectric transport properties. The DDH approach is inspired by the static limit of
the GWW approximation, particularly the COH-SEX formalism, where the Coulomb hole
(COH) is described using semilocal approximations and the screened exchange (SEX) is
captured through the Fock term [206].

A crucial aspect of the DDH method is the determination of the macroscopic high-
frequency dielectric constant (¢.,) and the screening parameter (x1). While €., obtained from
PBE often provides a reasonable starting point, a self-consistent evaluation within the DDH
framework is more reliable, particularly in cases where PBE incorrectly predicts metallic
behavior [207]. The screening parameter 4 is evaluated using the pf}tf approach proposed

in Ref. [208], which is based on the compressibility sum rule combined with linear-response
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time-dependent DFT (LR-TDDFT).

4.2.2 Technical Details of Calculation Procedures

Structural optimization and electronic structure calculations are performed using the Vi-
enna Ab initio Simulation Package (VASP) [108, 156]. The exchange—correlation energy
within the semilocal framework is described using the PBE functional [145]. Due to the
presence of localized Ag-d electrons, which are not accurately described within standard
GGA, the DDH approach is employed [208, 207]. This approach significantly improves the
description of band gaps and electronic properties in chalcopyrites. A plane-wave kinetic
energy cutoff of 400 eV is used for all calculations. The Brillouin zone is sampled using a I'-
centered Monkhorst—Pack 8 x 8 x 8 k-point grid. The electronic self-consistency is achieved
with an energy convergence criterion of 10~% eV. Structural relaxations are performed until
the Hellmann—Feynman forces on each atom are less than 0.01 eV/A. PAW pseudopotentials
are used to describe the interaction between core and valence electrons [109, 157]. SOC is
included in all calculations due to its significant influence on the electronic structure and
effective mass, even in systems with relatively lighter elements [209]. Elastic constants
(Ci;) are calculated using the strain—stress method, applying strains up to 15% in incre-
ments of 5%. The macroscopic elastic properties, including bulk modulus (5) and shear
modulus (G), are evaluated using the Voigt—Reuss—Hill (VRH) approximation [210], which
is known to provide good agreement with experimental data. The DDH self-consistent pro-
cedure is carried out as follows: (i) The screening parameter uf}; is calculated using LDA
orbitals, (ii) The initial dielectric constant ¢, is obtained from PBE (RPA@PBE) and used
in Eq. 4.2, (ii1) the DDH calculation is performed, and €., is updated using RPA@DDH.
This process is iterated until self-consistency in €, is achieved. The final values of €., and

w for all studied materials are listed in Table 4.1.
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Table 4.1: High-frequency macroscopic dielectric constants (¢, ) obtained from RPA@PBE
and RPA@DDH, along with screening parameters p (in A™1).

Material e, (RPA@PBE) e, (RPA@DDH) pu (A1)

AGT 15.39 7.99 1.49
AlIT 11.80 7.69 1.33
AZTS 17.60 5.37 1.43
AZTSe 11.85 6.38 1.36
AZGS 7.02 5.35 1.39
AZGSe 8.45 6.55 1.47

4.3 Results and Discussion
4.3.1 Details of Crystal Structure

The crystal structures of the studied Ag-based chalcopyrites exhibit tetragonal symmetry
with slight variations depending on composition. The ternary compounds AXT (X = Ga,
In) crystallize in the 142d space group [211], whereas the quaternary compounds AZSQ
and AZGQ (Q = S/Se) adopt 142m [212] and 14 space groups, respectively.

Figure 4.1: The PBE method was used to optimize the crystal structures of (a) tetragonal
AXT (X = Ga/ln) with Te atoms in sky blue, Ga/In atoms in red, and Ag atoms in grey. (b)
The crystal structure of AZTQ (Q = S/Se) showing S/Se atoms in yellow, Zn in magenta,
Ag in grey, and Sn in blue. (c) The structure of AZGQ (Q = S/Se), where S/Se atoms are
bonded with Ge atoms (green), along with Zn (magenta) and Ag (grey).

Fig. 4.1 illustrates the optimized crystal structures of both ternary (AXT) and quater-
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nary (AZPQ and AZGQ) systems. The structures exhibit tetragonal symmetry, where the
deviation of the c-axis from ideal cubic symmetry gives rise to tetragonal distortion. This
structural anisotropy is a characteristic feature of chalcopyrite systems and plays an im-
portant role in determining their electronic and transport properties. The optimized lat-
tice parameters (¢ = b # c¢) and the tetragonal distortion parameter 7 = ¢/2a are ob-
tained using the PBE functional and are summarized in Table 4.2, along with available
experimental values. The overall agreement between calculated and experimental values
confirms the reliability of the structural optimization. The atomic configurations used in
the PAW pseudopotentials include Ag(4d'°5s'), Zn(3d*%4p?), Sn(4d'°5s%5p?), S(35%3p?),
Se(4s24p*), Ga(3d'%4s24pY), Ge(3d*%45%4p?), In(4d'°5s%5p'), and Te(5s25p).

Table 4.2: PBE optimized lattice constants (a, ¢), distortion parameter 1 = ¢/2a, and Ag—
chalcogen bond lengths for AXT (X = Ga, In), AZTY, and AZGY (Y =S, Se), compared
with experimental values where available. Percent deviations are shown in parentheses.

a (A) c(A) 1 dagy (A)
PBE Exp. PBE Exp. PBE Exp. PBE Exp.
6.40 6.288' 1232 11.940' 0.9625 0.949' 2.799 2.76*

AGT (] 78 G.1) (1.4) (1.41)

ar 656 6467 1300 12633 09908 0977 2811 278"
(1.43) 2.9) (1.41) (1.07)

ngrg 5562 5693 1215 11342 1092 0996 2561 25T
(2.30) (7.12) (9.63) (-03)

Agrge 5873 5990 12606 1147 107  0960° 2656 2.65°
(1.95) (9.76) (11.45) (-022)

AZGS 576 - 10633 - 024 - 2518 -

AZGSe 603 - 1125 - 024 - 26718 -

I Ref. [213], [2] Ref. [214], [3] Ref. [215], [4] Ref. [187], [5] Ref. [216] and
[6] Ref. [217]

In addition to lattice distortion, an important structural feature is the variation in bond

lengths arising from differences in atomic radii between Ag and the chalcogen atoms (Te,
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S, Se). This size mismatch leads to local lattice distortions, particularly affecting the Ag—
chalcogen bond lengths (dag.y), as listed in Table 4.2. These local distortions are not merely
structural in nature but have significant physical implications. The variation in bond lengths
modifies the interatomic force constants and introduces lattice anharmonicity, which en-
hances phonon scattering. As a result, the lattice thermal conductivity is reduced, a behavior

that is highly desirable for thermoelectric applications.
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Figure 4.2: Projected density of states (PDOS) for (a) AgGaTe,, (b) AgInTe,, (c)
AgoZnSnS,, (d) AgoZnSnSey, (e) AgoZnGeS,, and (f) AgoZnGeSe, in the energy range
from —6 to 4 eV.

The influence of crystal structure on the electronic properties is further illustrated through
the projected density of states (PDOS) shown in Fig. 4.2. The PDOS highlights the con-
tribution of individual atomic orbitals to the electronic states, providing insight into how
different elements participate in the formation of the valence and conduction bands. These
electronic features are closely linked to transport properties, particularly the effective mass

and carrier scattering mechanisms, which are discussed in subsequent sections.
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4.3.2 Band Structures

We investigated the electronic band structures of AXT (X = Ga, In) and AZPQ (P = Ge/Sn
and Q = S/Se) using density functional theory within the dielectric-dependent hybrid (DDH)
framework. All studied compounds exhibit direct band gaps located at the I" point. The
calculated band gaps, both with and without spin—orbit coupling (SOC), are summarized in
Table 4.3. The inclusion of SOC leads to a noticeable reduction in the band gap, as observed
for AgGaTe, and AgInTe,, where the band gap decreases from 1.25 eV to 1.06 eV and from
1.17 eV to 0.94 eV, respectively. This reduction originates from the strong SOC associated

with the heavy Te atoms.

Table 4.3: Calculated band gap with SOC (Egoc), without SOC (E;”SOC), and experi-
mental band gap (E£;""), along with the valence band maxima (VBM) for the three highest
valence bands. Effective masses (m*) are given for the lowest conduction band (e) and the
three highest valence bands (h1, h2, h3), both perpendicular (L) and parallel (]|) to the axis
in AXT, AZTY, and AZGY using the DDH method. All values are in eV and m (free
electron mass).

AGT AIT AZTS AZTSe AZGS AZGSe

E;goc (eV) 1.06 0.94 1.80 0.86 2.55 1.40
E;”SOC (eV) 1.25 1.17 1.82 0.94 2.56 1.45
EG™P (eV) 1.200  1.04> 2.01° 1.40* - -
VBM, ;, (¢V) 0.00 0.00 0.00 0.00 0.00 0.00
VBM;;, (¢V) -0.002 -0.017 -0.012 -0.0078 -0.006 -0.0051
VBM;,, (¢V) -0.105 -0.077 -0.101 -0.018 -0.166 -0.172

mi.. 0.091 0.083 0.91 0.116 0210 0.117
mi 0.077 0073 0.186 0.081 0177 0.107
i 0256 0445 0679 0.625 0765 0.525
M 0.085 0.083 0770 0.172 0215 0.123
o 0466 0387 0661 0.625 0781  0.448
M3 0.086 0.084 0.620 0.155 0821 0.124
mi . 0.138  0.105 0.644 0355 0.681 0208
M5 0389 0311 0611 0179 0530 0.563

References for experimental band gaps: [1] [218], [2] [213],
[3] [195], and [4] [196].
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The band structures of AgGaTe, and AglnTe, are shown in Fig. 4.3. The valence band
region is primarily dominated by hybridized Ag-d and Te-p orbitals. Due to the large atomic
number of Te, its p orbitals contribute significantly to the valence band, leading to pro-
nounced SOC-induced splitting. Specifically, the third valence band shifts to lower energy,
while the top two valence bands remain nearly degenerate at the [" point. In contrast, the
SOC contributions from Ag, Ga, and In are comparatively weaker due to their lower atomic
masses and reduced orbital contribution near the valence band maximum. This behavior is
consistent across both ternary systems. An important observation is the presence of the
third valence band (VBM3; ), which lies slightly below the topmost valence band. Its en-
ergy position is found to be —0.105 eV for AgGaTe; and —0.077 eV for AgInTes.

3g— — 3T

Energy (eV)

Figure 4.3: Calculated band structures of (a) AGT and (b) AIT using the DDH functional.
Bands without SOC are shown as dashed red lines, while those with SOC are shown as solid
black lines. The third valence band maximum (VBMj3 3,) is highlighted in purple.

The proximity of this band to the valence band maximum plays a crucial role in deter-
mining thermoelectric properties. A lower-lying band reduces carrier excitation, which in
turn affects electrical conductivity, Seebeck coefficient, and electronic thermal conductiv-

ity [219, 220]. Therefore, it is essential to include all three valence bands in hole transport

76



4 Thermoelectric Transport of Silver-Based Chalcopyrite Semiconductors

calculations to accurately capture carrier contributions.

For quaternary chalcopyrites, the experimental band gaps of AZTS and AZTSe are re-
ported as 2.01 eV and 1.40 eV, respectively [195]. Experimental data for AZGS and AZGSe
are not yet available. The calculated band gaps using the DDH functional show that SOC
induces relatively small changes in sulfide systems (AZTS and AZGS), whereas more sig-
nificant changes are observed in selenide systems (AZTSe and AZGSe). Specifically, the
band gaps decrease from 1.82 eV to 1.80 eV (AZTS), 0.94 eV to 0.86 eV (AZTSe), 2.56 eV
to 2.55 eV (AZGS), and 1.45 eV to 1.40 eV (AZGSe) upon inclusion of SOC. This trend

Energy (eV)

Figure 4.4: Calculated band structures of quaternary chalcopyrites: (a) AZTS, (b) AZTSe,
(c) AZGS, and (d) AZGSe. Solid black lines represent calculations including SOC, while
red dashed lines correspond to results without SOC.

can be understood from the atomic mass of the chalcogen atoms. Sulfur, being lighter, con-
tributes weaker SOC effects, whereas selenium leads to stronger SOC-induced splitting.
Additionally, the difference between Sn and Ge contributes to variations in SOC strength,
with Sn exhibiting stronger SOC effects. These effects are clearly visible in Fig. 4.4, where
the top valence bands show minimal splitting in sulfide systems but noticeable splitting in
selenide systems. In particular, the third valence band exhibits a more pronounced shift

compared to the top two bands. Overall, the presence of closely spaced multiple valence
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bands is a key feature of these materials and plays a significant role in hole transport. The

inclusion of these bands is therefore essential for accurate thermoelectric modeling.

4.3.3 Effective Mass

The effective mass (m*) of charge carriers, such as electrons and holes in semiconductors,
plays a crucial role in determining their transport properties. Physically, it describes the
response of carriers to external forces, analogous to their inertia in a periodic potential. A
lower effective mass corresponds to higher carrier mobility, enabling faster transport under
an applied electric field and resulting in enhanced electrical conductivity. In contrast, a
higher effective mass reduces carrier mobility but can increase the density of states near the
band edges, which is beneficial for enhancing the Seebeck coefficient [221]. Therefore, an
optimal balance between light and heavy effective masses is essential for achieving high
thermoelectric performance. The effective mass tensor for electrons and holes is obtained
from the curvature of the electronic band structure and is defined as:
72

Ok?

*

m =

where (k) is the energy dispersion relation as a function of the wavevector k. In anisotropic
systems, the effective mass is represented as a tensor:

mi; Miyz Masg
M= [ miz Moy Mos
mi3 Moz M33

For the tetragonal chalcopyrite systems considered here, the effective mass tensor can be ap-
proximated as diagonal, with m; and mqs corresponding to the transverse directions (a and
b axes), denoted as m; il and mg3 corresponding to the longitudinal direction (c axis), de-
noted as m; ;| [222]. The effective masses of electrons in the conduction band and holes in
the three highest valence bands are calculated along both longitudinal and transverse direc-

tions for all six materials, as summarized in Table 4.3. These values are obtained by fitting
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the band dispersion near the I' point, where the band extrema are located. A clear trend
emerges from the calculated results: both electron and hole effective masses are generally
smaller in ternary compounds (AGT and AIT) compared to quaternary compounds (AZTS,
AZTSe, AZGS, and AZGSe). This can be attributed to the relatively more dispersive bands
in ternary systems, indicating stronger band curvature and higher carrier mobility.

In quaternary chalcopyrites, the increased structural complexity and enhanced orbital
interactions lead to flatter bands, resulting in larger effective masses. For instance, the
heaviest electron effective mass is found to be 0.191 m (L direction) in AZTS, while the
heaviest hole effective mass reaches 0.821 m (|| direction) in quaternary systems, which is
significantly larger than the maximum hole effective mass of 0.466 m observed in ternary
compounds. As evident from Figs. 4.3 and 4.4, multiple valence bands are present near the
valence band maximum in both ternary and quaternary compounds. However, the bands
are more closely spaced in the quaternary systems, indicating stronger band convergence.
This enhanced band convergence increases the density of states near the valence band max-
imum, leading to a higher effective mass and improved Seebeck coefficient. Thus, the ob-
served variation in effective mass reflects a trade-off between carrier mobility and density
of states. While ternary compounds exhibit higher mobility due to lighter effective masses,
quaternary compounds benefit from enhanced Seebeck coefficients owing to stronger band
convergence.

In the following section, we analyze how these effective mass characteristics influence
the thermoelectric transport properties, including electrical conductivity, Seebeck coeffi-

cient, and the overall figure of merit.

4.3.4 Electron Transport Properties

To analyze electronic transport properties, we employ the semi-classical Boltzmann trans-

port equation (BTE) within the relaxation time approximation (RTA) [203], using the Boltz-
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TraP2 (BTP2) code [223]. Our calculations spanned the temperature range from 600 to 800
K, with 100 K increments, and encompassed hole carrier concentrations up to 10% cm™3.
Within the BTE framework, we determine the Seebeck coefficient (5), electrical conduc-

tivity (o), and electronic contribution to thermal conductivity (x.) through the Onsager

coefficients, as defined below:

1 L
S=_— . 2 (4.3)
ql' LY,
o=1LJ, (4.4)
1, (L)
Re = qz—T <Lx,y - LT s (45)
x7y

where ¢ represents the elementary charge, and L;y denotes the kernel of the generalized

transport coefficient at temperature 7', expressed as [224]:
i 7 afa:,
Lyy =" Tuytsy (Eny — 1) (——y) , (4.6)
aj7y

Here, 7., Uz, €2y, and f,, respectively represent the electronic relaxation time, group
velocity, energy, and Fermi—Dirac distribution function of the xth band at wave vector y.
From Egs. 4.4, 4.5, and 4.6, it is evident that the electrical conductivity (o) and electronic
thermal conductivity (k) depend explicitly on the relaxation time 7, making its accurate
determination essential for reliable transport predictions. A commonly adopted approach
within the BTE framework is the constant relaxation time approximation (CRTA), where
T = Ty is assumed to be constant [225, 226, 227]. Within this approximation, the BTP2
code provides reduced transport coefficients, 0y = o/ and k.o = k./79, which depend
on the electronic structure, temperature, and carrier concentration, but are independent of
the actual value of 75. While CRTA simplifies the computational procedure and captures
qualitative trends, it neglects the energy and temperature dependence of carrier scattering

processes. As a result, it limits the accuracy of quantitative transport predictions.
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To overcome this limitation and obtain a more realistic estimate of transport properties,
the relaxation time 7 is calculated explicitly using deformation potential theory [228, 229]
is utilized within the single parabolic band (SPB) model. The relaxation time for a three-

dimensional system is expressed as [230, 231]:

4 2
=L avar. Lﬂ (i) . (4.7)
3 (kpTm,)* \ D

Here, h is the reduced Planck constant, C' denotes the elastic constant, k is the Boltzmann

constant, m} . is the density-of-states effective mass (for p-type systems, hole effective mass

is considered), and D represents the deformation potential. The calculated elastic constants,

Table 4.4: The calculated single-crystal elastic constants C;; (in GPa), deformation poten-
tials for both electrons D(e) and holes D(h) (in eV), longitudinal (v ; in m/s), transverse
(vr; in m/s), average sound velocity (v; in m/s), and Debye temperature (© p; in K) for ma-
terials AXT, AZTY, and AZGY (where X =G, I; Y =S, Se) using the Dielectric Dependent
Hybrid approach.

Property AGT AIT AZTS AZTSe AZGS AZGSe

C;; (GPa) 5390 4955 7211 5599 8327 7597
Ci» (GPa) 3099 3147 5826 4328  51.75  48.04
C13(GPa) 33.82 3094 3745 4106 6099  47.14
Cs3 (GPa) 5272 4824 6801 7126 8322 7597
Cu (GPa) 4138 3523 2581  41.14 5171 4727
Ces (GPa) 36.60 3424 5924 4670  51.50  46.28
D(e) (eV)  5.31 908 1123 922 1419  8.09
D(h) (eV)  4.49 8.61 8.82 779 1035  6.88
vr (m/s)  3527.86 3373.97 3845.77 4222.68 5217.12 4117.47
vp (m/s)  2020.93 1899.99 389531 2605.64 325321 2248.92
o (m/s) 224514 2113.82 3878.51 287430 3584.63 2508.03
Op (K) 2113 1922 40320 284.6 3804 2533

deformation potentials, and related parameters are listed in Table 4.4. All materials satisfy
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the mechanical stability criteria for tetragonal systems:

Ciy > Cho, (4.8)

207, < C33(Chy + Cha), (4.9)
Cu >0, (4.10)

Ces > 0. (4.11)

The relaxation time calculated using Eq. 4.7 is plotted in Fig. 4.5. It is observed that 7
decreases with increasing temperature due to enhanced phonon scattering. Among the stud-
ied materials, AZGSe exhibits the highest relaxation time, while AIT shows the lowest. At
800 K, 7 values for AGT and AIT are 0.98 x 107'* s and 0.44 x 10~* s, respectively,
whereas quaternary systems show comparatively larger values. This indicates that quater-
nary chalcopyrites experience relatively weaker scattering interactions, resulting in longer
relaxation times. Although deformation potential theory may overestimate 7 due to neglect

of additional scattering mechanisms, the relative trends remain reliable.

1 | 1 1 1 1
300 400 500 600 700 800
Temperature (K)

Figure 4.5: Calculated values of relaxation time 7 using deformation potential theory over
the temperature range of 300—-800 K.
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Transport Properties of AXT Systems

Using the calculated relaxation time and band structure (Fig. 4.3), transport coefficients
are computed using BTE-RTA. Fig. 4.6 shows that the Seebeck coefficient decreases with
increasing carrier concentration, whereas electrical conductivity increases. This interplay
leads to an optimal power factor (S?¢) at intermediate carrier concentrations. At low carrier
concentration and high temperature, a weak bipolar effect is observed in ., arising from
thermally excited minority carriers. However, the absence of sign reversal in the absence
of sign reversal in the Seebeck coefficient indicates that hole carriers remain dominant,
confirming a weak bipolar contribution at high temperatures. The maximum power factor
for AGT reaches 27.7 yW/cmK? at 800 K, whereas AIT exhibits a lower value of 13.53

uW/ecmK?2.
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Figure 4.6: Seebeck coefficient, electrical conductivity, electronic thermal conductivity,
and power factor as a function of carrier concentration for AGT and AIT at different tem-
peratures.
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Transport Properties of AZPQ Systems

Comprehending the transport properties of quaternary chalcopyrites presents a more intri-
cate task compared to their ternary counterparts. This complexity stems from the intro-
duction of an additional element and the resulting intricate interactions within the mate-
rial [195]. Through the analysis of the scattering time (7), we can extract valuable insights
into the mechanisms governing heat and charge transport within these materials [226]. In
AZPQ-type compositions, the incorporation of an additional element relative to ternary
chalcopyrites provides greater control over several crucial properties, including the band
gap, carrier concentration, and scattering mechanisms influencing transport. This enhanced
tunability is beneficial for optimizing thermoelectric performance. The Seebeck coeffi-
cient (9), a crucial parameter in thermoelectric materials, shows a notable enhancement for
AZPQ systems, as shown in Fig. 4.7(a) and (e), compared to their AXT counterparts within

the same range of hole doping concentration (Fig. 4.6).
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Figure 4.7: Transport coefficients as a function of carrier concentration for quaternary chal-
copyrites at different temperatures.

This enhancement originates from stronger band convergence near the valence band
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maximum (Fig. 4.4), which increases the density of states (Fig. 5.3(c)-(f)) and the cor-
responding density-of-states effective mass, as summarized in Table 4.1. This combined
effect leads to an improved Seebeck response.

In addition, AZPQ materials exhibit relatively high electrical conductivity (o) compared
to AXT systems (Fig. 4.7(b) and (f)), indicating that the increase in effective mass does not
significantly degrade carrier transport. The simultaneous presence of enhanced Seebeck
coefficient and high electrical conductivity results in significantly improved power factors.
As shown in Fig. 4.7(d), the optimal power factor (S?c) for AZTSe reaches 87.5 ;W/cmK?
at a hole doping concentration of 8.2 x 10?° cm ™2, which is significantly higher than that of
AZTS, which exhibits a PF of 47.7 uW/cmK? at a lower carrier concentration of 5.4 x 10%°
cm~3. On the other hand, AZGSe and AZGS, both Ge-based materials, exhibit PF values of
74.7 pW/emK? and 49.4 W/cmK?, respectively, at a hole doping level of 6.2 x 10?Y cm™3
(Fig. 4.7(h)). A comparison between Sn- and Ge-based systems indicates that Se-based
compounds consistently show higher PF than their S-based counterparts.

If the total thermal conductivity (k = k.+ ;) follows a similar trend, this could limit the
overall thermoelectric performance of Se-based materials. A higher thermal conductivity
enhances heat flow across the material, reducing the temperature gradient and thereby low-
ering the Seebeck voltage. Therefore, although Se-based materials exhibit superior power
factors, their overall efficiency depends on achieving an optimal balance between electrical
transport and thermal conductivity. Maximizing the thermoelectric figure of merit (Z7)

requires careful optimization of these competing factors.

4.3.5 Lattice thermal transport

Optimization of the thermoelectric figure of merit (Z71") requires careful consideration of
the total thermal conductivity (x), which consists of both electronic (x.) and lattice (x;)

contributions. While x. can be obtained from the Boltzmann transport equation (Eq. 4.5),
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the direct calculation of x; using the full phonon BTE is computationally demanding due
to the complexity of phonon interactions [232, 233]. To overcome this limitation, we em-
ploy Slack’s model, which provides an efficient and reliable estimate of lattice thermal
conductivity based on macroscopic material parameters [234, 235]. The lattice thermal
conductivity is expressed as:

S M e3

TR (4.12)

R} =

where 6%, M, ©, 7, n, and T represent the volume per atom, average atomic mass, acoustic
Debye temperature, Griineisen parameter, number of atoms in the primitive unit cell, and

temperature, respectively. The constant A is given by:

2.43 x 1078

1 — 0514 | 0.228"
v + v?

A=

(4.13)

From Eq. 4.12, it is evident that the evaluation of lattice thermal conductivity requires the
determination of two key quantities: the acoustic Debye temperature (©) and the Griineisen
parameter (), which describe the phonon spectrum and lattice anharmonicity, respectively.
In this work, the Griineisen parameter is estimated using elastic properties following the
approach proposed by Xiao et al. [236]. This method relates lattice anharmonicity to the
elastic response of the material through Poisson’s ratio, thereby avoiding computationally

expensive phonon calculations. The Griineisen parameter is given by:

3/14+v
- . 4.14
" 2(2-—3y) (4.14)

Here, Poisson’s ratio (v) acts as an intermediate parameter linking the elastic response to
lattice anharmonicity. It is expressed in terms of longitudinal (v ) and transverse (vg) sound

velocities as: )
1-2(2)
VL
—_—. (4.15)
2-2 (%)
L,

UV =
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The sound velocities are obtained from the elastic constants and density of the material as:

B+ i@
o= |2 =[S 4.16)
p p

and the average sound velocity (v) is given by:

1/1 2\
U= {— (—3+—3>] . (4.17)
3 \v; g
Using the average sound velocity, the acoustic Debye temperature is calculated as:
h 3 1/3
0= (ﬁ) TnL3, (4.18)

Table 4.5: The calculated Voigt, Reuss, and Hill moduli: bulk modulus (B), shear modulus
(G), Young’s modulus (E), Poisson’s ratio (),,), and the ratio of bulk to shear modulus (B/G)
for AXT (X = Ga, In), AZTY, and AZGY (Y =S, Se). Values for moduli are in GPa, while
ratios are dimensionless.

Material Bulk Modulus (B) Shear Modulus (G) Young’s Modulus (E) Poisson’s Ratio (7,,) B/G Ratio
Voigt Reuss Hill | Voigt Reuss Hill | Voigt Reuss  Hill | Voigt Reuss Hill | Voigt Reuss Hill

AGT [39.76 39.75 39.76 | 28.00 18.38 23.19| 68.03 47.78 5825 | 021 030 026 142 216 171
AIT 37.12 37.10 37.11 | 2456 1622 20.39| 6037 4247 5170 | 023 030 027 | 1.51 228 1.82
AZTS |55.01 51.50 5235|2344 19.05 2043 | 56.7 4999 5287 | 027 033 031 234 270 2.56
AZTSe |48.23 4774 4798|5697 17.26 13.11 | 122.63 4620 88.52 | 0.08 033 0.19| 0.85 2.76 129
AZGS |59.41 5931 5936 | 18.10 77.76 4793 | 49.29 16235 11330 | 036 0.04 0.18| 3.28 0.76 1.23
AZGSe | 55.69 55.09 5538|3393 2094 2743 | 84.61 5576 70.64 | 025 033 028 | 1.64 263 431

Thus, the lattice thermal conductivity is evaluated through a sequential procedure: elas-
tic constants (B, (7) are first used to determine sound velocities (v, vg), which yield Pois-
son’s ratio (v), and subsequently the Griineisen parameter (7). The sound velocities also
provide the Debye temperature (©), and these quantities (given in Table 4.4) are finally sub-
stituted into Eq. 4.12 to obtain x;. The required elastic properties, including bulk modulus
(B), shear modulus (G), and Young’s modulus (£), are derived from the elastic constants
tensor [237]. The Voigt—Reuss—Hill approximation [238, 239] is employed to evaluate B,
G, and Poisson’s ratio, as summarized in Table 4.5. The B/G ratio is used to assess the

mechanical nature of the material, where values below 2 indicate ductile behavior. Once
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all parameters are determined, the lattice thermal conductivity is calculated using Eq. 4.12
and plotted as a function of temperature, as shown in Fig. 4.8. A decreasing trend in x; with
increasing temperature is observed, which can be attributed to enhanced phonon—phonon
scattering at elevated temperatures.

To validate the accuracy of this approach, the calculated values for AGT and AIT
are compared with experimental results of 1.7 W/mK and 0.94 W/mK at 300 K, respec-
tively [240, 241]. Among all materials, AZTS exhibits the highest lattice thermal con-
ductivity, while AZTSe shows the lowest, highlighting the role of atomic mass and lattice
anharmonicity in governing phonon transport. The optimized values of x; at 800 K are
found to be 0.52, 0.67, 0.71, 0.45, 0.46, and 0.54 W/mK for AGT, AIT, AZTS, AZTSe,

AZGS, and AZGSe, respectively.
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Figure 4.8: The computed lattice thermal conductivity obtained through Eq. 4.12, covering
the temperature range from 300K to 800K.

4.3.6 Figure of merit

An accurate estimation of the thermoelectric figure of merit (Z7") requires reliable evalu-

ation of both the electron relaxation time (7) and lattice thermal conductivity (x;). The in-
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herent structural complexity of ternary and quaternary chalcopyrites, characterized by low
symmetry and large unit cells, poses a significant challenge for many-body calculations
of 7. To address this, we employ the deformation potential (DP) method, which accounts
for the interaction between charge carriers and acoustic phonons, as originally proposed by
Bardeen and Shockley, as described in Section 4.3.4. Although the DP approach neglects
Coulombic scattering from polar optical phonons, it has proven to be a reasonably accurate
and efficient approximation for thermoelectric materials.

According to the Frohlich model [242], the Coulombic interaction associated with electron—
polar optical phonon scattering can be effectively screened in materials with large dielectric
constants (e, and €,). As reported in previous studies [243], large dielectric constants are
a desirable characteristic of efficient thermoelectric materials, thereby justifying the use
of the DP approximation for estimating 7 in the present systems. Using the calculated re-
laxation time and lattice thermal conductivity, the figure of merit Z7T' is evaluated for all
compounds, as shown in Fig. 4.9. The relaxation time decreases with increasing tempera-
ture, approximately following a 7~%/% dependence as given in Eq. 4.7. Consequently, the
variation of ZT' with temperature exhibits a dome-like behavior, with a maximum around
800 K. Therefore, ZT" is analyzed in the temperature range of 600—-800 K.

For p-type thermoelectric materials, thermal excitation of minority carriers becomes
more prominent at low hole concentrations and high temperatures. As shown in Fig. 4.9(a—
¢), at lower hole concentrations the variation in Z7" with temperature is relatively small due
to this thermal excitation effect. Overall, ZT" strongly depends on both carrier concentration
and temperature. There are limited reports on the thermoelectric performance of AGT and
AIT in the literature [244, 188, 245]. As shown in Fig. 4.9(a), AGT exhibits nearly isotropic
ZT values of 1.14 and 1.40 at 700 K and 800 K, respectively, at a hole carrier concentration
0f 4.88 x 10! cm™3. These values indicate efficient heat-to-electricity conversion, making

AGT a promising candidate for high-temperature thermoelectric applications. In contrast,
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Figure 4.9: The computed thermoelectric figure of merit Z7" as a function of carrier con-
centration at temperatures of 600 K, 700 K, and 800 K for various compounds: (a) AGT
(solid lines) and AIT (dotted lines), (b) AZTS (solid lines) and AZTSe (dotted lines), and
(c) AZGS (solid lines) and AZGSe (dotted lines).

AIT exhibits a maximum Z7 of 0.86 at a hole concentration of 1.29 x 102 cm~3, suggesting
comparatively weaker transport performance. The inability to achieve Z7" > 1 indicates
limited thermoelectric efficiency in comparison to AGT. Furthermore, at 600 K, AGT shows
a ZT value of 0.90 at a hole concentration of 10'® cm~3, indicating reduced performance
at lower temperatures.

For quaternary chalcopyrites, experimental validation for the proposed Ag-based sys-
tems is currently lacking. Based on the power factor comparison shown in Fig. 4.7(d) and
(h), Se-based quaternary compounds are expected to exhibit superior thermoelectric per-
formance compared to S-based counterparts. For AZTS, a maximum Z7" of 1.98 at 800 K
is achieved at a hole concentration of 1.34 x 10%° cm~—3, whereas AZTSe reaches a higher
ZT of 2.53 at 800 K at a lower hole concentration of 3.25 x 10! cm™3. These results in-
dicate excellent thermoelectric performance in quaternary systems. It is important to note

that AZGS, like many quaternary chalcogenides with cation-substituted tetrahedral (CST)
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networks, exhibits a quasi-linear conduction band, resulting in negligible n-type thermo-
electric behavior. AZGSe also behaves as a p-type material, achieving ZT" values of 1.72,
2.13, and 2.55 at 600 K, 700 K, and 800 K, respectively, at corresponding hole concen-
trations of 4.9 x 10, 5.8 x 10'?, and 7 x 10! cm™3. An interesting observation is that
although AZGSe exhibits a higher power factor than AZGS (Fig. 4.7(h)), the ZT of AZGS
is higher. This difference arises from the lower lattice thermal conductivity (x;) of AZGS
compared to AZGSe, as shown in Fig. 4.8. This highlights the critical role of lattice thermal
conductivity in determining the overall thermoelectric performance.

Among the six materials studied, all compounds except AGT and AIT exhibit Z7" > 1
at high carrier concentrations (10*°-102! cm~?) up to 700 K, indicating strong potential for
thermoelectric applications. At higher temperatures (800 K), AGT also achieves ZT" > 1,
making it a promising candidate for high-temperature operation. These results demonstrate
the potential of these materials for efficient waste heat conversion. However, it is important
to note that real materials may exhibit additional scattering mechanisms not captured in den-
sity functional theory (DFT) calculations. Therefore, experimental validation is essential
to confirm the predicted performance. In addition to a high figure of merit, practical ther-
moelectric materials must also exhibit good dopability. Diamond-like chalcogenides are
known for their excellent p-type dopability, allowing effective tuning of electronic proper-
ties. This characteristic is crucial for optimizing thermoelectric performance and advancing

practical energy conversion technologies.

4.4 Conclusions

We have performed first-principles calculations utilizing the non-empirical range-separated
DDH approach to investigate the TE properties of ternary and quaternary Ag-based chal-

copyrites. The DDH method enables an accurate description of the electronic band struc-
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ture, which is essential for reliable prediction of thermoelectric properties.

Among the studied materials, AZGS exhibits the largest band gap of 2.52 eV, along
with noticeable SOC effects arising primarily from the chalcogen atoms. These features
play an important role in determining the electronic transport behavior. To describe charge
carrier scattering, the deformation potential (DP) theory has been employed to calculate the
relaxation time, capturing the interaction between charge carriers and acoustic phonons.
The obtained values are in good agreement with available experimental data, thereby sup-
porting the validity of the theoretical approach. The lattice thermal conductivity () has
been estimated using Slack’s model, which provides an efficient alternative to computa-
tionally intensive phonon calculations. This approach is well suited for semiconductors
where phonon—phonon scattering dominates, and the obtained results follow trends consis-
tent with experimental observations, confirming its reliability within the considered tem-
perature range.

Our results demonstrate that AZGS is the most promising thermoelectric material among
the studied systems, achieving a maximum Z7" of 2.57 at 800 K. In addition, AZGSe and
AZTSe also exhibit excellent thermoelectric performance, with Z7" values of 2.55 and 2.53
at 800 K, respectively. AZTS further shows competitive behavior with a ZT" of 1.98 at 800
K. Overall, the quaternary chalcopyrites display superior thermoelectric performance in the
temperature range of 600-800 K. While AGT exhibits promising performance at higher
temperatures, its efficiency decreases at lower temperatures. These findings highlight the
strong potential of quaternary Ag-based chalcopyrites for high-temperature thermoelectric
applications. The combination of accurate electronic structure from the DDH functional and
efficient transport modeling establishes a reliable framework for predicting thermoelectric
performance. This work provides valuable insights and a solid foundation for further theo-
retical and experimental investigations toward the development of efficient thermoelectric

materials for sustainable energy conversion.
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Chapter 5

Noncollinear Magnetism in Pristine Two-
Dimensional Systems

This chapter constitutes the second part of the thesis and focuses on the emergence of spin-
dependent phenomena in 2D materials. Reduced dimensionality leads to broken inversion
symmetry and enhanced SOC, giving rise to novel magnetic interactions. In this work,
we investigate the Heisenberg exchange interaction, magnetic anisotropy energy (MAE),
and the DMI. These interactions determine the magnetic ground state, the preferred spin
orientation, and the emergence of chiral spin textures, respectively. Unlike conventional
approaches relying on external engineering, we focus on pristine 2D systems where these
effects arise intrinsically. The role of strain and electronic correlations in tuning these in-
teractions is also explored.

This chapter is based on the following published work:

[1] D. Rani, B. R. K. Nanda, and P. Samal, Physical Review B, 112, 174401 (2025).

5.1 Introduction

Following the investigation of bulk chalcopyrite semiconductors and their thermoelectric
transport in the previous Chapters 3, 4, we now turn our attention to low-dimensional sys-
tems, where reduced dimensionality gives rise to fundamentally different physical phenom-
ena. In particular, two-dimensional 2D materials exhibit broken inversion symmetry, re-
duced coordination, and enhanced quantum confinement, which significantly amplify the
role of SOC.

SOC is a fundamental mechanism driving various spin-dependent interactions in low-
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dimensional systems. In 2D materials, SOC leads to phenomena such as the DMI, magnetic
anisotropy energy (MAE), and Rashba spin splitting, all of which are crucial for control-
ling spin textures and magnetic anisotropies [246, 247]. These effects become particu-
larly prominent in systems with broken inversion symmetry and strong electronic corre-
lations, offering opportunities to engineer spintronic functionalities directly within atomic
layers [45, 248].

Recent studies have identified 2D TMDCs of the form MX5 as promising platforms for
spintronic applications due to their intrinsic magnetic and electronic properties [249, 250].
TMDC:s consist of transition metals (M = Mn, Fe, Ni, V, Cr, Sc, Ti) and chalcogen atoms (X
=S, Se, Te), forming layered structures held together by van der Waals forces. This struc-
tural feature allows these materials to be exfoliated into atomically thin monolayers, en-
abling quantum confinement effects and enhanced interfacial interactions. TMDCs exhibit
a rich diversity of physical behaviors, ranging from semiconducting to metallic and super-
conducting phases, driven by their tunable band gaps and diverse crystal symmetries [251].
Importantly, the presence of heavy transition metals results in strong SOC, a critical ingredi-
ent in determining magnetic anisotropy and DMI. TMDCs with magnetic elements such as
Fe, Cr, and Mn show robust magnetism even at the monolayer level [13, 41]. Furthermore,
the DMI in these systems can be effectively tuned via external strain, magnetic fields, or in-
terface engineering with high-SOC materials [252, 49], making them attractive candidates
for the development of next-generation spintronic technologies [253].

The DMI arises in systems with strong SOC and broken inversion symmetry, often oc-
curring at interfaces between magnetic and non-magnetic layers or in bulk non-centrosymmetric
crystals [254, 255, 256]. This antisymmetric exchange interaction is expressed as » _ .7 Qij-
(Si xS;), where d;; represents the DMI vector between neighboring spins S; and S;. Unlike
the conventional Heisenberg exchange interaction, which favors collinear spin alignment,

DMI stabilizes noncollinear and chiral magnetic configurations [257]. In magnetic multi-
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layer systems, DMI is typically interfacial, arising from the interaction between ferromag-
netic layers (such as Co, Fe, or Ni) and heavy non-magnetic layers with strong SOC (such
as Pt, Ir, or W) [252]. The SOC of the non-magnetic layer induces a torque on neighboring
spins, leading to a preferred rotational alignment and stabilizing chiral spin textures such
as spin spirals and skyrmions [258, 259]. The interplay between DMI, perpendicular mag-
netic anisotropy (PMA), and Heisenberg exchange governs the stability, symmetry, and
dynamics of magnetic textures [49, 260, 261]. This competition often leads to the emer-
gence of noncollinear spin configurations and plays a central role in spin dynamics at the
nanoscale [262].

Magnetic ordering has been extensively studied in a wide range of materials, includ-
ing non-centrosymmetric bulk compounds such as MnSi, FeGe, CoGe, and GdFeCo [263,
264, 265, 266]. In addition, interfacial multilayer systems like Pt/Co/Ir, Pt/CoFe/MgO,
Ta/CoFe/MgO, and Ir(111)/Fe exhibit rich magnetic behavior driven by strong SOC and
broken inversion symmetry [252, 267, 48]. With the advent of low-dimensional mag-
netism, recent studies have focused on intrinsic two-dimensional magnetic systems such as
MnBi,Te, [268], Fe,,GeTe, (n = 3,4, 5)[269], Crl; [46], CrGeTes [270], and VSe, [271].
These materials provide ideal platforms for exploring magneto-optical and magnetoelectric
effects at the atomic scale. Furthermore, Janus monolayers such as CroX3Y3 (X, Y = Cl,
Br,[; X # Y) [272], MnXY (X, Y =S, Se, Te; X # Y) [273], and CrXTe (X =S, Se) [274]
introduce additional symmetry breaking, enabling enhanced DMI and novel magnetic in-
teractions.

Motivated by these developments, we focus on the pristine FeTe, monolayer, which
has been identified as a promising candidate for spintronic applications [249, 250]. Despite
its potential, there are very limited studies addressing the role of DMI in this system. We
consider the H-phase FeTe, structure (point group Ds;,), which inherently lacks inversion

symmetry and contains heavy Te atoms, making it suitable for strong SOC-driven interac-
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tions [275]. To investigate its magnetic properties, we systematically apply biaxial strain
ranging from —6% to 6%, ensuring structural stability through phonon dispersion analy-
sis. Our results show that both strain and electronic correlation significantly influence the
magnetic anisotropy energy (MAE), including a sign reversal that enables switching of the
magnetic easy axis from in-plane to out-of-plane. A large variation in MAE, from —6 to
5.3 meV, is observed due to the redistribution of spin-polarized electronic states. Addition-
ally, the competition between exchange interactions (including direct and superexchange
mechanisms) and DMI leads to complex noncollinear magnetic behavior in FeTe,. These
findings demonstrate that pristine 2D TMDC can host strong and tunable spin-dependent
interactions intrinsically, without the need for external engineering. Our study provides fun-
damental insights into the design of 2D magnetic materials for next-generation spintronic

applications.

5.2 Structural & Computational Details

Fig. 5.1(a) presents the top and side views of the monolayer H-phase FeTe,, which crys-
tallizes in a hexagonal structure with point group Ds;. In this configuration, a layer of
Fe atoms is sandwiched between two layers of Te atoms. The Fe atoms are coordinated
by Te atoms in a trigonal prismatic geometry, a characteristic feature of transition metal
dichalcogenides. This structural arrangement governs the splitting of Fe d-orbitals, thereby
influencing the electronic and magnetic properties of the system. Moreover, the absence
of inversion symmetry combined with the presence of heavy Te atoms makes this system
an ideal platform to investigate SOC-driven effects such as magnetic anisotropy and the
DMI [250].

The first-principles calculations for the FeTe; monolayer are performed within the frame-

work of DFT using the Vienna Ab initio Simulation Package (VASP) [156]. The electron—
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ion interactions are described using the PAW method [108, 109], while the exchange—
correlation effects are treated using the PBE functional within the GGA [145]. To prop-
erly account for the strong correlation effects associated with Fe 3d electrons, the DFT+U
approach is employed [250, 276]. The Kohn—Sham wave functions are expanded in a plane-
wave basis with a kinetic energy cutoff of 480 eV. The Brillouin zone is sampled using a
['-centered 18 x 18 x 1 Monkhorst—Pack k-point grid. To accurately evaluate the magnetic
exchange interactions (J1, Js, and J3), a 4 x 4 supercell is used, which allows inclusion of
first-, second-, and third-nearest-neighbor interactions essential for describing the Heisen-
berg exchange.

For the calculation of DMI, a 4 x 1 supercell is employed, where the spin orientation of
Fe atoms is rotated in both clockwise and anticlockwise directions. This approach enables
the extraction of chiral asymmetry in the system, which is necessary for determining the
DMI vector and its influence on the magnetic properties. Phonon dispersion calculations
are carried out using the PHONOPY package [277] to confirm the dynamical stability of the
structures. To evaluate the DMI vectors (d;;), the calculations are performed in three stages.
First, the atomic structures are fully relaxed until the total energy and force converge below
109 eV and 0.001 eV/A, respectively. Subsequently, the Kohn—Sham equations are solved
without SOC to obtain the ground-state charge density. In the final step, SOC is included,
and the total energy is computed self-consistently as a function of the spin orientation using
the constrained magnetic moment method implemented in VASP. This approach, previously
applied to bulk frustrated systems and insulating chiral magnets [278], is adapted here to

analyze the DMI in the FeTe, monolayer.
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5.3 Results and Discussion
5.3.1 Structural Stability & Strain

Biaxial strain (¢) is applied by uniformly varying the in-plane lattice constants (a = b)
from —6% to +6% in steps of 2%, as shown in Fig. 5.1(e). The dynamical stability of both
unstrained and strained structures is examined through phonon spectra calculated using a 4 x
4 supercell (Figs. 5.1(b)-5.1(d)). The absence of imaginary phonon modes confirms that the
H-FeTe; monolayer remains dynamically stable within this strain range, while instability

appears beyond 6% strain.
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Figure 5.1: Structure of FeTe, monolayer under strain. (a) Top and side views of the 2H
phase of the FeTe, monolayer. In the top view, the atomic arrangement is shown with Fe
atoms (red spheres) and Te atoms (blue spheres), where dg. g denotes the in-plane lattice
constant. The side view illustrates the bond lengths dp. 1. and the bond angles 6, and 6,.
(b)-(d) Phonon band structure of the FeTe; monolayer at -6, 0 and 6 % strain, confirming its
dynamic stability. (e) Schematic diagram showing the application of biaxial strain on the
top surface of the FeTe, monolayer. (f) Variation of bond lengths (dg. 1.) and bond angles

(61, 6-) as a function of applied biaxial strain (%).

The H-FeTe, structure lacks inversion symmetry, leading to an asymmetric local en-
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vironment around Fe atoms. Although the Fe-Te bond lengths are equal, the bond angles
differ (; # 65), resulting in local symmetry breaking. According to Moriya’s theory [256],
such asymmetry in the presence of SOC allows the emergence of DMI. For hexagonal sym-
metry, the DMI vector lies in-plane and is perpendicular to the spin direction. Strain sig-
nificantly modifies both structural and magnetic properties. The Fe—Te bond length (dg. c)
increases under tensile strain, while 6, decreases and 65 increases, as shown in Fig. 5.1(f).
The magnetic moment of Fe (1) also increases with tensile strain (Table 5.1). Additionally,
Te atoms contribute more strongly to SOC compared to Fe, with 48 > E8 ..

Table 5.1: Optimized bond lengths (dgc.r. and dr..1.), bond angles (¢, and 65), magnetic
moment () of Fe atom, and Fe and Te resolved SOC contributions (E$§. and Egg ) to the
energy in FeTe, monolayer under different strains.

Strain (%) drere (A) drore (A) 0 (deg) 0 (deg) p(up) ELge (meV) EZ5c (meV)

-6 3.27 244 78.43 84.28  2.020 -9.15 -209.81
-4 3.34 247 77.25 85.15  2.030 -9.27 -211.03
-2 341 2.50 76.10 85.99  2.046 -9.30 -213.22
0 3.48 2.53 74.98 86.81  2.067 -9.38 -215.07
2 3.55 2.56 73.88 87.60  2.071 -9.66 -215.55
4 3.62 2.59 72.83 88.37  2.081 -10.16 -215.60
6 3.69 2.63 71.78 89.11  2.089 -10.42 -215.64

5.3.2 Effect of Electron Correlation

Due to the localized nature of Fe d-electrons, electron correlation plays an important role
in determining the electronic and magnetic properties of FeTe,. To account for this, the
PBE+U method is employed [279]. The effective Hubbard parameter U is calculated us-
ing the linear response approach [280], yielding a self-consistent value of U = 3.20 eV
(Fig. 5.2(a)). In this method, U is obtained from the difference between the inverse inter-

acting and non-interacting response functions:

B B anScf -1 aTLNSCf -1
o= (1) (2 o1
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Figure 5.2: (a) Computation of the on-site Hubbard U parameter using linear response the-
ory: the number of Fe d-electrons (V) is plotted as a function of the applied on-site potential
shift V', using both self-consistent (SCF) and non-self-consistent (NSCF) approaches. The
difference in the slopes of these lines yields the U value. (b) Variation of the magnetic mo-
ment of Fe atoms (ug.) as a function of the Hubbard U parameter. The dotted box highlights
the region where the magnetic moment exhibits the maximum change with increasing U.
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where «; 1s a small perturbation applied to site 7, and n;*" and n, > are the corresponding
occupations from SCF and NSCF calculations. Previous studies [250, 276] typically use
U = 2 eV. To examine the role of correlation, we calculate the Fe magnetic moment ()
as a function of U (0-7 eV). As shown in Fig. 5.2(b), ur. increases with U, with a rapid
change in the range 2—4 eV, followed by a slower increase at higher U, indicating saturation
toward a high-spin state. Based on this behavior, we focus on the range U = 2—4 eV, where

correlation effects most strongly influence the magnetic properties of FeTes.

5.3.3 [Electronic Structure

To understand the combined effect of electronic correlation and lattice strain on the elec-
tronic and magnetic properties of the FeTe, monolayer, we analyze the spin-resolved orbital-

projected density of states (PDOS), as shown in Fig. 5.3. The rows correspond to increasing
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Figure 5.3: Evolution of electronic structure of FeTe, as a function of Strain and corre-
lation. Total and orbital projected resolved density of states of the FeTe, monolayer under
three different strain conditions: ¢ = —4%, 0%, and +6% (left to right columns), and for
varying U (2 - 4 eV). The Fermi level (Er) is set to 0.

on-site Coulomb interaction (U = 2—4 eV), while the columns represent biaxial strain val-
ues of ¢ = —4%, 0%, and +6%. Across all cases, the system remains metallic in the spin-up
channel. In contrast, the spin-down channel exhibits a finite gap near the Fermi level (E'r)
under compressive strain and weak correlation. As the strain becomes tensile and the value
of U increases, the Fe-d spin-down states shift toward E'r, leading to a metallic character
in both spin channels. Additionally, with increasing correlation strength, the Fe-d states
in the spin-up channel shift to lower energies, indicating enhanced localization. The com-

bined influence of strain and electronic correlation also induces noticeable modifications
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in the Te-p states. As shown in Fig. 5.7, the p, states exhibit a more pronounced variation
compared to the nearly degenerate p, and p, states, reflecting the anisotropic response of
the electronic structure to external perturbations.

Overall, the evolution of the electronic structure suggests a strain-driven crossover from
a relatively itinerant electronic character under compressive strain to a more localized be-
havior under tensile strain. Furthermore, the increasing asymmetry between spin-up and
spin-down spectral weights with higher U and tensile strain indicates an imbalance in spin
occupation. This redistribution of electronic states plays a crucial role in determining the
magnetic interactions, including Heisenberg exchange interactions (J), Dzyaloshinskii—
Moriya interaction (DMI, d), and magnetic anisotropy (K'), which are discussed in the
following sections. In particular, the influence of these electronic changes on MAE will

be examined in Section 5.3.5.

5.3.4 Magnetic Interactions

The magnetic interactions in the system are described using the following spin Hamiltonian:
1 1
H=23 JySiSj+ Kuy (55745 ) dy-(SixS)+uBY S5 (52)
i,J i i p

where J;; represents the Heisenberg exchange interaction between spins at sites ¢ and j.
The second term describes the magnetic anisotropy, with /K, being the single-ion anisotropy
constant. A positive K, favors out-of-plane spin alignment, while a negative value favors
in-plane alignment. The third term corresponds to the Dzyaloshinskii—Moriya interaction
(DMI), where d;; 1s the DMI vector responsible for stabilizing noncollinear and chiral spin
configurations. The last term represents the Zeeman interaction, which aligns spins along
the external magnetic field B.

To extract the exchange interaction parameters .J;; from DFT calculations, we employ

Noodleman’s broken symmetry approach [281], where the energy difference between high-
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spin (HS) and broken-symmetry (BS) configurations is given by:

1
-5z
2 max

Ens — Eps = (53)

In the present study, exchange interactions up to third nearest neighbors (J1, Jo, and J3) are
considered. To determine these parameters, four magnetic configurations are examined:
ferromagnetic (FM), Néel-type antiferromagnetic (AFM), stripy AFM, and zigzag AFM
(see Fig. 5.4). The total energies obtained from DFT for these configurations are mapped

onto the Heisenberg model, resulting in the following set of linear equations:

Eem = S* (6J; + 6.J3 + 6.J3) + Ep, (5.4a)
Eneet = S? (=2J1 + 2Jy — 2J3) + E, (5.4b)
Esuipy = S? (—=2J1 — 2J5 + 6.J3) + Ey, (5.4¢)
Ezigme = 5% (2J1 — 2Jy — 2.J3) + E. (5.4d)

Here, S is the spin moment of the magnetic atom and F, is the non-magnetic reference
energy. Solving these equations yields the exchange interaction parameters .Jq, J5, and Js,
which are presented in Fig. 5.4(f)—(h) as a function of strain and correlation strength, with
numerical values summarized in Table 5.2.

Table 5.2: Magnetic exchange interactions (J1, J», J3) and single-ion anisotropy (K ,,) for
U = 24 eV as a function of strain (—6% to 6%). All values are in meV.

| U=2eV | U=3eV | U=4eV
Strain(%)| i1 L J3 K| L S K| ik J3 K,
-6 -7.87 5.13 -8.71 -3.01|-7.67 6.12 -6.00 -1.68|-5.44 585 -3.93 -1.32
-4 -9.02 4.09 -8.56 -4.89(-8.88 5.70 -5.19 -1.99|-6.63 422 -3.41 -1.54
-2 |-11.88 3.28 -4.77 -6.47|-6.92 4.03 -3.40 -2.73|-4.58 3.93 -2.39 -4.68
0 -9.40 3.33 -4.02 -6.54(-5.05 3.17 -2.84 -4.80|-421 2.96 -2.16 2.68
2 -7.51 3.15 -3.37 1.18 [-4.40 -1.88 -2.55 3.38 |-3.45 -2.40 -143 4.72
4 -5.81 2.64 -3.28 2.89 -3.47 -2.74 -1.80 4.17 |-2.96 -3.13 -1.18 4.91
6 249 2.06 -2.34 4.50 |-1.49 -2.78 -1.03 4.98 |-1.59 -3.89 -0.96 5.30
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Figure 5.4: Strain and correlation tunable magnetic exchange interactions. Top view
of the FeTe, monolayer: (a) FM spin configuration along with a schematic representation
of the lattice showing Heisenberg exchange interactions .J;, Jo, and Js; (b)—(d) Different
types of AFM spin configurations: Néel-type, stripy, and zigzag patterns, respectively; (e)
Energy differences between the four spin configurations (FM, Néel, stripy, and zigzag) for
unstrained FeTe, as a function of U; (f)—(h) Variation of Heisenberg exchange interactions
J1, Jo, and J3 as a function of strain (%) for U = 2, 3, and 4 eV, respectively.

The calculated exchange interactions exhibit a non-monotonic dependence on strain.
Under compressive strain (¢ < 0), | /1] and |.J;| are relatively large, indicating strong fer-
romagnetic interactions, particularly around € = —2%. As the strain becomes tensile, .J;
decreases in magnitude and approaches zero, while .J, changes sign and becomes ferromag-
netic for U > 2 eV. Increasing electronic correlation weakens the strength of J; and J3.
These trends reflect a strain-driven modification of magnetic interaction pathways, origi-
nating from changes in bond lengths (dge re, dre 1) and bond angles (61, 65), which affect
both direct exchange and superexchange mechanisms. To determine the magnetic ground
state, the energy differences of AFM configurations relative to the FM state are shown in
Fig. 5.4(e). The FM configuration consistently exhibits the lowest energy across all con-
sidered U values, confirming it as the ground state. The combined effect of strain and

electronic correlation provides an effective route for tuning magnetic interactions in FeTes
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monolayers. Under compressive strain and low U, competing exchange interactions can
lead to magnetic frustration, potentially stabilizing noncollinear spin configurations. In
contrast, tensile strain and higher U favor stronger ferromagnetic interactions, resulting in

a more stable magnetic order.

5.3.5 Magnetic Anisotropy Energy

The second term in the Hamiltonian [Eq. 5.2] represents the single-ion magnetic anisotropy.
In FeTe, monolayers, strong spin—orbit coupling (SOC), primarily originating from the
heavy Te atoms, introduces significant spin-dependent energy shifts, thereby enhancing
the magnetic anisotropy. This anisotropy can be effectively tuned by lattice strain and elec-
tronic correlation. The magnetic anisotropy energy (MAE) is evaluated as the energy dif-

ference between in-plane and out-of-plane magnetization directions:
K. = Epoo) — Ejpoy) = E* — E7,

where K,, > 0 corresponds to out-of-plane magnetic anisotropy (OPMA), while K, < 0
indicates in-plane magnetic anisotropy (IPMA).

The strain-dependent variation of K, for different U values is shown in Fig. 5.5 (a) and
summarized in Table 5.2. Under compressive strain (—6% to —2%), K, remains negative
for all U, indicating IPMA. As the strain becomes tensile, K, changes sign, marking a tran-
sition to OPMA. This crossover is further enhanced with increasing U, reflecting stronger
electron localization and enhanced SOC effects. For U = 2 eV, the unstrained system
exhibits a strong in-plane anisotropy with K, = —6.54 meV, consistent with previous
studies [250]. Under tensile strain, K, increases significantly, reaching 5.30 meV at 6%
strain for U = 4 eV. This enhancement originates from strain-induced modifications in
bond angles and crystal field, which alter orbital overlaps and strengthen anisotropic SOC

contributions, particularly between Te p and Fe d orbitals. Fig. 5.5 (b) shows the atom-
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resolved MAE contributions from Fe and Te atoms. In all cases, Te atoms dominate the
MAE, highlighting the crucial role of Te-driven SOC. At U = 2 eV and ¢ = —2%, Te
contributes to IPMA, while at U = 4 eV and € = 2%, the contribution becomes positive,

indicating a transition to OPMA. The contribution from Fe atoms remains comparatively

small.
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Figure 5.5: (a) Single-ion magnetic anisotropy energy K, as a function of biaxial strain
for different U values. The pink and blue shaded regions denote out-of-plane and in-plane
magnetic anisotropy, respectively. (b)Atom-resolved MAE for FeTe, under varying U and
biaxial strain. The panels correspond to (U = 2 eV, € = —2%), (U = 3 eV, € = 0%), and
(U=4¢eV, e =2%).

To gain microscopic insight into the origin of MAE, we analyze orbital-resolved hy-
bridization contributions based on second-order perturbation theory [282]. The MAE can

be expressed as:

& L. V2 4 L, V|2
apt =y 3 UL = oM Lol .50
ot ut Sut — ot
T L. i 2 _ T L. 4
At = _y2 3 WOLIAP = Lo Lalut)? 5.5)
ol ut Sut T Eot
MAE = AEW + AEW, (5.5¢)
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where A is the SOC strength, and o and u denote occupied and unoccupied states, respec-
tively. The MAE depends on both the angular momentum matrix elements and the energy

separation between states.

Table 5.3: Matrix element differences between magnetization directions for Te p orbitals.
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Figure 5.6: MAE contribution from 5p orbital hybridization in of Te atoms in the FeTe,
monolayer under different conditions: (a) U = 2 eV, e = —2% (compressive strain), (b)
U =3¢V, e = 0% (unstrained), and (c) U = 4 eV, ¢ = +2% (tensile strain).

Equations 5.5a and 5.5b indicate that states near the Fermi level dominate the MAE.
Both intra-spin and inter-spin transitions contribute. The orbital-resolved contributions for
different strain and U values are shown in Fig. 5.6(a)—(c).

The p,—p, matrix element difference is negative, favoring IPMA, while the p,—p. con-
tribution is positive, favoring OPMA. From the PDOS (Fig. 5.7), the energy separation
between pf and p? decreases with increasing strain and U, enhancing the p,—p. contribu-
tion and promoting OPMA. At U = 4 eV and +2% strain, the p, state crosses the Fermi

level, further strengthening this effect. In contrast, the p,—p, contribution weakens due to
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Figure 5.7: Orbital resolved projected density of states (PDOS) for the Te p orbitals (p,:
green, p,: blue, p.: red) in the FeTe, monolayer under different conditions: (a) U = 2 eV,
e = —2% (compressive strain), (b) U = 3 eV, ¢ = 0% (unstrained), and (¢c) U = 4 eV,
€ = +2% (tensile strain). The Fermi level is set at £ — Er = 0 eV and marked by the
vertical black line.

increased energy separation caused by the shift of p, states below the Fermi level. As a
result, OPMA dominates under tensile strain and strong correlation.

Overall, the enhancement of MAE arises from increased out-of-plane orbital hybridiza-
tion driven by strain and electronic correlation. This analysis clearly demonstrates that Te
p-orbitals and their hybridization dynamics play a decisive role in determining the magnetic

easy axis in FeTe, monolayers.

5.3.6 Dzyaloshinskii-Moriya Interaction

The DMI originates from SOC in systems lacking inversion symmetry and plays a key role
in stabilizing non-collinear magnetic textures such as spin spirals and skyrmions [283]. In
the FeTe, monolayer, inversion symmetry is broken due to the asymmetric positioning of
Te atoms with respect to the Fe layer, allowing for a finite DMI.

According to Moriya’s symmetry rules [255, 256], the DMI vector between two neigh-

boring spins can be expressed as

108



5 Noncollinear Magnetism in Pristine Two-Dimensional Systems

where 4;; is the unit vector connecting sites 7 and j, and dj and d; denote the in-plane and

out-of-plane components of the DMI vector, respectively.

Derivation of DMI from total energy differences

Figure 5.8: Top view of the 4 x 1 x 1 FeTe, monolayer (Fe atoms in red and Te atoms in
blue) showing the spin configurations used for calculating the DMI.

To extract the DMI strength from first-principles calculations, we consider the antisym-
metric exchange term:

HDMI = dz’j . (Sz X S]> (57)
(4,3)

Two spin configurations, clockwise (CW) and anticlockwise (ACW), are constructed. Since
the symmetric Heisenberg exchange remains unchanged under reversal of chirality, the en-

ergy difference arises solely from the DMI term:

ot — M_ (5.8)
m
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The constant m depends on the crystal structure and the magnetic supercell. The spin inter-
action energy for atom 1 from Fig. 5.8, including exchange, anisotropy, DMI, and Zeeman

contributions, is written as:
1
B! =2 [Jl (51 Sy 4+ 81 Syt Sy Sy 4SSy + S-Sy + Sy - 54*)
s (sl Sy + Sy - Sy + Sy Sy + Sy - 53*)

1
n J3<51 S5+ S - 53,,,) +AL(S) 4 5 D dy - (1% S)) + wBS;. (59)

The factor 1/2 accounts for double counting of bonds. Spins 1’ and 1” are parallel and

antiparallel to S;, respectively. For the in-plane DMI component, the expression reduces

to:
1
E' = 3 [J1(2) + J2(0) + J5(0)] + A, (5%)°
1
+35 Yy — d%yn — dip +d%y] + pvBS;. (5.10)

Using Moriya’s symmetry rules, d;; oc £ X ;;, the DMI contribution becomes:

1 1
EW = 5[2J1] + A, (53 + §dH [cos(0°) — cos(180°) — cos(240°) + cos(60°)] + uvBS;.

(5.11)
which leads to:
Etw =5[22 + A (S; + L [3d)] + wBS;, (5.12)
By = %[Nl] + A, (S7)” - %[3d”] + uvBS?. (5.13)
By solving Eqns. 5.12 and 5.13
dy = M (5.14)
For the full supercell:
dy = W (5.15)
Similarly,
d, = Low = Bacw (5.16)
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Micromagnetic DMI

In the continuum limit, the spins are represented by a smooth magnetization field m(r).

Using a Taylor expansion:

9, s,
m(r;) ~ m(r;) + rum@—m + ruwﬁ—l; (5.17)

The DMI energy for atom ¢ interacting with six nearest neighbors is:

6

1 N 0
Eipwi = §Tdu Z (2 X y) - [m(l’i) X a:j . (5.18)

n=1

Using Lifshitz invariants:
u Omg  Omy
L;,q) ~ ey T Moy

(5.19)

where p, g represent arbitrary Cartesian coordinates, such as x and y. As per figure 5.8,
the energy value for 6 nearest neigbouring astoms can be calculating by subsitituing u into

equation B.16 where

Eipvi = €y + €2 + € + €4+ + € + €1, (5.20)
= —rd” 4Lm + iﬂ V4 L@ 4 iLg; + iﬂ Y) 4 iLg; + iﬂ v 4 L)

+iLg; + ZLS{) : (5.21)

= —rd” 3L +3LY)], (5.22)

= grdn (L) + LY)] . (5:23)

The above expression for E; py is written in terms of discrete spin interactions and their

spatial variations. To establish a connection with the continuum description, the discrete

summation over neighboring spins is mapped onto a continuous magnetization field m(r).
(u)

In this framework, the Lifshitz invariants L,," represent the lowest-order terms capturing

chiral spin variations arising from SOC. By comparing the atomistic DMI energy with the
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standard micromagnetic form of the DMI energy density,

d d
M _ m:c% +id(z <> y), (5.24)
x

one can directly identify the coefficient of the Lifshitz invariants with the micromagnetic
DMI constant D. we can evaluate dmi strength D normalized by number of magnetic atoms
N in the unit cell and volume corresponding to a Fe atom in the magnetic film, where V =

@- t where @ is the atomic surface area for a hexagonal lattice and t is the thickness

of the magnetic layer :
_ V34N

a-t

D

(5.25)

5.3.7 Deviation of DMI as a function of strain and correlation

The data in Table 5.4 show that the out-of-plane DMI component d; remains negligible
across all considered strain values and Hubbard U parameters, indicating that it plays only
a minor role in the magnetic interaction landscape of the system. In contrast, the in-plane
component d exhibits a strong and non-monotonic dependence on strain.

Table 5.4: Nearest-neighbor (NN) in-plane and out-of-plane DMI constants (d) and d )
and micromagnetic DMI strength (D) as a function of strain (—6% to 6%), calculated using
PBE+U with U = 2, 3,4 eV. The units of d|| and d; are meV, while D is in mJ/m?.

U=2 U=3 U=4
Strain(%)| dy d. D | df d. D | d d. D
6 | 036 001 099048 011 132[099 013 272
4 | 027 005 073|033 003 088|057 009 1.53
2 |-0.15 -0.07 -0.40|0.19 -0.05 050 [-0.41 0.02 -1.08
0  [-0.17 -0.08 -0.44|-039 -0.04 -1.00 |-0.27 -0.08 -0.70
2 [-0.56 -0.08 -1.41[-085 -0.09 -2.15|-1.21 -0.03 -3.06
4 |-029 005 -0.72|022 001 054 (059 013 146
6 025 004 061|054 003 131095 0.13 231

As shown in Fig. 5.9(c), d| changes sign with strain, corresponding to a switching of the

preferred spin spiral configuration from anticlockwise (ACW) to clockwise (CW), and then
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Figure 5.9: (a)—(b) Representation of the Clockwise and Anticlockwise spin configurations
in a 4x1 FeTe, monolayer. Red arrows indicate the directions of the magnetic moments,
(c) In-plane DMI component (d|) versus strain; positive values favor ACW and negative
values favor CW spirals. (d) Contribution to A Esoc by Fe and Te, calculated for opposite
chiralities at ¢ = —6%, 2%, and 6% for U = 2, 3, and 4 eV.

back to ACW. This behavior reflects a strain-driven modulation of the chiral magnetic in-
teractions and originates from changes in spin—orbit coupling (SOC), orbital hybridization,
and local crystal symmetry. In particular, the increase in d|| beyond 2% tensile strain can
be attributed to enhanced SOC effects arising from modified hybridization between Fe d-
orbitals and Te p-orbitals. As strain alters the structural parameters, such as the Fe—Te bond

length (dp._1.) and bond angles (0, 0), the resulting changes in orbital overlap strengthen

the asymmetric exchange interactions responsible for DMI. The inversion asymmetry of the
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system is also enhanced under strain, further contributing to the increase in DMI strength.
For example, at U = 2 €V, d| is approximately —0.17 meV at —2% strain, and increases
with tensile strain, reaching 0.25 meV at 6%. This evolution is accompanied by a change
in chirality from CW to ACW, consistent with the observed sign reversal.

To gain insight into the microscopic origin of DMI, we analyze the atom-resolved SOC

energy difference between CW and ACW spin configurations, defined as
ABsoc = Esoc — Egoc

for selected strain values (—6%, 2%, and 6%) and U = 2, 3, and 4 eV, as shown in
Fig. 5.9(d). The decomposition of A Esoc into contributions from Fe and Te atoms reveals
that Te consistently dominates the SOC response. This is primarily due to its larger atomic
number, which enhances relativistic effects and strengthens the SOC-driven anisotropic ex-
change responsible for DMI. Interestingly, the relative contributions from Fe and Te vary
with strain. At —6% strain, the contributions have opposite signs (Fe positive and Te neg-
ative), indicating a competing interplay that reduces the net DMI and favors ACW spin
orientation. At 2% strain, both contributions become positive, suggesting a cooperative
enhancement of the CW spin spiral state. At 6% strain, the behavior again resembles the
compressive case, with opposing contributions that stabilize the ACW configuration. While
the sign of A Esoc remains unchanged for all values of U, its magnitude varies significantly.
This trend 1s consistent with the strain-induced evolution of d shown in Fig. 5.9(c), con-
firming that the DMI is directly governed by SOC modifications arising from changes in
crystal symmetry, bonding environment, and orbital hybridization.

As shown in Table 5.4, the micromagnetic DMI constant D follows the same trend as
dy. For each value of U, D increases under both compressive (—6%) and tensile (6%) strain,
reaching maximum values of 2.72 mJ/m? and 2.31 mJ/m?, respectively, for U = 4 V. This

indicates that extreme strain conditions enhance the asymmetric exchange interactions re-
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sponsible for DMI. In contrast, near-zero strain regimes (particularly around 2%) exhibit
a sign reversal of D, reaching large negative values (up to —3.06 mJ/m? at U = 4 eV),
corresponding to a CW spin spiral orientation. This chirality switching arises from strain-
induced modifications in Fe—Te bond geometry and the electronic structure, which alter the
magnitude and direction of SOC contributions. Furthermore, increasing U enhances the
magnitude of D, especially under strain. This behavior originates from increased localiza-
tion of Fe d-electrons, which strengthens SOC-mediated exchange interactions. Overall, the
micromagnetic DMI constant D emerges as a highly tunable parameter, controlled by both
strain and electronic correlation. This tunability provides an effective route for engineering

chiral spin textures in FeTe, and related two-dimensional magnetic systems.

5.4 Conclusions

In summary, we have systematically investigated the effects of biaxial strain and electronic
correlation on the MAE and DMI in a pristine FeTe, monolayer using DFT+U calcula-
tions including SOC. Our results demonstrate that both strain and correlation play a crucial
role in determining the magnetic properties of the system. In particular, tensile strain in-
duces a transition of the magnetic easy axis from in-plane to out-of-plane, with the MAE
varying significantly from approximately —6 to +5.3 meV. This large modulation orig-
inates from the strain-induced redistribution of spin-polarized occupied and unoccupied
states near the Fermi level. The underlying mechanism is associated with changes in elec-
tron hopping strengths, driven by variations in bond lengths and local crystal field under
strain. Simultaneously, the in-plane DMI component (d||), which governs the twisting of
spin configurations, exhibits a strong dependence on strain, with both its magnitude and sign
undergoing significant changes. This behavior arises from strain-induced modifications in

SOC strength, orbital hybridization, and symmetry. As a consequence, the micromagnetic
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DMI constant (D) reaches values as high as 3.06 mJ/m? under optimal conditions. In con-
trast, the out-of-plane component (d ) remains negligible across all strain and correlation
regimes, confirming that the DMI in this system is predominantly of the Néel type, driven
by in-plane inversion symmetry breaking.

Overall, our findings establish that both MAE and DMI can be effectively tuned in
a pristine two-dimensional material without relying on conventional approaches such as
chemical doping or heterostructure engineering. This highlights FeTe, as a promising plat-
form for exploring complex magnetic interactions and designing tunable chiral spin textures

in low-dimensional systems.
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Chapter 6

Exploring SKyrmion Stability in Centrosym-
metric Monolayers

In the previous chapter, we showed that DMI and MAE arise intrinsically in H-FeTe, due
to broken inversion symmetry and strong SOC. In contrast, centrosymmetric systems such
as T-FeTe, lack DMI, limiting the formation of non-collinear spin textures. To address
this, we construct a van der Waals heterostructure of FeTe, with Pt, which breaks inversion
symmetry and enhances SOC. We then investigate how the interplay of exchange inter-
actions, MAE, and DMI stabilizes skyrmions using micromagnetic simulations based on
first-principles parameters.
This chapter is based on the following work:

[1] D. Rani, B. R. K. Nanda, and P. Samal, 7o be submitted.

6.1 Introduction

Chiral topological magnetic textures, particularly skyrmions [284], have attracted signifi-
cant attention due to their nanoscale size, topological stability, and low current-driven mo-
bility. These properties make them promising candidates for next-generation spintronic
devices, including racetrack memories and logic architectures [285, 286, 287, 288]. Unlike
conventional domain walls, skyrmions behave as particle-like objects and can be manip-
ulated with extremely low current densities, enabling energy-efficient information storage
and processing [289, 290, 291].

The stabilization of skyrmions is primarily governed by the competition between sym-

metric exchange interaction, magnetic anisotropy, and the antisymmetric DMI [292, 293].
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In systems with sufficiently strong DMI, the balance between these interactions favors chiral
spin configurations such as spin spirals and skyrmions. However, in many materials, espe-
cially those based on 3d transition metals, the intrinsic DMI remains relatively weak [294],
making the stabilization of skyrmions challenging under realistic conditions.

To overcome this limitation, extensive efforts have been devoted to engineering DMI
through interface design. In particular, ferromagnet/heavy metal (FM/HM) heterostructures
have emerged as an effective platform, where strong SOC from heavy elements and inter-
facial inversion symmetry breaking significantly enhance DMI. A notable example is the
observation of atomic-scale skyrmions in Fe/Ir(111) systems [295]. Subsequently, room-
temperature skyrmions have been realized in FM/HM heterostructures such as Ir/Co/Pt and
Ir/Fe/Co/Pt, where asymmetric stacking maximizes SOC and DMI [296, 297]. These stud-
ies highlight the crucial role of interfacial engineering in stabilizing chiral magnetic textures.

Despite these advances, realizing skyrmions in centrosymmetric 2D materials remains
a significant challenge. In such systems, inversion symmetry suppresses the intrinsic DMI,
preventing the formation of chiral spin textures. 2D TMDC:s, including FeTe,, offer a ver-
satile platform for exploring low-dimensional magnetism [298]; however, their centrosym-
metric phases (T-FeTe;) do not naturally host DMI. A promising route to overcome this
limitation is through vdW heterostructure engineering. By interfacing a magnetic mono-
layer with a HM, inversion symmetry can be broken at the interface, while strong SOC
enhances the DMI [288]. Recent studies have demonstrated that such heterostructures can
host chiral spin textures even at low or zero external magnetic fields, making them attrac-
tive for practical applications [295, 296, 297, 299]. In this work, we focus on FeTe,/Pt
vdW heterostructures based on the centrosymmetric 1T phase of FeTe,. While pristine 1T-
FeTe, lacks intrinsic DMI, interfacing it with Pt induces strong interfacial SOC and sym-
metry breaking, leading to a finite DMI. By systematically investigating different stacking

configurations and varying the number of Pt layers, we analyze how interfacial structure,
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orbital hybridization, and magnetic anisotropy influence the magnitude and orientation of
DMI. Using DMI parameters extracted from first-principles calculations, we perform mi-
cromagnetic simulations to explore the stability of skyrmions in these heterostructures. Our
results demonstrate that FeTeo/Pt systems can host stable skyrmions under experimentally
accessible conditions, providing a viable pathway for designing ultrathin spintronic devices

based on chiral magnetic textures.

6.2 Computational Methods

First-principles calculations for the 2D vdW heterostructure FeTe,/Pt(111) were performed
using DFT, as implemented in the Vienna Ab initio Simulation Package (VASP) [156]. The
electron—ion interactions were treated using the PAW method [ 108, 109], and the exchange—
correlation functional was described within the PBE generalized gradient approximation
(GGA) [145]. To account for the localized nature of Fe 3d electrons, the DFT+U method
was employed [250, 276], with an effective Hubbard parameter U = 3.00 eV [298].
The Kohn—Sham orbitals were expanded in a plane-wave basis set with a kinetic energy
cutoff of 520 eV. Brillouin-zone integrations were performed using a I'-centered 12 X
12 x 1 Monkhorst-Pack k-point mesh. A vacuum spacing of 25 A was introduced along
the out-of-plane direction to avoid spurious interactions between periodic images. To ac-
curately describe the weak interlayer interactions in the vdW heterostructure, dispersion
corrections were included using the DFT-D3 method with Becke—Johnson damping [300,
301]. All structures were fully relaxed until the total energy converged within 1076 eV
and the Hellmann-Feynman forces were below 0.001 eV/A. The dynamical stability of
the optimized structures was verified by calculating the phonon spectra using the finite-
displacement method as implemented in the PHONOPY package [277]. The DMI was

calculated using the supercell approach, following the procedure described in Section 5.2
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of Chapter ??. In brief, the DMI is obtained from the total energy difference between CW
and ACW spin configurations in the presence of SOC [302, 303]. Finally, the micromag-
netic simulations were performed using the MUMAX3 package [304], where parameters
such as exchange interaction, magnetic anisotropy, and DMI obtained from first-principles

calculations were used to investigate the stability and evolution of skyrmion spin textures.
6.3 Result and Discussions

6.3.1 Geometric Properties of the Heterostructures

Fe layer (magnetic moments S;)

e layer (mediafes hybndizatiop) > Interfacial DMI

(a)

Pt(111) layer (strong SOC)

Figure 6.1: Schematic illustration and stacking configurations of FeTe,/Pt(111) het-
erostructures. (a) Layer-resolved view showing Fe magnetic moments, Te-mediated hy-
bridization, and the Pt(111) substrate with strong SOC. (b) Side views of different stacking
configurations (AA, AA’, AB, AB’) illustrating distinct atomic registries between FeTe,
and Pt.

Constructing vdW heterostructures provides an effective route for tailoring the elec-
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tronic and magnetic properties of 2D materials through interlayer coupling, charge redis-
tribution, and symmetry engineering. In the case of FeTe,, the 1T (tetragonal) polymorph
exhibits metallic behavior, which facilitates efficient charge transfer across the interface.
Such charge transfer can significantly modify the local crystal-field environment of Fe
atoms, thereby influencing the exchange interactions and the SOC landscape within the het-
erostructure [42, 305]. Motivated by these considerations, we construct vdW heterostruc-
tures by interfacing monolayer 1T-FeTe, (with in-plane lattice parameter a = 3.48 A [42])
with a Pt overlayer (a = 2.50 A [306]). Pt is chosen due to its strong intrinsic SOC and its
ability to enhance interfacial SOC interactions through inversion symmetry breaking at the
interface. A schematic representation of the heterostructure is shown in Fig. 6.1(a), where
the Fe layer hosts magnetic moments and the intermediate Te layer mediates hybridization
with the underlying Pt(111) substrate. Since FeTe, and Pt possess significantly different
lattice constants, constructing a commensurate interface requires careful supercell design.
To minimize lattice mismatch, a 2 x 2 supercell of FeTe, is matched with a 3 x 3 supercell
of the Pt(111) surface, resulting in a mismatch below 5%.

This approach preserves the intrinsic structural characteristics of both materials while
avoiding artificial strain effects that could obscure the underlying magnetic interactions.
Furthermore, multiple stacking configurations are considered, as illustrated in Fig. 6.1(b),
including AA, AA’, AB, and AB’ arrangements. These configurations correspond to differ-
ent atomic registries between FeTe, and the Pt substrate, leading to variations in interfacial
hybridization and local symmetry. In particular, the AB stacking, corresponding to a lat-
eral shift of (1/3, 1/3), breaks the local inversion symmetry more effectively and enhances
the orbital hybridization between Te/Fe and Pt atoms. As a result, such configurations are
expected to exhibit stronger interfacial coupling compared to other stacking arrangements.
As shown in Table 6.1, the AA configuration is the most stable, whereas AB and AB' are

nearly degenerate and only slightly higher in energy. This small energy difference suggests
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that different stacking arrangements can be experimentally accessible and may coexist.

Table 6.1: Relative total energies of different stacking configurations of the T-FeTeo/Pt(111)

heterostructure. Energies are given in meV per atom with respect to the most stable con-
figuration (AA).

Configuration AA AA' AB AP

Energy (meV/atom) 0.0 350 1.6 2.0

As shown in Fig. 6.2, the AB’ configuration exhibits imaginary phonon modes, indi-
cating its dynamical instability. Therefore, in the following analysis, we focus only on the

dynamically stable AA and AB stacking configurations.

2

Frequency (THz)
Frequency (THz)

Figure 6.2: Phonon dispersion of different stacking configurations of FeTe,/Pt(111)
heterostructures. Phonon spectra along the high-symmetry path are shown for (a) AA, (b)
AB, and (c) AB’ configurations.

6.3.2 Charge density distribution

To further understand the nature of interfacial interactions, we analyze the charge density
difference (Ap) of the FeTe,/Pt(111) heterostructures, as shown in Fig. 6.3. The charge

density difference is defined as

Ap = PFeTe, /Pt(111) — PFeTe, — PPt(111),

where prere, /pi(111)> PreTe,» and ppy(111) represent the charge densities of the heterostructure,

isolated FeTe, layer, and Pt (111) substrate, respectively.
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Figure 6.3: Charge density difference in FeTe,/Pt(111) heterostructures. Charge density
difference plots for (a) AA and (b) AB configurations, where yellow and cyan denote charge
accumulation and depletion, respectively. The redistribution of charge near the Te and Pt
atoms indicates strong interfacial hybridization and charge transfer across the interface.

In the plots, the yellow and cyan isosurfaces correspond to charge accumulation and
depletion, respectively. A pronounced redistribution of charge is observed at the FeTeo/Pt
interface, indicating strong interlayer interaction. In particular, significant charge accumu-
lation is visible around the Te atoms and the topmost Pt layer, while depletion regions appear
near the Fe atoms. This suggests that electrons are transferred from the Fe layer toward the
Te—Pt interface, leading to a modified electronic environment around the magnetic Fe sites.
The observed charge redistribution highlights strong hybridization between Te p orbitals
and Pt d orbitals, which acts as a bridge for electronic coupling between the Fe layer and
the HM substrate. This hybridization plays a key role in modifying the local crystal field
and enhancing SOC effects at the interface.

Comparing the two stacking configurations, the AB stacking exhibits a more pronounced
and spatially extended charge redistribution compared to the AA configuration. This be-

havior originates from the lateral (1/3, 1/3) shift in the AB configuration, which leads to
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enhanced orbital overlap between Te/Fe and Pt atoms. As a result, the interfacial hybridiza-
tion is stronger in AB, which is expected to have a significant impact on the electronic and
magnetic properties of the heterostructure. Overall, the charge density difference analy-
sis confirms that the FeTe,/Pt interface is characterized by substantial charge transfer and
orbital hybridization, which are essential for tuning the interfacial electronic structure and

related physical properties.

6.3.3 Spin model and magnetic parameters

To quantitatively describe the magnetic interactions in the FeTe,/Pt(111) heterostructure,
we map the first-principles results onto an effective spin Hamiltonian defined on the Fe

sublattice.
1 : 1
a 2 Zij Jij Si - 8; — K, EZ (S7)* + 3 ;j d;; - (S x8S;) , (6.1)

The Hamiltonian includes isotropic Heisenberg exchange interactions up to third nearest
neighbors (J1, Jo2, J3), uniaxial magnetic anisotropy (/,), and the DMI, which arises due
to broken inversion symmetry at the interface combined with strong SOC. The extracted
magnetic parameters as a function of Pt thickness are summarized in Table 6.2, and their
evolution is illustrated in Fig. 6.4. These results reveal a complex interplay between ex-
change interaction, interfacial hybridization, and SOC, all of which are strongly modulated

by the thickness of the Pt substrate and stacking geometry.
Magnetic moment and electronic reconstruction

The magnetic moment of Fe given in Table 6.2 shows a noticeable dependence on Pt thick-
ness, particularly in the AA stacking where it decreases significantly from 3.55 g at 1 ML
to ~2.3 up at 2 ML, followed by a gradual stabilization. This reduction is a direct conse-

quence of enhanced hybridization between Fe d states and Te p states, which further couple
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to Pt d orbitals, as already indicated by the charge density redistribution. The delocalization
of Fe d electrons reduces the local magnetic moment and modifies the exchange pathways.
In contrast, the AB stacking exhibits a relatively stable magnetic moment across thickness,

suggesting a different hybridization environment due to its shifted atomic registry.

Table 6.2: Magnetic moment (u), exchange interactions (J1, Jo, J3), magnetic anisotropy
(K.), DMI (d)), and micromagnetic DMI (D).

Pt layers

(ML) pps) Jo J3 K, dy D(@mIm™?)
AA stacking

1 355 -6.10 -3.13 -1.08 -2.30 0.14 0.38

2 230 -5.15 -2.89 -0.89 228 0.32 0.86

3 291 -454 -2.10 -0.60 3.13 0.80 2.11

4 297 -3.87 -2.32 0.13 290 0.50 1.29

5 289 490 -140 022 212 033 0.84
AB' stacking

1 271 -450 -296 -093 -1.86 0.26 0.71

2 274 235 -1.16 -0.71 296 0.56 1.50

3 275 -3.06 -2.05 -043 321 1.75 4.50

4 332 -290 -1.68 -0.32 339 0.81 2.09

5 351 233 -1.08 0.50 3.01 0.22 0.55

Exchange interactions

By solving the total energy expressions given in Chapter 5, we extract the exchange param-
eters Ji, Jo, and J3 for the AA and AB stacking configurations. The calculated values are
summarized in Table 6.2, and their variation with Pt thickness is shown in Figs. 6.4(a) and
(b). Among the three interactions, the nearest-neighbor exchange .J; is clearly dominant,
while J, and J3 remain comparatively weaker across all Pt thicknesses. The dominance
of .J; originates from its direct Fe—Fe exchange nature, which involves strong overlap be-
tween neighboring Fe d orbitals. As a result, J; primarily determines the magnetic ground

state of the system. At low Pt thickness (1-3 ML), .J; is negative, indicating FM coupling
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Figure 6.4: Variation of magnetic interactions and spin—orbit coupling contributions in
FeTe,/Pt heterostructures as a function of Pt thickness (ML). (a,b) Evolution of the nearest-
(J1), next-nearest- (.J2), and third-nearest-neighbor (./5) exchange interactions for (a) AA
and (b) AB stackings. (c) K, for both stackings. The blue-shaded region (K, < 0) corre-
sponds to in-plane magnetic anisotropy, while the yellow-shaded region (K, > 0) indicates
out-of-plane magnetic anisotropy. (d) In-plane DMI d| as a function of Pt thickness for AA
and AB configurations. (e,f) Atom-resolved SOC energy contributions (A Esoc) from Fe,
Te, and Pt atoms for AA and AB stackings.

between Fe spins. In this regime, the Fe d electrons are relatively localized, and the direct
exchange interaction favors parallel spin alignment. However, with increasing Pt thick-
ness, a significant modification of J; is observed. In particular, .J; increases in magnitude
and eventually changes sign at larger thickness (around 5 ML), indicating a transition from
FM to AFM. This behavior is consistent with the charge density redistribution discussed
earlier in Fig. 6.3, where increased delocalization of Fe d electrons toward the Te—Pt inter-
face modifies the strength of direct exchange and enhances substrate-mediated interactions.
This sign reversal of J; can be attributed to the gradual delocalization of Fe d electrons due
to hybridization with Te p and Pt d orbitals. As the electronic states become more itin-

erant, the balance between exchange mechanisms changes, weakening the ferromagnetic
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direct exchange and allowing antiferromagnetic contributions to dominate. This behavior
reflects the strong influence of the metallic Pt substrate on the magnetic interactions within
the FeTe, layer.

The next-nearest neighbor interaction .J; is mediated via Te atoms through a Fe-Te—Fe
superexchange pathway. As shown in Fig. 6.4 (a)-(b), this interaction depends sensitively
on the Fe—Te-Fe bond geometry and orbital overlap. The consistently negative and rela-
tively small magnitude of .J; suggests that the superexchange interaction favors weak FM
coupling but does not compete strongly with .J; for both the stackings. The third-nearest
neighbor interaction .J; originates from a longer-range exchange mechanism, which can
be associated with an RKKY-like interaction mediated by the conduction electrons of the
Pt substrate. This interaction is relatively weak but shows a noticeable dependence on Pt
thickness, reflecting the increasing role of itinerant electrons at the interface. The small
magnitude of J3 indicates that long-range exchange interactions play a secondary role in
determining the magnetic ground state.

In AA stacking, the FeTe, monolayer is placed directly on the Pt(111) surface, aligning
Fe atoms directly above Pt atoms. This direct alignment maximizes the Fe—Pt orbital over-
lap, making all exchange interactions strongly sensitive to Pt thickness. In AB stacking,
the FeTe, monolayer is laterally shifted by (1/3,1/3) relative to the Pt surface, displac-
ing Fe atoms away from the direct Pt atop site. This reduces the Fe—Pt orbital overlap and
weakens the substrate-induced delocalization of Fe d electrons, resulting in smaller overall
magnitudes of .J;, J5, and J3 compared to AA across all Pt thicknesses.

Overall, the exchange interactions in the FeTeo/Pt(111) heterostructure arise from a
combination of direct Fe—Fe exchange (./;), Te-mediated superexchange (.J5), and longer-
range interactions (./3) influenced by the metallic substrate. While ./; provides the dominant
contribution, the finite magnitude of .J; and .J5 indicates the presence of additional exchange

pathways that can modify the magnetic interactions beyond nearest neighbors. The inclu-
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sion of these interactions is therefore essential for accurately describing the magnetic ener-
getics and capturing possible deviations from simple collinear ordering. In particular, the
interplay among .J;, J5, and J3 can influence the stability of competing magnetic configura-
tions and plays an important role in determining the spin textures discussed in the following

sections.
Magnetic Anisotropy Energy

The Single-ion anisotropy energy (SIA) is defined as the total energy difference between

out-of-plane and in-plane magnetization directions,
K,=E —-FE|, (6.2)

where E) and E | correspond to the total energies with magnetization oriented in-plane
and out-of-plane, respectively. A positive (negative) value of K, indicates out-of-plane
(in-plane) magnetic anisotropy. As shown in Fig. 6.4(c), K, changes from negative to
positive with increasing Pt thickness, indicating a transition from in-plane to out-of-plane
anisotropy. This behavior arises from enhanced SOC at the FeTe,/Pt interface due to in-
creased hybridization with Pt d states. Both AA and AB stacking configurations exhibit
a similar trend, with maximum K, at intermediate thickness, while differences between
them remain small and originate from stacking-dependent hybridization. It is worth noting
that, although the AA configuration shows a slightly larger exchange interaction compared
to AB, the SIA exhibits the opposite trend. This difference arises because exchange inter-
actions and magnetic anisotropy originate from distinct microscopic mechanisms. While
the exchange interaction is primarily governed by direct Fe—Fe overlap, the SIA is domi-
nated by spin—orbit coupling and its sensitivity to interfacial hybridization. As a result, the
enhanced Fe—Te—Pt hybridization in the AB configuration has a stronger impact on SOC-
driven anisotropy than on direct exchange, leading to a comparatively larger anistropy de-

spite a similar or smaller exchange interaction.
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Dzyaloshinskii-Moriya interaction.

We begin by analyzing the DMI, which plays a central role in stabilizing chiral magnetic
textures in this system. According to Moriya’s symmetry rules [293], the FeTe,/Pt(111)
interface lacks inversion symmetry between adjacent Fe sites but preserves vertical mirror
planes passing through each Fe—Fe bond. This symmetry constrains the DMI vector D;; to
lie within the mirror plane and be perpendicular to the Fe—Fe bond direction. Accordingly,

the DMI vector can be expressed as
D;; =d) (Vi x 2) + d. 2, (6.3)

where v;; is the unit vector connecting sites ¢ and j, and z is the out-of-plane direction.
The in-plane component d; originates from interfacial SOC and is primarily responsible
for stabilizing chiral spin textures. Although the out-of-plane component d | is symmetry-
allowed, it is significantly smaller and does not contribute appreciably to chiral stabilization;
hence, it is neglected in the following analysis. The dominant in-plane DMI component d|
is extracted from first-principles calculations using the chirality-dependent total-energy dif-
ference method [274, 272, 307, 261]. In this approach, clockwise (CW) and Anticlockwise
(ACW) spin configurations are imposed on a 2 x 1 supercell, defined as
CW: (S1,S2) = [(0,0,9), (5,0,0)],

(S3, S4) = [(0,0,-5), (=5,0,0)];

(6.4)
ACW: (81, S2) = [(0,0,89), (—5,0,0)],
(S3, S4) = [(0,0,-5), (S,0,0)].
The energy difference between these two chiral states yields the DMI strength,
Ecw — E
d) = —CW T TACW (6.5)

12 ’
as derived in Section 5.3.6 of chapter 5. The sign of d determines the preferred chirality:

dy > 0 (dy < 0) favors anticlockwise (clockwise) spin rotation.
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The calculated values of d|| for different stacking configurations and Pt thicknesses are
summarized in Table 6.2 and plotted in Fig. 6.4 (d). Among all cases, the AB stacking at
3 ML Pt exhibits the largest DMI, reaching 1.75 meV. This value is significantly higher
than those reported for several other vdW magnetic systems, such as Co/graphene bilay-
ers (1.14 meV) [308], CrTeo/PtS, (1.02 meV) [302], Pt/Crl, (0.28 meV) [309], and Janus
monolayers including VBrS (0.15 meV), VIS (0.10 meV), and VISe (0.18 meV) [310].
In both the stackings, d; exhibits a non-monotonic behavior, increasing with Pt thickness
and reaching a maximum at intermediate thickness (around 3 ML), followed by a decrease
at larger thickness. This trend reflects the competition between interfacial SOC and hy-
bridization effects. At low Pt thickness, the SOC contribution is relatively weak, result-
ing in small DMI. As the thickness increases, enhanced hybridization between Fe d, Te p,
and Pt d orbitals strengthens the SOC-induced asymmetric exchange, leading to a larger
DMI. However, at higher thickness, the additional Pt layers behave more bulk-like, reduc-
ing the effective interfacial asymmetry and thereby weakening the DMI. Furthermore, the
AB stacking consistently shows a larger DMI compared to AA, which can be attributed to
the lateral shift that enhances inversion symmetry breaking and interfacial hybridization.
This results in a stronger SOC-driven chiral interaction in the AB configuration.

To further understand the microscopic origin of DMI, we analyze the atom-resolved
SOC energy difference

AEsoc = Escgvc - Eggév ’ (6.6)

as shown in Fig. 6.4(e) and (f). The results indicate that the dominant contribution to A Fsoc
originates from the interfacial Pt atoms, followed by Te, while the contribution from Fe
is comparatively small and, in some cases, opposite in sign. This confirms that the HM
substrate acts as the primary source of SOC, whereas Te atoms mediate the transfer of

this SOC to the magnetic Fe layer via hybridization. Interestingly, a careful analysis of
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Fig. 6.4(e) and (f) reveals that, beyond 3 ML Pt thickness, the relative contribution of Te to
A Esoc becomes comparable to or even larger than that of Pt. This indicates that, although
Pt remains the primary source of strong SOC, enhanced hybridization at larger thickness
enables Te atoms to play a more active role in mediating the chiral interaction. This behavior
reflects a redistribution of SOC effects across the interface, where the SOC influence of Pt
is effectively transferred to Te through electronic delocalization. These observations are
consistent with the Fert-Levy mechanism of DMI [311, 293], in which heavy atoms act as
spin-orbit active scattering centers. In this framework, the strong SOC of Pt induces spin-
dependent scattering, which is transmitted to the Fe layer via Te-mediated hybridization.
Therefore, the DMI in the FeTe,/Pt(111) heterostructure arises from a cooperative multi-
site interaction involving Pt, Te, and Fe atoms, rather than a purely localized interfacial

effect.

6.3.4 Spin textures from micromagnetic simulations

After extracting the magnetic interaction parameters of the spin Hamiltonian from first-
principles calculations, we perform micromagnetic simulations to investigate the magnetic
ordering and spin textures of the FeTeo/Pt(111) vdW heterostructures using MUMAX3 [304].
A key quantity governing the emergence of chiral magnetic states is the ratio between
the DMI and the isotropic exchange, |d|/J|. For the AA stacking, |d/J|, where J =
J1 + Jo + J3, increases from ~ 0.01 at 1 ML to ~ 0.11 at 3 ML, and then decreases at
larger thickness. In contrast, for the AB stacking, |d|/.J| reaches significantly larger val-
ues, attaining ~ 0.13 at 2 ML and ~ 0.27 at 3 ML, before decreasing at higher thickness.
These values fall within or exceed the typical range of 0.1-0.2 observed in skyrmionic
systems [53], indicating favorable conditions for the stabilization of chiral spin textures,
particularly in the AB’ stacking at intermediate Pt thickness.

The stability and evolution of chiral magnetic textures were investigated using micro-

131



6 Exploring Skyrmion Stability in Centrosymmetric Monolayers

magnetic simulations within the continuum framework. In the presence of an external mag-
netic field H(r) = Hy, the total magnetic energy of the system can be written in terms of

the local magnetization vector M(r) as
E= EDMI[M(r)} + Eex[M(r)] + Eani[M(r)] + Edem[M(r)] + EZeeman[M(r)v H(r)]v (67)

where M(r) denotes the unit local magnetization vector at position r, and the different con-
tributions correspond to the DMI, exchange interaction, magnetic anisotropy, demagneti-
zation energy, and Zeeman interaction, respectively. The individual energy-density terms

are given by

epmi(r) = D [M.(V-M) — (M- V)M,], (6.8)
(1) = A(VM)?, (6.9)

(1) = — K, (M.)?, (6.10)

€dem(T) = —%MSM - Bdem, (6.11)
€Zeeman(F) = — MM - H, (6.12)

where A denotes the exchange stiffness, D represents the micromagnetic DMI constant, K,
is the uniaxial magnetic anisotropy constant, and M/ is the saturation magnetization. The
demagnetization field Bg.,, accounts for long-range dipolar interactions in the system. The
continuum parameters were obtained by mapping the atomistic spin Hamiltonian onto the
micromagnetic model as derived in detail in Appendix A are given by:

V3(J + T+ J5) o 2K om

:@, 4 M= 2" (6.13)

D -
at ot ’ V3a2t’ * V3a2t

where « is the lattice constant, ¢ corresponds to the effective monolayer thickness, and m
denotes the magnetic moment per magnetic atom. The simulations were performed on a
256 x 256 x 1 computational grid with periodic boundary conditions applied along the

in-plane directions to suppress finite-size effects. A cell size of 1 nm x 1nm X ¢ was used
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Figure 6.5: Evolution of the magnetic texture in AB stacked FeTe,/Pt(111) with three Pt
monolayers under increasing external magnetic field. The system evolves from a disordered

noncollinear spin configuration at zero field to a stabilized isolated Néel-type skyrmion at
60 mT.

throughout the calculations. Random spin configurations were used as initial states, and the
system was subsequently relaxed through energy minimization to obtain stable equilibrium
magnetic textures.

Figure 6.5 shows the evolution of the magnetic texture in AB stacked FeTeo/Pt(111)
with three Pt monolayers under increasing external magnetic field (B.y). At zero magnetic
field, the system exhibits a disordered noncollinear spin configuration without a distinct
topological structure, arising from the competition between exchange interaction and inter-
facial DMI. As B,y increases to 20 mT, the background magnetization progressively aligns
along the field direction, while localized chiral spin canting remains preserved. Upon fur-
ther increasing Bey to 40 mT, a localized skyrmion-like texture emerges, characterized by a
core magnetization opposite to the surrounding ferromagnetic background and a continuous
radial rotation of the intermediate spins. At B = 60 mT, the skyrmionic texture becomes
fully stabilized, resulting in an isolated Néel-type skyrmion embedded within a nearly uni-
form ferromagnetic background. The stabilized skyrmions possess a characteristic radius
(rsk) of approximately 5.1 nm under an external magnetic field of 60 mT. The stabilization

of the skyrmion originates from the interplay among exchange interaction, interfacial DMI,
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perpendicular magnetic anisotropy, and Zeeman energy.

The observed field-driven evolution of the magnetic textures demonstrates that AB’
stacked FeTeo/Pt(111) with three Pt monolayers resides in a parameter regime favorable
for stabilizing topologically nontrivial chiral spin states. In particular, the relatively large
value of |d)/J| ~ 0.27 obtained for this structure substantially enhances the tendency to-
ward noncollinear spin ordering. The strong DMI induced by the Pt substrate competes
effectively with the ferromagnetic exchange interaction and magnetic anisotropy, thereby
enabling the stabilization of isolated skyrmions under experimentally accessible magnetic
fields.

To further characterize the topological nature of the stabilized chiral spin texture, we

evaluated the topological charge (skyrmion number), defined as

1 oS 0S
Q_E/S- (0_xxa_y> dx dy, (6.14)

where S denotes the normalized spin vector field. A finite integer value of () confirms the
presence of a topologically nontrivial magnetic texture. For the stabilized magnetic configu-
ration obtained at 60 mT, the calculated topological charge approaches || ~ 1, confirming

the formation of an isolated Néel-type skyrmion in the FeTe,/Pt(111) heterostructure.

6.4 Conclusions

In this chapter, we investigated the emergence of chiral magnetic textures in centrosymmet-
ric FeTe, through vdW heterostructure engineering with Pt(111). While pristine 1T-FeTe,
lacks intrinsic DMI due to inversion symmetry, interfacing with Pt induces strong interfacial
SOC and symmetry breaking, resulting in finite DMI and enhanced magnetic anisotropy.
Our first-principles calculations reveal that the magnetic interactions strongly depend on
both the stacking configuration and Pt thickness. The exchange interaction is dominated

by the nearest-neighbor coupling .J;, while the DMI exhibits a pronounced enhancement at
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intermediate Pt thickness. In particular, the AB stacking at 3 ML Pt thickness exhibits the
largest DMI, with d; = 1.75 meV and micromagnetic DMI constant D = 4.50 mJm™2.
Correspondingly, the ratio |d)/.J| reaches ~ 0.27, placing the system within the regime
favorable for stabilizing chiral magnetic textures. Micromagnetic simulations based on the
extracted first-principles parameters demonstrate the field-driven evolution of spin textures
from a disordered noncollinear magnetic state to a stabilized isolated Néel-type skyrmion.
Under an external magnetic field of B., = 60 mT, the AB’ stacked FeTe,/Pt(111) het-
erostructure stabilizes a skyrmion with characteristic radius g ~ 5.1 nm. The correspond-
ing topological charge approaches |)| ~ 1, confirming the formation of a topologically
nontrivial skyrmionic state.

Overall, the results establish FeTeo/Pt(111) as a promising platform for interfacial DMI-
driven skyrmions in centrosymmetric 2D systems. The combined effect of strong SOC, in-
terfacial inversion symmetry breaking, and sizable DMI enables the stabilization of nanoscale
skyrmions under experimentally accessible magnetic fields, providing a viable pathway to-

ward ultrathin skyrmion-based spintronic devices.
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Chapter 7

Activating DMI in 2D Silicide Ti»>Si via
Co and Pt Doping

In the previous chapters, we showed that DMI and MAE arise either intrinsically in non-
centrosymmetric H-FeTe, or via inversion symmetry breaking in the T-FeTe,/Pt(111) het-
erostructure. In both cases, strong SOC from heavy elements such as Te and Pt plays a
crucial role. Here, we address the more challenging case of a centrosymmetric system with
weak intrinsic SOC. To this end, we introduce heavy dopants (Co and Pt) into the Ti,Si
monolayer to simultaneously break local symmetry and enhance SOC. Using first-principles
calculations and an orbital-resolved tight-binding model, we investigate the emergence and
microscopic origin of DMI in doped Ti,Si.

This chapter is based on the following published work:

[1] D. Rani, Gayatri Panda, Subrata Jana, and Prasanjit Samal, ACS Applied Nano Ma-
terials, 2026, 9, 5423-5434.

7.1 Introdution

In recent years, 2D magnetism has revealed a diverse range of materials capable of host-
ing DMI-driven spin textures [312, 263, 313, 314]. Beyond the well-studied Crl3 [283],
FesGeTe, [269], MnSe, [315], and FeTe, [298], long-range magnetic order has also been
reported in layered halides such as CrBrs, Crl3 and CrClg [316, 317, 318], Janus MnSTe
[319], and metallic systems including monolayer VSe, [271] and NbSe, [320]. Transition-
metal dichalcogenides (TMDs), in particular, provide a versatile platform for engineering

chiral magnetism, where heavy-element substitution [321, 250], Janus engineering [e.g.,
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CroX3Y3 (X, Y =CL Br, [; X # Y) [272], MnXY (X, Y =S, Se, Te; X # Y) [273], and
CrXTe (X = S, Se) [274]], or interfacing with high-SOC substrates such as Pt, W, and
Ir [252, 48, 267] can significantly enhance the DMI.

2D silicides remain largely unexplored in the context of chiral magnetism and DMI.
While bulk and thin-film silicides have been extensively investigated for their electronic,
catalytic, and thermoelectric properties [322, 323], their magnetic behaviour, particularly
SOC-driven effects has received comparatively little attention. Reported magnetic silicides
such as GdSi, and TbSi typically exhibit conventional magnetic ordering without evidence
of chiral spin textures [324, 325]. Experimental demonstrations of DMI in silicide systems
have mainly been restricted to MnSi-based bulk crystals and epitaxial films [326, 327].
Whether monolayer or quasi-2D silicides can host DMI-driven chiral magnetism, where
reduced dimensionality and symmetry breaking may play a decisive role, remains an open
question.

Recently, binary silicon-based 2D materials have attracted growing interest due to their
structural stability and tunable electronic properties [328, 329]. Several transition-metal
silicide monolayers have been theoretically predicted and, in some cases, experimentally
explored, exhibiting metallic or semiconducting behaviour and, in certain cases, intrinsic
magnetism. These advances suggest that silicon-based monolayers can serve as promising
nanoscale platforms for functional magnetic materials. Among these systems, titanium sili-
cide (Ti,S1) monolayers have been predicted to possess intrinsic ferromagnetism, dynamical
stability, and tunable electronic phases [330, 331]. The partially filled Ti 3d orbitals gen-
erate local magnetic moments, and the electronic structure can be effectively modulated
by strain or chemical substitution. However, the impact of symmetry breaking and SOC
on the emergence of chiral magnetic interactions in Ti;Si has not yet been systematically
explored.

Titanium silicides are well-known materials in the Ti-Si system and can be synthesized
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using common solid-state reaction methods. One possible way to obtain TiySi is through
self-propagating high-temperature synthesis, where Ti and Si powders are mixed in the
correct ratio and heated to trigger a solid-state reaction [332, 333]. Similar silicides, such
as TiSiy, have already been grown as thin films and nanostructures using chemical vapor
deposition (CVD), where the structure and morphology are controlled by the choice of pre-
cursors and growth conditions [334, 335]. Based on these established techniques, Ti,Si thin
films or nanoscale structures could also be produced using controlled vapor-phase growth
methods.

First-principles evolutionary structure studies show that Ti,Si is a low-energy metastable
phase in the Ti-Si system [336, 337]. This suggests that it may be experimentally real-
ized under non-equilibrium conditions, such as rapid solidification or thin-film deposition.
For doped structures, transition-metal atoms like Co or Pt can be introduced either dur-
ing growth (by co-deposition or alloying) or after synthesis through diffusion processes.
Molten-salt-assisted diffusion has been successfully used to insert metal atoms into silicon-
based materials in a controlled way [338]. In addition, studies of Pt thin films reacting with
Si substrates show that silicide formation occurs through interfacial diffusion, supporting
the possibility of dopant incorporation via reactive diffusion pathways [339]. Together,
these well-established synthesis approaches indicate that doped Ti,Si-based nanoscale struc-
tures could be experimentally achievable.

In this work, we demonstrate that controlled Pt and Co substitution [303, 340] at Ti sites
provides an effective route to break inversion symmetry and enhance SOC, thereby inducing
sizable DMI in Ti,Si-based monolayers. This strategy establishes Ti,Si as a tunable silicon-
based nanoscale platform for engineering chiral magnetism, with potential applications in
chiral magnetism-based memory devices, racetrack logic architectures [341], and electri-
cally controllable spintronic elements. Further, our study focuses on the microscopic origin

of the DMI in two-dimensional silicides. We employ first-principles calculations together
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with a Wannier based tight-binding (TB) model [342, 343] to analyze orbital dependent in-
terlayer and intralayer superexchange pathways in the layered structure. This microscopic
perspective naturally connects to the emerging field of orbitronics, which seeks to exploit
the generation, transport, and manipulation of orbital angular momentum in solids [344].
Recent advances in orbitronics have underscored the importance of two-dimensional ma-
terials as platforms where orbital geometry, symmetry breaking, and chemical engineering
can be harnessed to control relativistic and chiral phenomena [345]. In this context, identi-
fying how orbital resolved superexchange pathways govern interlayer and intralayer DMI
in 2D silicides not only advances the understanding of chiral magnetism, but also provides

insight into orbital-driven functionality in low-dimensional materials.

7.2 Model and Computational Details

We investigate the 2D Ti,Si, which crystallizes in a tetragonal structure belonging to the
centrosymmetric space group P4/mmm, with optimized lattice constants a = b = 2.73

with vacumm slab 20 . All first-principles calculations are performed within the framework
of DFT using the VASP package [156]. The electron ion interactions are described using
the PAW method [ 108, 109], and the exchange correlation energy is treated within the GGA
of PBE [145]. To account for on-site Coulomb interactions among Ti 3d states, we employ
the DFT+U method [330] in the Dudarev formulation [346] with an effective Uy = 2 €V,
which correctly reproduces the ground-state magnetic configuration of Ti»Si monolayers.
The plane-wave basis set is truncated at a kinetic energy cutoff of 420 eV, and Brillouin-
zone integrations are performed using a I'-centered 16 x 16 x 1 Monkhorst-Pack k-point
grid. All calculations are spin-polarized unless otherwise stated. A Gaussian smearing of
0.05 eV is used for Brillouin-zone integration. A dipole correction is applied along the

out-of-plane direction to avoid spurious interactions between periodic slabs. The DMI is
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extracted by enforcing opposite spin rotation chiralities (clockwise and counterclockwise)
ina 4 x 1 supercell for pristine Ti;Si and a 4 x 2 supercell for Pt- and Co-doped structures.
The resulting energy differences yield both the direction and magnitude of the DMI vec-
tors with high accuracy. To estimate the magnetic transition temperature, Classical Monte
Carlo simulations were performed using the Metropolis algorithm [347]. The magnetic

susceptibility was calculated from thermal fluctuations as [348]

= o () = (). .0

where N is the total number of spins and M is the magnetization per spin. The Curie (or
Neéel) temperature was determined from the peak position of the susceptibility curve. All
Monte Carlo simulations were performed using the JuMag package [349].

To compute the orbital-resolved DMI, we construct a tight-binding (TB) Hamiltonian
from maximally localized Wannier functions (MLWFs) generated using the Wannier90
package [342]. The formalism is based on the Anderson superexchange mechanism [350],
extended by Moriya [256] and Dzyaloshinskii [255] to account for antisymmetric exchange
interactions in the presence of SOC. The Wannier-based TB Hamiltonian faithfully repro-
duces the ab initio electronic structure and provides orbital-resolved hopping parameters,
obtained using TBMODELS [351]. These hopping integrals form the basis for evaluat-
ing both symmetric (Heisenberg) and antisymmetric (DMI) exchange interactions. In this
framework, the MLWFs represent localized orbitals on magnetic cations and ligand atoms,
naturally incorporating crystal symmetry and enabling a systematic analysis of orbital over-
laps. SOC is explicitly included in the effective Hamiltonian, and interactions among all
relevant nearest neighbors are considered. By analyzing the complex hopping amplitudes
between orbital pairs, we extract the orbital-resolved DMI contributions for Ti,Si and its

doped derivatives.
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7.3 Results and Discussions
7.3.1 Structural, Electronic, and Magnetic Properties

In this work, we have investigated the monolayer Ti,Si, shown in Fig. 7.1(a), which con-
sists of a Ti-Si-Ti trilayer with a bond angle § = 63°, indicating a slight deviation from ideal
planarity. The phonon dispersion calculated using a 4 x 4 supercell [Fig. 7.1(b)] displays
no imaginary frequencies throughout the Brillouin zone, confirming the dynamical stability

of the TiySi monolayer. The orbital-resolved DOS in Fig. 7.1(c) shows that the states near
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Figure 7.1: (a) Top and side views of the Ti,Si monolayer, where a denotes the lattice
constant and 6 represents the bond angle. (b) Phonon dispersion confirming the dynamical
stability of the system. (c) Spin-polarized projected density of states (PDOS) of the Ti,Si
monolayer.
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the Fermi level are mainly contributed by the Ti 3d orbitals, with noticeable hybridization
from the Si 3p states. The exchange splitting of the Ti 3d orbitals produces a spin-polarized
electronic structure, confirming that Ti;Si behaves as an itinerant ferromagnetic metal. The
total magnetic moment is about 1.43 15 per unit cell, concentrated mostly on the Ti atoms,
with the Si p orbitals contributing through an indirect superexchange pathway. To under-
stand how Ti,Si responds to external perturbations, we applied a perpendicular electric field
(E) and examined how it affects the electronic and magnetic properties.

In order to understand the magnetic interactions in Ti,Si monolayers, we consider the
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generalized spin Hamiltonian,

H:%Zjijsi-sj—KMZ(Sf)H%ZdU-(SZ-xsj), (7.2)
2y 1 2,
where J;; represents the isotropic Heisenberg exchange coupling, K, denotes the uniaxial
single-1on anisotropy constant, and d;; is the Dzyaloshinskii-Moriya vector. The anisotropy
term governs the preferred spin orientation, stabilizing out-of-plane alignment for K, > 0
and in-plane orientation for K,, < 0. The DMI contribution encodes the antisymmetric
exchange that favors chiral spin textures.

To extract the exchange interactions, we constructed a 4 x 1 supercell to capture up to
fourth-nearest-neighbor Ti—Ti interactions. Several collinear magnetic configurations were
considered, including the ferromagnetic (FM) state and four distinct antiferromagnetic or-
derings (AFM;—AFM,), as illustrated in Figs. 7.2(a)—(e). Mapping the DFT total energies
onto the Heisenberg Hamiltonian [Eq. (11)], the total energies for the different spin config-

urations can be expressed as

Fem = }152 (2J1 + Jo 4+ 2J3 + Jy) + Ey, (7.3)
Earm, = }152 (=2J1 + Jo — 2J5 + Jy) + E, (7.4)
Earm, = }152 (2J1 — Jo — 2J3 + Jy) + Eb, (7.5)
Exrm, = }152 (=Jy — Jy) + Ey, (7.6)
Enrm, = }152 (=2J) + Jo — Jy) + E. (7.7)

Here, S denotes the local magnetic moment on Ti, and F, represents the nonmagnetic ref-
erence energy. The set of linear equations in Egs. (7.3)—(7.7) enables an unambiguous
determination of the exchange parameters J;—J4. Among them, .J;, J5, and .J4 correspond
to direct Heisenberg exchange between Ti atoms, whereas J3 originates from Ti—Si—Ti su-

perexchange pathways.
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Figure 7.2: (a-e) Schematic spin configurations used for extracting exchange parameters
in Ti,S1, including the FM and four AFM states (AFM;-AFM4). The exchange pathways
corresponding to Ji, Jo, J3, and J, are illustrated in panel (a).(f) Heisenberg exchange in-
teraction parameter JZ-/S as a function of external electric field. (g) Single-ion anisotropy
as a function of external electric field, where the blue region indicates out-of-plane mag-
netic anisotropy (OMA) and the yellow region corresponds to in-plane magnetic anisotropy
(IMA). (h) Spin-resolved density of states of the Ti»Si monolayer calculated under an ap-
plied electric field of 0.4 V/A.

As shown in Fig. 7.2(f), J; and .J; remain negative throughout the electric-field range of
0-0.8 V/A, indicating robust ferromagnetic (FM) coupling. Among these, .J; exhibits the
strongest FM interaction and shows a pronounced nonmonotonic variation with increasing
electric field, reaching its maximum magnitude near 0.4 V/A. A similar trend is observed
for J5, though with smaller magnitude. In contrast, J3 is significantly weaker and gradu-
ally approaches zero as the electric field increases, eventually becoming slightly positive at
0.8 V/A, signalling a crossover from weak FM to weak antiferromagnetic (AFM) coupling.
The fourth nearest neighbor interaction J, remains very small across the entire field range
and exhibits weak AFM character at higher electric fields. Overall, the dominant contribu-
tions from .J; and J, stabilize the ferromagnetic ground state under applied electric fields.

The nonmonotonic behavior of .J; and .J, reflects the field-induced modulation of the Ti-3d
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and Si-3p orbital hybridization, which governs the superexchange interaction and magnetic
coupling strength.

The single-ion magnetic anisotropy constant (/X,) is evaluated as
K, =E)—Ey, (7.8)

where F) and E/; denote the total energies with magnetization oriented in-plane and out-of-
plane, respectively. A positive K, indicates an easy-axis anisotropy along the out-of-plane
direction, which is favorable for skyrmion formation. As shown in Fig. 7.2(g), K, exhibits
strong field dependence: at zero electric field, /&, < 0 corresponds to an in-plane magnetic
anisotropy (IMA), while increasing the field drives a sign reversal, marking a transition
to out-of-plane magnetic anisotropy (OMA). This reorientation originates from an electric
field-induced redistribution of Ti 3d orbital occupations, which alters the SOC contribution
to the total anisotropy energy. Such E controlled modulation of K .. highlights the potential
of TiySi as a platform for tunable spintronic phenomena.

At E = 0.4 V/A, the PDOS as shown in Fig. 7.2 (h), reveals a clear field-induced re-
distribution of the Ti—3d states near the Fermi level, accompanied by changes in Ti—Si hy-
bridization and local bond geometry. This electronic rearrangement modifies the relative
strength of the competing superexchange channels, leading to a pronounced minimum in the
magnitude of the ferromagnetic exchange interaction .J; and .J,. The magnetic anisotropy
K, exhibits a similar nonmonotonic response: it increases with the applied field and reaches
its maximum at &/ = 0.4 V/A, after which it decreases but remains positive. This behav-
ior reflects the enhanced occupation of Ti—3d states around E at moderate fields, which
strengthens the out-of-plane anisotropy before weakening again at higher fields. Overall,
the nonmonotonic evolution of .J;, J, and K, originates from the electric-field-driven re-
shaping of the Ti—3d electronic structure.

Overall, the E dependent modulation of both J;, J; and K, demonstrates that Ti,Si is
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a promising two-dimensional magnetic system with electrically controllable exchange and
anisotropy energies. Such tunability suggests potential applications of Ti,Si in voltage-
controlled spintronic and magnetoelectric devices. We have also explored the possibility of
inducing inversion symmetry breaking in the Ti,Si monolayer by applying an external elec-
tric field, aiming to generate a finite DMI. However, even under a relatively strong electric
field of 0.8 V/A, the structural inversion symmetry remained preserved, as no significant
atomic displacement or potential asymmetry was observed between the two Ti sublayers.
This indicates that the intrinsic crystal field and strong covalent bonding in Ti-Si layers
effectively screen the external perturbation, thereby suppressing E driven inversion asym-

metry and, consequently, the emergence of DMI.

7.3.2 Influence of Doping on Exchange interactions and anisotropy

Even when an external electric field is applied, the inversion symmetry of pristine TisSi
remains intact, preventing the formation of any finite DMI. To lift this intrinsic symmetry
constraint and strengthen the magnetic interactions, we introduce Transition Metal (TM)
substitution at the Ti sites. Co-doping generates substantial local magnetic moments and
enhances the exchange coupling, while Pt, owing to its strong SOC, supplies the relativistic
contribution required to produce a finite DMI. The schematic Illusration of Co and Pt doping
in TiSi monolayer is shown in Fig. 7.3 (a).

To investigate the combined influence of magnetism and SOC, we constructed a 4 x 2
Ti,Si supercell and examined several substitutional configurations, including Pt( 5Ti; 551,
Pt 5Co0.5TiSi, Pty 5CoTig 5S1, and Pt; Cog 5 Tig 551, together with the limiting cases CoTiSi,
PtTiSi. An ab initio molecular dynamics (AIMD) simulations were performed for the Ti,Si
monolayer and its doped structures within the canonical (NVT) ensemble at 300 K for a total
duration of 10 ps, using a time step of 1 fs and the Nosé—Hoover thermostat [352] as shown

in Fig. 7.4 The temperature fluctuates mildly around 300 K without abrupt deviations, con-
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Figure 7.3: (a)Schematic representation of the asymmetric Ti/Pt-Si-Ti/Co exchange path-
way in the doped Ti,Si monolayer. Pt provides strong SOC on one side and Co strengthens
the exchange interact in on the other, together creating the conditions required for a finite
DMLI. (b) Relaxed atomic structure of the Pty 5 CoTig 5Si configuration, illustrating the asym-
metric coordination created by simultaneous Pt and Co substitution. (c¢) Orbital-projected
band structure of Pty 5CoTig 5S1 strcuture.

firming proper thermal equilibration throughout the simulation.No structural distortions,
bond breaking, or significant atomic rearrangements are observed during the entire simula-
tion period. The normalized total energy per atom exhibits only small fluctuations with no
systematic drift, indicating good numerical stability of the calculations [353, 354]. These
results demonstrate that the TioSi monolayer and its doped variants are thermally stable at
room temperature. This systematic chemical substitution provides a controlled route for
tuning the balance between exchange interactions and SOC, offering a microscopic basis
for identifying how each contribution influences the emergence and stabilisation of chiral
magnetic textures. The optimised atomic configuration of Pty 5CoTig 5Si is illustrated in
Fig. 7.3 (b), where Co and Pt atoms are distributed asymmetrically within a 4 x 2 supercell

of Ti,Si, thereby breaking local inversion symmetry and providing a natural environment
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Figure 7.4: Time evolution of temperature (red) and total energy (blue) obtained from 10
ps ab initio molecular dynamics (AIMD) simulations at 300 K for pristine and doped Ti,Si
monolayers.

for DMI to emerge.

Fig. 7.3 (c) shows the orbital-projected band structure of the Pty ;CoTiy 5Si configura-
tion, revealing how TM substitution modifies the electronic states of the Ti,Si host. The
Pt-derived 5d states strongly hybridize with the Si 3p manifold in the energy window be-
low the Fermi level, reflecting the substantial SOC introduced by Pt. In parallel, the Co 3d
orbitals couple predominantly with the Ti 3d states, forming a broadened d-band complex
that enhances the exchange-splitting within the magnetic sublattice. The coexistence of
these two distinct types of hybridization, Pt-induced strong SOC on one side and Co-driven
magnetic exchange on the other, breaks the local chemical environment and reshapes the
low-energy band dispersion. This asymmetric redistribution of orbital character provides
the microscopic origin for the emergence of finite DMI in the doped Ti,Si system, as it

modifies both the relativistic hopping amplitudes and the exchange pathways responsible
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for chiral magnetic interactions.

Table 7.1: Calculated element-resolved magnetic moments on Ti (M7;) and Co (M¢y),
induced magnetic moment in Pt (Mp;), exchange coupling parameters .J;—J4, single-
ion anisotropy energy K, DMI constants d; and d,, corresponding micromagnetic DMI
strengths D and D5, and Monte Carlo estimated Curie temperature 7~ for the different
Pt/Co/Ti/Si1 compositions considered.

Material M1 Mco Mpt 71 T2 T3 T4 K, dy ds D, Dy Tc
(uB) (wRB) (uB) (meV) (meV) (meV) (meV) (meV) (meV) (meV) (mJ/m?) (mJ/m?) (K)

Pio.5Ti1 580 124 0.00 0.02 285 20.98 032 0.25 0.72 0.03 012 0.05 023 38
Ptg.5Coq. 5 TiSi 1.17 1.05 0.05 -1.25 -1.09 -0.53 -0.11 1.41 0.09 0.17 0.17 033 40
Pto.5CoTig. 5Si 0.52 1.55 0.06 -5.55 -4.40 0.24 0.09 2231 0.11 0.26 021 -0.50 110
CoTiSi 0.82 0.97 0.00 333 -1.98 -0.76 0.08 1.19 -0.04 0.00 0.08 0.00 56

PtTiSi 0.89 0.00 0.02 -2.18 0.00 0.00 0.00 1.50 0.00 -0.02 0.00 -0.04 42

The element-resolved magnetic moments listed in Table 7.1 show a clear dependence
on the local Pt/Co/Ti coordination around the magnetic sites. In the Ti-rich composition
Pty 5Ti; 551, the Ti atoms carry a sizeable Mp; of 1.24 up, while Co is absent and Pt hosts
only a very small induced moment of 0.02 pp, reflecting the weak polarization of Pt-5d
states. Introducing Co into the lattice, as in Pty 5Cog 5Ti;Si, leads to the development of
a substantial Co moment and a moderate Ti moment, indicating that the spin density be-
comes redistributed between Co and Ti through hybridization. The induced Pt moment also
increases slightly, highlighting the sensitivity of Pt-5d polarization to the presence of mag-
netic Co neighbors. Upon further increasing the Co concentration to Pty 5Co;Tig 551, the
Co moment reaches its maximum value (1.55 i 5), while the Ti moment drops significantly
to 0.52 pp, demonstrating that the magnetic character becomes increasingly dominated by
the Co network. The induced Pt moment is also the largest in this composition (0.06 up),
consistent with stronger Co-Pt hybridization. In the CoTiSi compound, the Co and Ti mo-
ments remain sizable, while in PtTiSi, where Co is absent, Ti retains a moderate moment
(0.89 pp) and Pt acquires only a small induced moment (0.02 ). Overall, the data reveal
a systematic evolution of the magnetic moments: Ti carries the dominant moment in Ti-rich
compositions, Co becomes the primary magnetic contributor as its concentration increases,

and Pt consistently hosts only a small induced moment whose magnitude reflects the de-
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gree of Co-Pt hybridization. These trends highlight the interplay between local chemical
coordination and the distribution of spin density across the Pt/Co/Ti sublattice.

To understand how the local chemical environment influences the magnetic interactions,
we analyze the extracted exchange parameters .J;-J, for the five Pt,Co, Ti,Si compositions
listed in Table 7.1, with the with the spin arrangment for FM and AFM states shown in

Fig. 7.5. For CoTiSi, where the number and spatial arrangement of magnetic atoms remain

0006 00060 060060 06060606 606060
oooooOOOOO;OOOOO@OOOOOOOOOO
0600 Gb6o0o0 bb600 bbo00 bboo

FM AFM, AFM, AFM, AFM,

Figure 7.5: Spin arrangements of the ferromagnetic (FM) and four antiferromagnetic
(AFM;—AFM,) configurations considered for the Pt- and Co-doped structures, namely
Pty 5Ti; 551, Pty 5Co5TiSi, and Pty 5CoTip5Si. Green spheres represent magnetic atoms,
while black spheres denote nonmagnetic atoms.

unchanged within the supercell, the total energies of the five magnetic configurations are
mapped onto the Heisenberg model described in Eqgs. 7.3-7.7. In contrast, for PtTiSi only
a single magnetic Ti layer remains after Pt substitution, while the remaining layers become
nonmagnetic. In this situation, only the nearest-neighbor AFM; configuration can be mean-
ingfully constructed. Therefore, only J; can be reliably extracted for this composition. For
the Pt-containing doped systems (Pt 5Ti; 5S1, Pty 5Ti; 5Si and Pty 5Coq 5Ti; Si), the substitu-
tion modifies both the number and spatial distribution of magnetic atoms. As a result, cer-
tain exchange pathways are altered and the magnetic connectivity changes. Consequently,

the energy-mapping equations are adjusted to reflect the modified bond counting:
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Epy = 282 (2Jy + Jo + J3 + Jy) + Eo, (7.9)
Earm, = 252 (=2Jy — Jo + J3 + Jy) + E, (7.10)
Earm, = 252 (=Jo + J3 — Jy) + Ey, (7.11)
Exrm, = 252 (—Jo — J3+ Ju) + Ey, (7.12)
Earm, = 252 (Jy — J3 — Jy) + Ey. (7.13)

This ensures that the exchange parameters are extracted consistently with the actual mag-
netic topology of each composition. The resulting .J;-.J, values are summarized in Table 7.1.
The corresponding spin arrangements (FM and AFM;-AFM,) are illustrated in Fig. 7.5.
From Table 7.1, J; is negative for all compositions, indicating dominant nearest-neighbor
ferromagnetic coupling. Its magnitude increases significantly upon Co substitution and
reaches the largest value (-5.55 meV) in Pty 5CoTig 551, reflecting enhanced exchange due
to increased magnetic moment and stronger magnetic connectivity. A similar trend is ob-
served for J,, which becomes particularly strong in Pty 5CoTig 5S1, confirming reinforced
longer-range ferromagnetic interactions. In contrast, for PtTiSi only J; remains finite be-
cause Pt substitution leaves a single magnetic Ti layer, eliminating extended exchange path-
ways. The variation and occasional sign change of J5 and .J; indicate modified exchange
channels induced by Pt and Co incorporation.

As shown in Fig. 7.6, the magnetic anisotropy constants /{, are presented graphically,
with their numerical values summarized in Table 7.1. the first two compositions, Pty 5Ti; 5Si
and Pty 5Cog 5 TiSi, exhibit positive K, values, indicating out-of-plane magnetic anisotropy
(OMA). In these systems, the combined effect of Ti-driven hybridization and SOC favors
perpendicular magnetization. When the Co concentration increases further, as in Pt 5CoTig 551,

the magnetic behavior changes markedly. The anisotropy constant K, becomes negative,
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Figure 7.6: Evolution of the magnetic anisotropy kK, across different doped Ti,Si config-
urations. The abbreviations correspond to: A; = Pty 5Ti; 551, Ay = Pty5C00.5Ti11S1, Az =
Pty 5Co; Tig 5Si, A4, = CoTiSi, and A5 = PtTiSi.

signaling a transition from OMA to in-plane magnetic anisotropy (IMA), which is consis-
tent with the more planar bonding environment around the closely spaced Co atoms. The
two end-member compounds, CoTiSi and PtTiSi, retain positive K, values, showing that
although ferromagnetic exchange dominates, the magnetic anisotropy is primarily governed
by the local Ti/Pt coordination and the associated spin-orbit interaction. Overall, the sign of
K, reflects how the local spin-orbit environment stabilizes either out-of-plane or in-plane
magnetization.

The Curie temperatures (1) estimated from classical Monte Carlo simulations further
reflect the composition-dependent magnetic strength. As summarized in Table 7.1, T in-
creases with enhanced exchange interactions and reaches its highest value for Pty 5CoTig 551,
consistent with its large ./; and .J; values. In contrast, compositions with weaker exchange
interactions exhibit lower transition temperatures. These results confirm that Co substitu-
tion effectively strengthens ferromagnetic coupling and improves thermal stability, while Pt
primarily modifies the SOC. Overall, the variation in 7> follows the trend of the dominant
exchange parameters, demonstrating a clear correlation between chemical composition and

magnetic robustness.

151



7 Activating DMI in 2D Silicide TiySi via Co and Pt Doping

7.3.3 Orbital-Resolved Pathways of the DMI

Tight Binding Methodology

Figure 7.7: (a) Schematic representation of a TM silicide, where M; and M, are magnetic
transition-metal sites and X is a nonmagnetic ligand. (b) The minimal trimer model consist-
ing of two magnetic sites, M; and Ms, each hosting a d orbital, bridged by a nonmagnetic
ligand X carrying either a p or d orbital. The magnetic moments on M; and M5 are canted
by an angle ¢ with respect to the z-axis.

The third term of the Hamiltonian in Eq. 7.2 corresponds to DMI, which arises from SOC
in systems without inversion symmetry and plays a crucial role in stabilizing chiral magnetic
textures such as skyrmions [226, 283]. In the doped Ti»Si lattice considered here, the top
and bottom Ti layers are separated by a nonmagnetic Si spacer, while Pt/Co substitution
breaks the horizontal mirror plane of the pristine TiySi structure. Consequently, the system
is both intralayer and interlayer asymmetric [355]:

(1) Within each magnetic Ti (or Ti/Co) layer, local bond distortions generated by Pt/Co
doping breaks inversion symmetry, giving rise to intralayer DMI; and

(2) The two magnetic layers become chemically and structurally inequivalent, allowing a
distinct interlayer DMI across the Si layer.

To understand the microscopic origin of the resulting noncollinear exchange, we con-
struct a minimal TB Hamiltonian based on MLWFs [342]. The model is built on a trimer

M; -X-M; cluster, where two magnetic sites M; and M5 are bridged by a nonmagnetic ligand
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X, mimicking the Ti-Si-Ti link in the monolayer geometry [Fig. 7.7]. The TB Hamiltonian
takes the form

H = Hy+ H, + Hsoc, (7.14)
where H, contains the on-site energies, H, describes ligand-mediated hopping, and Hgoc
introduces SOC. The interplay of SOC with the broken inversion symmetry in the asym-
metric M;-X-M; geometry generates the antisymmetric exchange responsible for the DMI.

The on-site term corresponds to:

Hy =" camdhpydime + Y epaPloPor + Y €da dhplas (7.15)

where €4, and €, , denote the on-site energies of the m-th M-d and a-th X-p (or or X-d)
orbitals. The operators di _ (d.,) and p}_ (pas) create (annihilate) an electron with spin
o in the corresponding orbitals. The ligand-mediated hopping between the magnetic and
nonmagnetic sites is given by

=3 (Hggf Vdl pae + HIX G g+ h.c.) : (7.16)

1,M,0,0

while SOC contributes via

Hsoc = Ax Y (Phy (palLlps) - (0[8]0")psor (7.17)

a,fB,0,0’
+ dly (do|L|ds) - (o]S|0")dso). (7.18)
with analogous terms on the metal sites.
From the Wannier representation, we extract the orbital-resolved hopping matrix ele-
ments for both Si and Pt ligands:

et = @A), Y = @),

| | (7.19)
tg]l\jléPt) — <d7(711\41)‘md((1m)>7 t%gpt) _ <d7(1M2)“f[|déPt)>7

where m,n, o, B € {zy,yz,xz,2% — y?, 2?} for d-type orbitals, and o, 8 € {z,vy, 2z} for

p-type orbitals.
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From the Wannier-based TB Hamiltonian, we extract all orbital-resolved hopping am-
plitudes ¢;; between orbitals 7 and j. For each hopping channel, the associated geometric
direction is defined as

R =ay+ (r; —rj), (7.20)

where aj,, connects the unit cells of the two orbitals, and r;, r; denote their intracell coordi-

nates. The corresponding hopping vector is then written as

which carries units of (eV - A) and encodes both the magnitude and the spatial orientation
of the orbital couplings along the M;-X-M; superexchange pathway, the microscopic origin
of DMI.

Following Bliigel [356], the emergence of antisymmetric exchange is governed by the
noncollinearity of such hopping channels. For the M;-X-M; trimer, the site-dependent

orbital moments 6; can be expressed as

—

0; = b;(cospe, £singpe,),

where ¢ is the canting angle defined in Fig. 7.7(b). SOC and local inversion-symmetry
breaking modify the orientation of the M;-X hybrid orbitals, and the resulting hopping vec-
tors may be represented as
R;; = Ri¢é, £ Rlé,,

with approximate magnitudes |Rf;| ~ [0; cos ¢| and |R};| ~ |¢;sin¢|. Once all hopping
vectors are expressed in a common global coordinate frame, the microscopic chirality of
a given superexchange path is evaluated from the cross product of the hopping channels
involving the ligand,

di? o Ry X Ry, (7.22)
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where i € My, j € My, and k labels the ligand orbital. This quantity has units of (eV2A?)
but is used only as a dimensionless chirality indicator: its sign and relative magnitude re-
veal whether a particular M-X-M pathway supports finite antisymmetric exchange. It is
directly analogous to the DMI term in Eq. 7.2, although it is not a physical DMI coeffi-

cient. The TB model is constructed from Wannier90-derived hopping parameters [342],

Energy (eV)

Figure 7.8: Fitted band structures of the Pty 5Co;Tiy.5S1 monolayer obtained from DFT+U
and tight-binding calculations with SOC.

with SOC strengths. The TB eigenvalues and eigenfunctions are fitted to the DFT band
structure, and excellent agreement is obtained for Pty 5Co; Tig 5S1, as shown in Fig. 7.8. This
Wannier-based TB analysis identifies two distinct antisymmetric exchange paths: a weak
Si-mediated channel and a dominant Pt-mediated interlayer channel. Using Eq. 7.22, we
compute the chirality indicators for the Co-Si-Co, Co-Pt-Co, Ti-Si-Ti, and Ti-Pt-Ti paths (in
both intralayer and interlayer geometries) across all Pt/Co-substituted Ti,Si compositions.
The results in Table 7.2 show that nonzero entries identify symmetry allowed chiral path-
ways, whereas the Ti—Si—Ti channel vanishes for all compositions except Pty 5Ti; 5Si. This

composition behaves differently because, in the absence of Co, only the weaker Ti-mediated
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Table 7.2: Tight-binding chirality indicators using Eq. 7.22 for the Co-Si-Co, Co-Pt-Co,
Ti-Si-Ti, and Ti-Pt-Ti superexchange pathways in Pt/Co-substituted Ti»Si. These quan-
tities have units of (eV2A?2) but are reported in arbitrary units, since only their sign and
relative magnitude determine whether a given M;—X-M, pathway supports antisymmetric
exchange.

Material Co-Si-Co Co-Pt-Co Ti-Si-Ti  Ti-Pt-Ti

Pty 5Ti; 51 0.00 0.00 -0.90 -2.08
Pty.5Cog.5Ti; Si 0.89 -2.96 -0.002 0.00
Pty 5Co; Tig 551 4.38 -6.44 -0.00 0.00

CoTiSi -1.68 0.00 0.00 0.00
PtTiSi 0.00 0.00 0.00 0.00

pathways are active, yielding smaller DMI signatures compared to the Co-containing sys-
tems. The sign of d; follows the right-hand convention, with positive (negative) values

indicating CCW (CW) rotation around the 42 (—2) direction.

Density functional results

The TB model provides the microscopic chirality signatures, while the actual DMI vec-
tors are obtained from a symmetry analysis of the real-space atomic geometry. Following
Moriya’s symmetry rules [255, 256], the DMI interaction between two magnetic atoms M,
and M, located at sites ¢ and j arises through the M;—X-M, superexchange pathways me-
diated by the nonmagnetic atom(s) X, as illustrated in Fig. 7.7. For each exchange path, the

corresponding DMI vector takes the minimal symmetry-allowed form:

—

di]’ = dij (7%_)( X T’Aj)(), (723)

where 7;x and 7;x are the unit vectors from the mediating atom X toward the magnetic sites
1 and j. As illustrated in Fig. 7.9 (a), the present geometry contains two symmetry related
M;—X-M, pathways, giving rise to two independent DMI vectors: d;, which originates

predominantly from the Si-mediated intralayer and interlayer exchange, and d», which is
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dominated by the Pt-mediated interlayer interaction.
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Figure 7.9: (a) Schematic illustration of the two symmetry-allowed DMI pathways in doped
Ti,Si. The first pathway, d:, contains both intralayer and weak interlayer contributions
transmitted primarily through Si and Pt, whereas the second pathway, d;, is a predomi-
nantly interlayer DMI mediated by Pt. (b) - (c) show the clockwise (CW) and Counter-
clockwise (CCW) spin spirals configurations. (d) and (e) Evolution of the calculated d;
and d, values, respectively, for the configurations A; = Pty 5Ti; 551, Ay = Pty5Co0.5Ti;Si,
A3 = Pt0.5C01Ti0.5Si, A4 = COTISI, and A5 = PtTiSi.

The layer-resolved DMI constants are extracted using the spin-spiral method, where
each component (d: or d;) is obtained from the energy difference between clockwise (CW)

and counterclockwise (CCW) spirals,

Ecw — E
g Lew CCW

- I
m

with m denoting the number of chiral magnetic bonds participating in the imposed spiral.

The CW and CCW spin-spiral configurations used to extract the DMI constants are shown in
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Fig. 7.9 (b) - (c). Since the structural models for the doped systems are already constructed
using a 4 x 2 supercell, no additional supercell is required for the DMI calculations. Where
m = 16 for the Si mediated DMI vector cl_i, and m = 2+/2 for the Pt mediated interlayer
DMI vector da, as derived in Section B.1 of Appendix B.

The resulting DMI vectors d; and cfQ are illustrated in Fig. 7.9 (d) - (e), and their mag-
nitudes are summarized in Table 7.1. A clear hierarchy emerges: dy is consistently and
substantially larger than i, reflecting the much stronger SOC on Pt and the more efficient
chiral exchange it mediates across the spacer. This trend is fully consistent with our TB
analysis, which shows that the Co-Pt-Co exchange channel carries a much larger antisym-
metric DMI exchange energy compared to the Ti-Si-Ti channel as shown in Table 7.2. For
Pt containing compositions such as Pty 5Ti; 5S1, Pty 5Cog.5T1;S1, and Pty 5Co; Tig 51, the Pt
assisted interlayer DMI dominates the total chiral interaction, in agreement with the TB
prediction that Co-Pt-Co couplings exhibit the strongest SOC-induced asymmetry. In con-
trast, Si-mediated DMI remains weak: in CoTiSi, the absence of Pt leads to a small cfl due
to Co-Si-Co consistent with TB results as shown in Table 7.2 and vanishing d>. Even in
PtTiSi (where Co is absent), the Pt-mediated long-range pathway produces a very small
but finite DMI contribution, d; = —0.02, while the Si-mediated term d; essentially van-
ishes. The corresponding TB chirality indicators for this composition appear nearly zero,
reflecting the fact that both channels are extremely weak and fall below the TB model’s nu-
merical resolution. Nevertheless, the sign of the finite DFT-derived d; remains consistent
with the general TB trend that the Pt-mediated exchange is intrinsically stronger than the
Si-mediated one. Taken together, these results demonstrate that Pt driven interlayer DMI is
the primary source of chirality in doped Ti,Si, while Si-mediated intralayer and interlayer
contributions are intrinsically weak.

In the micromagnetic limit, the discrete lattice spins S, are replaced by a continuous

magnetization field 7(r). Under this transformation, the DMI contribution arising from
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the third term of the Hamiltonian in Eq. 7.2 can be expressed as

EDMI = /dl’EDM] ES /drz D“ [T?L X aum], (724)
I3

where epvi = >, Dy, (M x J,m) is the micromagnetic DMI energy density, 0, denotes
the spatial derivative along direction p, and D, is the corresponding micromagnetic DMI
vector. For interfacial systems, this expression reduces to the widely used form [357, 259,
53, 358]

it = / drD i - (V x ) — (i - V)] - 2, (7.25)

where D is the effective interfacial micromagnetic DMI constant. The micromagnetic co-
efficients D, and D are connected to their corresponding atomistic DMI vectors d; and dy

(derived in Section B.2 of Appendix B) through

D, = dl—N, (7.26)
at
N
Dy = dz—, (7.27)
at

where N is the number of magnetic atoms per unit cell, a is the in-plane lattice parameter,
and ¢ is the monolayer thickness. The extracted micromagnetic DMI values are listed in
Table 7.1.

Among all compositions, Pty ;Co;Tig 5Si exhibits the strongest chiral interaction, with
D; = 0.21 mJ/m? and D, = —0.50 mJ/m?. The opposite signs of D; and D, reflect their
distinct rotational preferences: D; favors a CCW spin spiral, whereas D, favors a CW spi-
ral, consistent with the conventions used in Egs. 7.26 and 7.27. Pty 5Coq 5Ti;Si likewise
displays finite chirality, with D; = 0.17 mJ/m? (CCW) and Dy = —0.33 mJ/m? (CW).
These results show that both intralayer (Si-mediated) and interlayer (Si- and Pt-mediated)
exchange pathways contribute to the total DMI, with the Pt-assisted path dominant in mag-

nitude. The rotation senses extracted from D, and Ds are also fully consistent with the TB
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7 Activating DMI in 2D Silicide TiySi via Co and Pt Doping

chirality analysis as shown in Table 7.2. Overall, the atomistic and micromagnetic results
demonstrate that Pt-driven interlayer DMI is the primary source of chiral exchange in doped
Ti,Si, whereas the Si-mediated intralayer contribution remains intrinsically weak. This es-
tablishes Ti,Si monolayers with controlled Pt and Co substitution as a robust platform for
engineering sizable and tunable DMI, enabling the stabilization of chiral spin textures in

centrosymmetry broken 2D TMS.

7.4 Conclusion

In summary, we employed density-functional theory, micromagnetic analysis, and Wannier-
based tight-binding modeling to investigate chiral magnetic interactions in monolayer Ti,Si.
The pristine material is identified as a ferromagnetic metal whose exchange interaction and
magnetic anisotropy can be effectively tuned by an external electric field. However, due
to its centrosymmetric structure, DMI is absent in the undoped system. By introducing
controlled Pt and Co substitution at Ti sites, inversion symmetry is broken. At the same
time, Co enhances magnetic exchange while Pt strengthens SOC. This combined effect
generates a finite DMI, with the dominant contribution arising from Pt-mediated interlayer
superexchange pathways. Among the investigated compositions, Pty ;CoTig5S1 exhibits
the largest DMI. This work provides a microscopic understanding of DMI engineering in
Ti,Si within the framework of density-functional theory and an effective Heisenberg model.
The present analysis focuses on the intrinsic properties of free-standing monolayers, which
serve as a reference for understanding symmetry-driven chiral interactions. While the DFT-
based Heisenberg model captures the dominant exchange mechanisms, substrate effects and
large-scale finite-temperature spin dynamics were not explicitly considered. These aspects
offer natural directions for future research. Overall, our results provide theoretical guidance

for the nanoscale design of two-dimensional silicides with tunable chiral magnetism. The
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ability to control DMI through symmetry engineering and chemical substitution highlights
the potential of doped Ti>Si monolayers for compact, energy-efficient spintronic technolo-
gies, such as ultrathin chiral magnetic memory elements, racetrack-type logic architectures,
and electrically programmable magnetic nanostructures. Their reduced dimensionality and
interface sensitivity make them promising candidates for integration into next-generation

nanoscale spintronic devices.
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Chapter 8

Conclusion and Future Prospects
8.1 Summary and Conclusions

This thesis investigates the electronic structure, transport properties, and chiral magnetism
in two complementary classes of quantum materials: bulk chalcopyrite semiconductors and
2D magnetic systems. A central outcome of this work is that emergent functionalities, in-
cluding thermoelectric efficiency and topological spin textures, are fundamentally governed
by the interplay of orbital hybridization, SOC, and symmetry. By combining advanced den-
sity functional theory with spin-Hamiltonian modeling, micromagnetic simulations, and
Wannier-based analysis, this work establishes predictive links between electronic structure
and macroscopic physical properties.

In bulk chalcopyrites, a systematic comparison of XC functionals reveals that accu-
rate electronic structure depends critically on the treatment of d-state localization and p—d
hybridization. The PBE functional significantly underestimates band gaps due to over-
delocalization of d-electrons, while meta-GGA functionals reduce this error. Among these,
rMGGAC yields band gaps in close agreement with experiment, comparable to HSE06,
whereas r2’SCAN provides a reliable description of thermodynamic phase stability. To-
gether, these functionals establish an efficient and accurate computational framework for
chalcopyrite materials.

Building on this foundation, the thermoelectric properties of Ag-based chalcopyrites
were analyzed using the DDH functional and Boltzmann transport theory. The results
show that high thermoelectric performance arises from the combined effect of multi-band

electronic structure near the valence band maximum and low lattice thermal conductivity.
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8 Conclusion and Future Prospects

In particular, the quaternary compound Ag,ZnGeS, achieves a maximum Z71 = 2.57 at
800 K, with related quaternary systems also exhibiting similarly high performance. These
findings establish quaternary Ag-based chalcopyrites as promising candidates for high-
temperature thermoelectric applications.

In 2D systems, reduced dimensionality and symmetry breaking give rise to chiral mag-
netic interactions. In the H-phase FeTe, monolayer, intrinsic inversion symmetry breaking
leads to finite DMI, which can be continuously tuned by biaxial strain and electronic corre-
lation. The MAE and DMI exhibit strong sensitivity to strain, with the micromagnetic DMI
constant reaching 3.06 mJ/m?. Atom-resolved analysis identifies Te atoms as the dominant
contributors through their strong SOC.

For centrosymmetric systems, DMI can be induced through interfacial engineering. In
T-FeTeo/Pt heterostructures, inversion symmetry breaking at the interface and strong SOC
from Pt generate a large DMI of up to 1.75 meV. The origin of this interaction is traced to
hybridization between Fe, Te, and Pt orbitals, consistent with the Fert-Levy mechanism.
Monte Carlo simulations confirm that these heterostructures support Néel-type skyrmions
of radius 5.1 nm under an applied magnetic field of 60 mT, demonstrating a viable platform
for skyrmion-based spintronic applications.

Chemical modification provides an additional route for engineering chiral magnetism.
In the centrosymmetric Ti»Si monolayer, Co and Pt co-doping simultaneously break inver-
sion symmetry and enhance SOC, leading to finite DMI. Wannier-based analysis reveals that
Pt-mediated superexchange pathways dominate the DMI, while Si-mediated contributions
remain weak. The composition Ptj 5CoTig 5Si exhibits the largest DMI and supports chiral
spin textures, establishing doped 2D silicides as tunable platforms for chiral magnetism.

Overall, this thesis demonstrates that electronic structure, particularly the interplay be-
tween orbital hybridization, SOC, and symmetry, provides a unifying and predictive frame-

work for understanding and designing quantum materials. By linking microscopic interac-
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tions to macroscopic properties across different dimensional regimes, this work contributes

to the rational design of materials for thermoelectric and spintronic applications.

8.2 Future Outlook

The results of this thesis open several promising directions for future research across both
bulk and low-dimensional quantum materials.

In bulk chalcopyrite semiconductors, further improvements in electronic structure accu-
racy can be achieved using many-body approaches such as the GV approximation, enabling
reliable quasiparticle corrections and optical predictions. In addition, machine-learning-
assisted exchange—correlation functionals offer a pathway for improved transferability and
high-throughput materials discovery. For thermoelectric materials, extending the present
study to low-dimensional systems, including two-dimensional and quasi-one-dimensional
materials, is a promising direction. Reduced dimensionality and quantum confinement can
enhance the Seebeck coefficient through modified electronic density of states, while in-
terfaces and structural complexity can suppress lattice thermal conductivity. Exploring
layered heterostructures and mixed-composition systems for band convergence, combined
with controlled doping, may enable thermoelectric performance beyond bulk limits.

In two-dimensional systems, incorporating finite-temperature effects through Monte
Carlo simulations will be essential for understanding magnetic ordering and the stabil-
ity of chiral spin textures. Electric-field control of magnetic interactions provides an ad-
ditional route for tuning exchange interactions, magnetic anisotropy, and DMI, enabling
energy-efficient manipulation of spin textures. A natural extension of this work is the ex-
ploration of altermagnetism and topological transport phenomena in two-dimensional ma-
terials. In systems with broken symmetry and strong SOC, nontrivial Berry curvature can

give rise to anomalous Hall conductivity and related responses. Investigating these effects
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within the present framework will deepen the understanding of the connection between
electronic structure, symmetry, and topological behavior. The stabilization of skyrmions
in FeTey-based heterostructures motivates further exploration of moiré engineering, where
twist-induced superlattices can modify electronic structure, enhance correlations, and tune
magnetic interactions. Such systems may provide additional control over DMI, skyrmion
size, and stability. A complementary direction is the development of Wannier-based tight-
binding models to bridge first-principles calculations with large-scale simulations. These
models enable efficient evaluation of Berry curvature, anomalous Hall conductivity, and
magnetic interactions, while providing an orbital-resolved understanding of emergent phe-
nomena across extended length scales.

Overall, the methodologies and design principles developed in this thesis provide a
foundation for predictive materials design, enabling the discovery of quantum materials

with tunable electronic, thermoelectric, and spintronic functionalities.
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Appendix A

Exploring Skyrmion Stability in Centrosym-
metric Monolayers
A.1 Exchange Stifness Constant (A)

Figure A.1: Magnetic Continum for Jq, Jo and J3

For the Heisenberg exchange interaction, the exchange energy associated with atom ¢

is given by .
1
Eexi = 5]lesi-sj, (A.1)

where J represents the isotropic exchange interaction between neighboring spins. Expand-
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ing the neighboring spins up to second order yields

oS, y 08;

SJ:Sz—I—re‘fjax +7r elja

7,2

5 |y

%S,
Ox?

+ (ezyj)z

82

SZ}
_|_...,

0y?

(A.2)

The first and second term is zero because magentic atoms are centrosymmetric, so we get:

exz: JZS

_—’I“QJZS [ €5

HE

2 9%S; n 1 ( )2 0%S;
ox? 2 Oy?
2 %S, 2 028,
83:2 + (e?j) 8y2} ’

(A3)

(A4)

Substituting these values from Fig. A.1, into the exchange Hamiltonian and retaining only

the leading nonvanishing terms gives

19°S 30°%S;
Pewi = T IS [ (W) <4 (93:2) (Z 8y2)]
19%S;)\ |
e |2 () v+ (1) v (157
1, 1978, 3628, |
* ZT J3S: - < ) (4 0x2 > (Z Oy? (A.5)
This leads to
Eexi = %rQ(Jl + Jy + J 4 3)(AS;)? (A.6)

where r=a and after divided this Equation with volume V, where V= @ the energy denisty

becomes:
eﬁ:7?ﬁurw5+J+3xA&V (A.7)
the energy density of exchange interaction is:
eex(1) = A(VM)?, (A.8)
Comapring Eqns. A.7 and A.8 with the exchange stiffness parameter
A V3(JL 4 Jy + J3) (A9)

2t 7
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where Ji, Js, and J3 correspond to the exchange interactions up to third nearest neighbors.
For the magnetic anisotropy, the continuum anisotropy constant is related to the atom-

istic anisotropy energy through

2K
p (A.10)

V3a2t’

where K, is the magnetic anisotropy energy per magnetic atom.

Similarly, the saturation magnetization is expressed as

2m

Ms = T =5
V3a2t

where m denotes the magnetic moment per magnetic atom.

(A.11)

Using these relations, the atomistic magnetic interactions obtained from first-principles
calculations are mapped onto the continuum micromagnetic model employed in the Mu-

max3 simulations.
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Appendix B

Activating DMI in 2D Silicide Ti»>Si via
Co and Pt Doping

B.1 Dzyloshinskii Moriya Interaction (Intralayer and In-
terlayer Contribution)

ot — Fow = Ecow
m

(B.1)

The constant m depends on the crystal structure and the wavelength of the magnetic spi-
ral. The energies of the clockwise (CW) and counterclockwise (CCW) spin configura-
tions, denoted as Fcw and Facw respectively, can be obtained using first-principles calcu-
lations [145]. The contribution of magnetic interactions can be evaluated by considering
the intra-layer spin interaction energy. when there is DMI which is mediated through the
Si atoms the DMI constant (d;) can be calculated as follows:. For atom 2, as illustrated in

Figure B.1, the spin-interaction energy can be written as:

1 1
E® :§[J<S2-Sg+52-Sl+82-56+52-52/ +AM(Sf)2+§ dy - (Sy x Ss3)

+d1'(52X51)+d1'(SQXS6)+d1'(SQXSGI) —|—/,LVBSlz

where Heisenberg exchange interaction and DMI energy sharing between the two sites of
each bond so factor 1/2 is included.

According to Moriya’s symmetry rules for DMI interactions [255], d;; between two
magnetic atoms ¢ and j is restricted in direction based on the symmetry of the bond con-

necting them. Specifically, when there is no inversion symmetry at the midpoint between ¢
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Figure B.1: Top view of the 4 x 1 Ti,Si supercell showing the spin configuration used for
the DMI calculations.

and j, Moriya’s third rule states that d,;; must be oriented perpendicular to the bond direction
u;;, which is the unit vector connecting sites ¢ and j. DMI vector d;; takes the form z x u;;,
where Z is the unit vector normal to the film, oriented from the adjacent nonmagnetic layer
towards the magnetic film. As per figure B.I, the spin interaction energy for atom 2 can

be written as:

1 1
E® = §[J] + A, (S5 + §d1 [cos(0°) — cos(180°) — cos(270°) 4 cos(90°)] + puvBST.

(B.2)
Based on this rule, the energy contributions for a selected atom 2 for both clockwise

(Ecw) and counterclockwise (Eccw) spin configurations is given by:
1 1
Eéw = 51+ A, ()" + 5[2di] + pwBST. (B3)
1 1
Epow = 521] + A, (S7)" + 5[=2di] + pw BSF. (B4)

Add Equations B.13 and B.4

El _ El
d1: CW 5 CCwW (BS)
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The total opposite chirality energy difference in the supercell using Eqns B.13 and B.4:

Ecw — E
AEpy; = M = 8d; (B.6)

Total DMI strength d|| for n=8 can be expressed as:

Ecew — E
4y — =W — cCcw (B.7)

Now when the DMI is mediated through Pt atoms, the DMI vector ds can be evaluated when
atom 5 and 7 is replaced by Pt atoms then the atom 1 will interact with atom 6 through Pt
atom (in place of atom 5)and the simillarly atom 3 will interact with atom 8 through Pt atom
(in place of atom 7), then the DMI vector d, will be mediated through Pt can be evaluated

as the sum of spin interaction energy of atom 6 (E(®)) and atom 8(E®):

E© + E® = %[ “(S1 x Sg) +d2-(S1 x Sgr) +da-(S3 x Sg) +da-(S3 % SB’)] (B.8)
= 2ds [ cos(45°) + cos(135°) + cos(45°) + cos(135°)] (B.9)
=3d]5+ 5+ 5+ 5l (B.10)

2
= 3d>[ 5] :—2d2:\/§d2. (B.11)
ESHS = [2\/§d2] (B.12)
1
Ecw = —5[2v2d;] (B.13)
Ecw — E
dy = =0 (B.14)

2v/2

B.2 The Micromagnetic DMI D

In micromagnetics, we assume that the spins S; change gradually across atomic distances.
This allows us to approximate S; by a smooth, continuous function m(r;), where m(r)

describes the local magnetization. Since the variation is slow and we ignore any change
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along the z direction, the spin at a neighbouring site r; can be approximated using a first-

order Taylor expansion:

, Om , Om
m(r;) ~ m(r;) + TU; Oz (ri) + Tuz’ja_y<ri)

The DMI energy for atom i corresponds to all six nearest neighbouring Fe atoms is:

)]  ®

since the d|| is the dominant DMI component so, the micromagnetic DMI energy density,

4
1 R o o
E@DMI - Erdtot 5 (Z X Un> . [m(rz) X (un% + u%—y

=

n=1

€pmr, 18 generally determined by the crystallographic point-group symmetry.

4

1 om
Eipv = 5Td1 ; (2 X ) - [m(ﬁ) X a—;’j (B.16)
Here the cross product 1% x 1 = 0 and the cross product of 73 (i) X % is given by:
= (= aT?L u u u
m(rl) X % = (Lg(;z)v L,(zm)u L:(py))

where Lifshitz invariants can be written as;

om om
(w) _ = q > D
Ly = gu oy

where p, g represent arbitrary Cartesian coordinates, such as « and y. As per figure B.1,

the energy value for 4 nearest neigbouring astoms can be calculating by subsitituing u into
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equation B.16 where

Eipur = €3+ €1+ €6+ ey (B.17)
= Srdy [+ 18+ 1)+ 1) (B.18)

= rdy 206 + 21%)] (B.19)

= rdy [ + LY)] (B.20)

(B.21)

Comparing Eqgs. B.21 and Eq.7.25 of chapter7, we can evaluate dmi strength D; normalized
by number of magnetic atoms N and volume corresponding to a Ti atom in the magnetic
film, where V = a?- t for tetragonal structure, where a? is the atomic surface area for a

tetragonal lattice and t is the thickness of the magnetic layer :

. T'le . leN

D =
! 1% a?-t

(B.22)

where r = a is the in plane atomic distance for tetragonal Ti;Si magnetic film following that

the DMI strength for Ti,Si monolayer can be written as:

dy N
Dy =——. (B.23)
a-t
The Micromagnetic DMI strength Dy where the DMI strength is governed by Pt.
Eipur=e +ey +e3+ey (B.24)
1 1 1
= —rdy |4(z L% + L) B.25
2T 2 |: (2 zZr + 2 zy) ( )
=rdy [LY) + LY)] (B.26)
simillarly we get D,
TdQN dgN
D, = = = B.27
2 V a-t ( )
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