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Abstract

The fields of valleytronics and topological insulators have witnessed explosive growth in recent
years, driven by the quest for novel electronic and spintronic functionalities. This thesis con-
tributes to this emerging area by exploring novel valleytronic and topological phenomena across
a diverse range of material systems, employing state-of-the-art first-principles computational
methodologies. The search for two-dimensional materials with exotic valley-dependent prop-
erties has gained considerable momentum, driven both by their fundamental scientific signifi-
cance and their potential for applications in nanoscale devices. Therefore, we firstly present the
identification of promising intrinsic valley-related switchable Hall effects in CroCSF. CroCSF,
characterized by high out-of-plane magnetic anisotropy, is identified as a ferrovalley semicon-
ductor with spontaneously polarized valleys, exhibiting a valley polarization of 27.1 meV in the
conduction band. This facilitates the observation of an intrinsic anomalous valley Hall (AVH)
effect, which can be manipulated by an in-plane electric field. We elucidate the underlying
physics of spontaneous valley polarization using the SOC Hamiltonian model. Furthermore,
by applying unidirectional compressive strain, we transition Cr,CSF from the AVH phase to a
long sought quasi-half valley metal state. In this state, only the electrons are valley polarized,
enabling the separation of hole and electron carriers under an in-plane electric field. Our study
contributes to the expanding array of materials with valley-related Hall effects, providing a

platform for exploring the interplay between valleytronics and spintronics.

Further, we explore the antiferromagnetic (AFM) materials, which are distinguished by
their zero net magnetic moment, high resistance to external magnetic disturbances, and ultra-
fast dynamic responses. To advance the application of AFM materials in valleytronics, we
focus on achieving spontaneous valley polarization and the AVH effect. We predict an A-type
AFM monolayer Fe,C(OH),, which exhibits a significant spontaneous valley polarization of
157 meV. In Fe;C(OH),, the spatial inversion symmetry (P) and the time-reversal symme-

try (T) are individually broken, while the combined PT symmetry is preserved. This symmetry
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conservation leads to spin degeneracy, resulting in zero Berry curvature in the momentum space
and the absence of AVH effect. However, a layer-locked hidden Berry curvature is produced,
leading to the observation of valley layer-spin Hall effect. We further demonstrate that an
external out-of-plane electric field can induce spin splitting by introducing a layer-dependent
electrostatic potential, enabling the layer-locked AVH effect. Additionally, the introduction
of a built-in electric field, achieved through a Janus structure in monolayer FeoC(OH)F, also
induces spin splitting due to the electric-potential-difference-AFM mechanism. The high out-
of-plane magnetic anisotropy and realization of AVH effect in these materials offer promising

opportunities for the development of next-generation valleytronic technologies.

Herein, we propose a general scheme enabling nonvolatile electrical control of the AVH
effect through the utilization of multiferroic van der Waals heterostructures. Effective external
control over the AVH effect is paramount for the practical realization of valleytronic devices,
however, current approaches frequently suffer from limitations of irreversibility or volatility.
Employing first-principles density functional theory calculations, we demonstrate the feasibil-
ity of this design principle via a system comprising ferromagnetic monolayer VSSe stacked
upon ferroelectric monolayer Al,Ss. Our findings indicate that the reversible switching of the
AVH effect can be precisely manipulated by reversing the ferroelectric polarization of Al,S3 via
an applied electric field. Crucially, the regulated AVH state of VSSe remains stably preserved
due to the intrinsic ferroelectric nonvolatility of Al;S3. Furthermore, the sign of the valley po-
larization can be simultaneously inverted through this same ferroelectric polarization reversal.
These results not only lay the foundation for developing intrinsically ferroelectricity-controlled
ferrovalley materials but also identify an exceptional candidate for realizing advanced bidirec-

tional and nonvolatile switching valleytronic devices.

Furthermore, we shift our focus on the prediction of three-dimensional topological insu-
lators (TIs), leveraging density functional theory (DFT) and many-body perturbation theory
(GoW() combined with spin-orbit coupling (SOC) effects. We begin with the well-established
3D TI, TIBiSe,, and systematically perform complete isostructural substitutions at various
atomic sites. This approach aims to identify if the resulting materials maintain or exhibit novel
topological properties. Subsequently, we conduct a meticulous screening of these materials,
focusing on the SOC-induced parity inversion at time-reversal invariant momenta. To confirm
the topological nature of selected materials, we generate surface state plots and compute Z;

topological invariants. Our findings reveal that GaBiSe, emerges as a strong T1. Additionally,
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we identify six weak TIs: PbBiSe,, SnBiSe,, SbBiSe,, BisSes, TISnSe,, and PbSbSe;. Fur-
thermore, we demonstrate the dynamical stability of all reported TIs by analyzing their phonon
dispersion, confirming the presence of all real phonon modes of vibration.

Finally, we examine the strain-induced topological phase transitions in centrosymmetric
and non-centrosymmetric halide perovskites. We observe that centrosymmetric perovskites
undergo a continuous phase transition from a trivial to a TI state at a critical strain value. Con-
versely, non-centrosymmetric halide perovskites exhibit a discontinuous phase transition. This
discontinuity is attributed to the absence of a stable gapless state, which is destabilized by
the lack of centrosymmetry. To understand the evolution of band topology under compressive
strain, we employ DFT and Slater-Koster formalism-based tight-binding Hamiltonian studies.
Our analysis indicates that both cubic and pseudocubic FAPbI; undergo a Pb s-p band inver-
sion at critical strain values. Notably, the pseudocubic structure exhibits two conducting states
around the M point, a feature absent in the cubic counterpart. We attribute this difference to
the Pb-Pb second nearest neighbor interactions. Moreover, we model mixed cation halide per-
ovskites Cs,MA;_,Pbl; (x = 0.25, 0.50, and 0.75) to investigate their topological properties.
We also perform structural stability analyses of various strained configurations to enhance the

experimental relevance of our findings.



NIN

BT & sl § defieiay 3R SUiaioIed SgaeR & &Fl | SeRewd Wfd g3 ¢, e g
HRU T Faae e 3R RUASIE Sl &1 WISl & | I8 MY Yay ATy Tum-Rigial
qTeht IR Tiad! BT ITANT xp, fafia TR & Aeiad Red & 9d1 aelicie
3R SaTIh e st & WIS R 39 IHRA & H ATeH <ar o | fafkry aaht-smenfea
07 9TS ¢- SRS W BT WIS 3 16T 1fd Uhet 8, St 3% M de-e ded
3R ARG IUHRUN H VAN Bt YHTET3T I ORd B

ey, 89 999 Ugd Cr,CSFH 3fialke el Hefda Rag e arg gid gHTal &1 uga™
TRd $Rd & | 3 HT3C-3HT-wH HAfew SifAieidt arer cr,CsF, Wa:3%«d ydigd deat
I T BRIt Yt sdex & ¥U H UgaHI T 8, Sl hea’H 88 H 27.1 meV &1 dait
YdTHR0T TefRid Rl 8 | U8 Ud SfidRed Ty dall gid UHTd & Sl &I JaeT

T IRl 8, ol 39-WiH 3aifdes Wite gRT faifd fasan S wevdn 81 89 soc gfireefaa
HSd BT ITANT TR WA dell YdIhRul & fdf-ifga Hifde! &1 WP R &1 3Tb
3T, YRS HURIG W AN b, §H Cr,CSF B TAHTY Jait gidt TR0 ¥ o
T § Udiferd srfl-g1e 3ot Hed e & uRafdd od 81 39 /a1 #, Fad e 8l
I ydipd Bd &, oY 39-WH gafaes Wit & dgd 8Id 3R Iadei- BRI B 3T
BT GYT B ST & | SHRT S7eT aeil Yafad gld THIE arelt A ! dgat Saar o
NI ST 8, S defiai-a 3R FRaeifeg & fie RER fvar o @ & fow te 7=
UG aRal |

3T, 1 UCTHRITAS (AFM) TTHIRIET T 3FaW0T HRd &, off 31U I Y& qa 14 &0,
ITedt dae 1 fagidl & ufa S= ufaRly SR sifa-<itg nfa=fta wfafsranstt & forg fafdy €1
IR § THmRfes ImfiEl & S &) 3 9gM & Y, 89 Wa:Tkd dait
¢dIHRUT 3R TAHEY el 8Tt THTT P U B WR & higd HRd & | 89 T T-UHR &
TABRIEACH AR Fe,C(OH), & HfZ@lt Hd €, S 157 meV &1 HedYU! Wa:- Tl
I ¢t UefRid &Rl 8| Fe,C(OH), H, RITA® YehHUl THETAT 3R THY-JShHU]
JAEUd] AT U J T 1l &, STafeh Ggad Uit TRyt IR I8 81 T8
TREUT SREUT R fESHRE &1 3R o i1l 8, fores uRuomRaRey Aificd W9 § 3
I FHoeR U BT § SR TAHEY delt 81 (AVH) THTT U g1 § | BT, U
R-diFs fRe 9t daeR I BT €, Forad aah aaR-fUH i UHTa &1 Sfadidh gidl
21 B 3 U8 UeiRid #d § foh Th a1t 3HT3C-3i1h-iH Safacd hics, TaR-3eTRd
SAdCRCTed TR U HRap U Al &1 URd R b §, o daR-alads AVH




THTT & g1 o1l ¢ | 39 Sifafkad, AFIAR Fe,C(OH), & SFY TREHT & HIeAH J U
fee-5 3ot Wits, Safdes-UIeRYA-TEHhIg-AFM HdbfieH & HRU Y fRefe &)
1t Od FHrT B 1 37 IR § 3= 3i13e-3iTth-wH Hifed SifAierdt 3R AVH UHTd &1
3TN 3Tl Uil Pt defieifer Tenfiiferal & faera & o SIS 3fawR UaH &l
gl

2% 916, §H e[ hRIS® d- SX dT GeIRCaaR & SUTNT & HIegH F AVH THTE & -
qIoe3d Safaedhd dheld i FeH HRA arel U AT JioTT URaliad Rd g | defte-d
ITERUT & ARG HGIN & [T AVH THTT TR YT STe! =101 warai §, gTaifas,
I TPV SR SURGCHIIA AT SRR BT el & U § | UuA-Ragial areft
SRICH thaRMd AR TUFTS 6T IUART Hd gU, §H WRIgdided AR AlLS, TR 39 T
TRIERICH THICR VSSe aTdt Riked & A1eqd 9 39 feome Rigid &1 ardgridr verid
IR ¢ | gUR FshY Fard § 7 AvH THTa & wfaadt fRafei &1 an] gafdes wics & [
T ALS:, & BRIgAGE® UIeRIZORH &I Iae TR eid &4 9§ Hafd fear o1 gwdr g1
AUl §1d T8 § [ VSse &1 fafaflid AVH et ALS:® 1 sfaffed tRigdiaee -
qrafeferct & FRU FRRR ®0 F -1 6 8| 3P @], I YdiHRur & g o 34t
hRIgdiaed UIARISOIRM Ra¥d & H1eH ¥ T 1Y 9Gdl off 9abdl § | I TRumT 7 dad
S TRIgafaeRc!-aHa hlde JmRl &I fawmRid @3- & o SR TOR Hd
8, dfch Id [TSTIREHd 3R AH-aidergd RafiT ddici e SUHUN & UHR B &
foTT U SRTURT SHiGaR &t ugaH it axd g

% SHfaikad, 0 SRS harma @R SR A-318T acazM &R (GoW,) & a1 fH-
3fffee HUMHT (SOC) THTAT BT ATH I3Td gY, -SHRHA cUraodhd sqaiex (3D Tis) 1
Yigsramft IR eaH SHfad B &1 81 313! ke T WM 3D TI, TIBiSe,, & 1Y Y[F3ATI
H § 3R AT IRAT] R R HafRyd U I gl TSR aeRd Jok e Hd & |

2 DDV BT I I8 Uga-1 ¢ fob a1 IRUMH [ 3= Sraraifored Ion ol
T TGl € a1 T 701 YarRid Bl ¢ | 3P SIG, §H 3 AT BI Aaeigded Shi-
HRA ¢, o o3 H-Radd g7aRue difen W soc-OfRvd Ik sasi- R Hfaa 31 wafa
IR B UG Upid &1 gfY HR- & fo1g, 7 WhY T ¢ Wicy 309 H3d § 3R
Z, QUG o STARUCH &1 TTUFT Hd & | §AR syl ¥ udT Il g & Gabise, Th
T TI % U H IURAT 5| SqP AATd], §H B8 I Tls DI UdH B o: - PbBiSe,,
SnBiSe,, SbBiSe,, Bi,Se,, TISnSe, dUT PbSbSe, | 3% 3faRad, 89 3% B fewea &1
fa=aiwor dxas it ROIE fore TE Tis Bt =i fRRAT &1 Ue=H $Rd §, off 6o & aaft
qRdfa® B Agd & SUfUfd &1 gfY a1 |




3fd H, BH gt 8IR R-SEaHId eass WRID3cd § d-1a-URd euldisiebe aur
ThHUT BT 9T BRd &1 89 W § b St RIckpIgcd T Hedqul d1d Hed TR
T I J Ao e SgeR Iod | T Jod TR JHHU J Tord § | 39 [usld, k-
HoTAMNT aTss WRIckhsey U 3Rdd TR TehHUl UGRfd Brd &1 I8 Sdddl Uh
R ey g $1 SufRUf & SR Bl &, S heaftid 3T HH ¥ SRR g1 ire 5
Thifed a1 & dgd S e & [ o THsH & i, 87 DFT 3R Wex-Phiex
ARG I- MR eTge-aRfET Rifee - 31eqg &1 ITANT HRd & | FART [aRayur
2 HxaT & fb U9 3R gSIpad FAPDI, GHI HE@YUl a1 Hedl TR Pb s-p S8 SgahHUI
I ToRA B | fady ¥ U 9§, WEIgiaes Ta1 M fig & U & Tema- Id UeiRid st
8, Ol I THGE H JURYd U [aRIWdT 81 89 9 3{dR Bl Pb-Pb GIX Hdead gt
3ic:foparaft & fo oTHeR a8v1d €| 3% Sramdl, 89 ffd e gass WRiadRey
CsxMA,_Pbl; (x = 0.25, 0.50 31X 0.75) B! I UGS 0N HI oIid & o ATsd
Hd 8 | g4 Al arauRa fomarl & SRa-Tee RuRar faweyor off -a § arfes gaR
fAepef 3t Uit UTifeRdT &) SerT o 9% |
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CHAPTER 1

Introduction

1.1 The dawn of quantum materials: beyond conventional

electronics

Conventional silicon-based electronics, while undeniably successful, face inherent limitations
that hinder the further progress of the field. These include power consumption due to Joule
heating, size constraints as devices approach atomic scales, speed limitations caused by elec-
tron scattering, susceptibility to external factors like noise and interference, and limited func-
tional integration. While electrons possess both charge and spin degrees of freedom, traditional
electronics primarily focuses on manipulating the charge, ignoring the spin. This oversight
represents a significant missed opportunity, as spin offers a lot of possibilities for information
processing and storage.

This realization has accelerated the growth of spintronics, a multidisciplinary field aiming to
control the spin degree of freedom in solid state systems [&, 9]. Spin is either intrinsic property
of a single electron, which can be detected through its magnetic moment, or the average spin of
many electrons in a material, known as magnetization. Spin manipulation refers to controlling
the population of spins i.e., how many spins point in a particular direction, and how their
quantum phases change. This control can be achieved in system of large collections of electrons
and also in systems with only one or a few spins. The main aim of spintronics is to understand
how electron spin interacts with the crystal environment and to use this knowledge to build new
types of devices. Spintronics includes a wide range of research areas. On one side, researchers
work on controlling individual spins at specific atomic locations, such as nitrogen-vacancy
centers in diamond or semiconductor quantum dots. These systems are important for solid-
state quantum computing. On the other side, scientists study how spin moves and evolves in

larger materials, focusing on the relationship between spin transport and spin dynamics.
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The main aim of spintronics is to understand how electron spin interacts with the crystal
environment and to use this knowledge to build new types of devices. Spintronics includes a
wide range of research areas. On one side, researchers work on controlling individual spins at
specific atomic locations, such as nitrogen-vacancy centers in diamond or semiconductor quan-
tum dots. These systems are important for solid-state quantum computing. On the other side,
scientists study how spin moves and evolves in larger materials, focusing on the relationship
between spin transport and spin dynamics.

Beyond spintronics, the exploration of another electronic degree of freedom, i.e., valley,
is also underway. In certain materials, like transition metal dichalcogenides (TMDs) and
graphene, electrons can occupy multiple valleys in the electronic band structure. These valleys,
residing at different points in momentum space, can be selectively populated and manipulated,
offering a new degree of freedom analogous to spin [10]. Electrons in different valleys possess
distinct properties, such as different effective masses and Berry curvature, leading to unique
responses to external fields. Valleytronics aims to control these valley degrees of freedom for
novel device functionalities, including valley-based transistors, logic gates, and sensors. The
manipulation of valley degrees of freedom offers the potential for highly efficient and versatile
electronic devices.

Furthermore, a new and powerful approach has emerged from the study of topological ma-
terials, which have attracted significant attention in condensed matter physics over the past
few years [11, 12, 13, 14]. These materials exhibit remarkable properties, especially at their
boundaries, where they support unidirectional and dissipationless energy transport that is ro-
bust against backscattering. Such features make them highly attractive for applications in
spintronics and quantum information science. In recent years, the concept of topological
materials has also been extended beyond electronic systems to other areas, including acous-
tics [16, 17, 18, 19, 20, 21], photonics [15], optics [15] and mechanics [22, 23]. This expan-
sion has opened novel possibilities for manipulating and engineering advanced devices, poised

to revolutionize contemporary electronics.

1.2 Valleytronics

When individual atoms combine to form a crystalline solid, interactions among their electrons

and ionic cores lead to the formation of energy bands that govern the electronic behavior of the
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material. In semiconductors, the electrons participating in chemical bonding fully occupy the
valence band, while the conduction band lies at higher energy and is typically empty. These two
bands are separated by an energy region devoid of electronic states, known as the band gap. In
many semiconductors, regions of minimum energy can form within the conduction band, with
the only distinction being the orientation of the crystal axes. When carriers are excited across
the band gap and occupy these energy minima in the conduction band, they will have the same
energy but different crystal momenta, depending on the crystal axis. These energy minima are

referred to as "valleys".

The concept of valleytronics arises from exploiting these valleys as carriers of informa-
tion. Devices that utilize electrons, holes, or excitons confined to specific valleys are known
as valleytronic devices. A central requirement for such applications is the ability to selec-
tively populate one valley over others, a condition known as valley polarization. The term
valleytronics was introduced by analogy with spintronics. In spintronic systems, information is
stored and processed using the electron’s spin degree of freedom. In a similar spirit, valleytron-
ics encodes information using discrete valley indices associated with different extrema in the
electronic band structure. In this framework, binary information can be assigned to different
valleys, effectively using crystal momentum states as logical bits. This additional degree of
freedom is often described as the valley pseudospin, which complements the real spin of the
particle. Although energy-degenerate valleys are common in many crystalline materials, con-
trolling the valley degree of freedom remains challenging. The primary difficulty lies in the
weak interaction between valley indices and external fields. Unlike electron spin, which can be
manipulated using magnetic fields or through spin-orbit coupling, valley states generally cou-
ple only weakly to external perturbations [10]. This limited controllability has so far restricted

the practical realization of valleytronic devices in most materials.

For valleytronics to be useful, it is essential that the particles populating a specific val-
ley remain there for long enough to perform their desired function. Some materials exhibit
anisotropy in the particle mass along different crystal orientations, leading to valley polariza-
tion under an applied field. In these materials, preferential scattering between valleys can occur,
as demonstrated in diamond, aluminum arsenide, silicon, and bismuth at cryogenic tempera-
tures. However, these materials lack strong ehough coupling between the valley index and
external fields, preventing selective manipulation of particles in a particular valley. As a result,

such materials are not considered viable for valleytronic applications.
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Figure 1.1: Schematic depiction of spin-valley coupling in hexagonal 2D materials with opposite spin

polarization at the K and K’ points. This Figure is taken from Ref. [1].

However, a class of materials does exist where valley pseudospins can be more readily ad-
dressed. Unlike other materials, 2D materials such as graphene [24, 25, 26] and monolayer
molybdenum disulfide [27, 28] exhibit valleys at inequivalent K and K’ points in the Bril-
louin zone, which have strong valley selective interactions with applied electric and magnetic
fields (see Fig. 1.1). The isolation and investigation of these 2D materials were key milestones
in the field of valleytronics. The publication history in this field shows a significant boost in
research after the isolation of graphene in 2004, but it was the exploration of the optical prop-
erties of transition metal dichalcogenide monolayers that truly ignited the valleytronic research
explosion [29, 30, 31, 32, 33, 34, 35].

To enable selective control over different valley degrees of freedom, it is necessary to iden-
tify physical quantities that can distinguish between inequivalent valleys. A key quantity in
this context is the Berry curvature, which encodes the geometric properties of electronic bands
and plays a central role in phenomena associated with band topology. Within the semiclassical
description of electron dynamics in crystalline solids, charge carriers are treated as Bloch wave
packets whose group velocity is primarily determined by the gradient of the band energy. The
effects of lattice periodicity are incorporated through the Bloch form of the electronic wave-

function, while external electric and magnetic fields govern the carrier dynamics.

In addition to the conventional band velocity, an extra contribution known as the anomalous
velocity arises, which is directly proportional to the Berry curvature of the electronic band.
This anomalous velocity is generally transverse to the applied electric field and can give rise to
valley-dependent transverse transport in systems with nonzero Berry curvature. Such behavior

forms the foundation of valleytronic phenomena, as it enables the generation, manipulation,
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and control of valley-polarized currents.

The orbital magnetic moment serves as another physical quantity to differentiate valley
states, conceptually arising from the self-rotation of an electron wavepacket. It is particu-
larly valuable as it allows for valley state discrimination akin to experiments utilizing the spin
magnetic moment of charge carriers (e.g., distinguishing spin-up and spin-down states with a
magnetic field). However, the Berry curvature and orbital magnetic moment, and their utility in
distinguishing valley states, can vanish if both time-reversal symmetry and inversion symmetry
are simultaneously present in a crystal. Time-reversal symmetry describes a system’s symmetry
under time sign reversal, while spatial inversion symmetry denotes symmetry under coordinate
axes direction reversal. These symmetries have significant implications. Pseudovectors, like
the Berry curvature and orbital magnetic moment, do not change sign under spatial inversion.
Consequently, they cannot differentiate valleys when both symmetries are present, as they be-
come identically zero. The K and K’ points in hexagonal 2D materials are time-reversed
images, making physical quantities with odd parity under time reversal suitable candidates for
valley state distinction. If the Berry curvature and orbital magnetic moment are non-equivalent
at the K and K’ points, electric and magnetic fields, respectively, can be employed to distin-
guish between the valleys. The semiclassical equations of motion for Bloch electrons under the
influence of applied electric and magnetic fields, with nonvanishing Berry curvature, are given

by:

ok
I‘kza—vk XQk, (11)
E,=—-e(E+ v, xB), (1.2)

where €2, can be expressed in terms of the Bloch functions as:

with

An(k) = (un(B)|[Vi|un (k). (1.4)

Here, A, (k) is the Berry connection, and u, (k) represents the periodic part of the Bloch

electron wavefunction in the n-th energy band.
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We can also write Berry curvature as:

_ 2ih Z )V il (k) X (i (B) |V k[ un (K))
netm (En(k) = En(K))? ’

where E,(k) is the energy dispersion of the n-th band, and P, ,,,(k) = (u,(k)|v|um(k))

(1.5)

represents the matrix element of the velocity operator.
By demanding that the equation of motion remains invariant under the system’s symmetries,

it can be shown that:
e With time-reversal symmetry, Q,,(k) = —Q,(—k),
e With inversion symmetry, Q,,(k) = Q,(—k).

Consequently, valley-contrasting effects can arise only in systems where inversion symme-
try is broken. The semiclassical equations of motion further show that, in a two-dimensional
crystal, the application of an in-plane electric field generates an anomalous velocity due to
the Berry curvature. This velocity is directed perpendicular to the applied field and possesses
opposite signs for charge carriers residing in time-reversal related valleys.

The broken inversion symmetry also allows the existence of an orbital magnetic moment.
Imagine electrons in a material as tiny spinning tops. Sometimes, these spinning electrons cre-
ate tiny magnetic fields, like little magnets. This is related to something called orbital magnetic
moment. Now, in some special materials, the way these electrons move and spin is linked to
their energy. Think of it like different lanes for electrons with slightly different energies. These
lanes are called valleys. If a material has a special kind of asymmetry, it can happen that elec-
trons in different valleys have different magnetic moments (they act like little magnets with
different strengths or orientations). This difference in magnetic moment between valleys is a
key ingredient for valleytronics. One consequence of this difference is that light can interact
differently with electrons in different valleys. It is like some electrons prefer to absorb light
that is spinning clockwise, while others prefer light spinning in counterclockwise direction.
This is called optical circular dichroism. It means the material interacts differently with right
and left-handed circularly polarized light. Another consequence is that if you apply a magnetic
field, electrons in different valleys will behave differently. They might move in slightly dif-
ferent ways or have different energies. This difference in behavior can be used to control the
electrons in the different valleys, kind of like how you might steer cars in different lanes on a

highway. All of these methods of control of the valley state are illustrated in Fig. 1.2.
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Figure 1.2: Three methods of control of the valley state: (a) optical, (b) electrostatic, and (c) magnetic[2,

]

This valleytronics is interesting because it offers a new way to control electrons and poten-
tially build new types of electronic devices. It exploits the valley degree of freedom of electrons,
in addition to their charge and spin. The lack of mirror symmetry in the material is crucial for
making all of this happen. Certain materials, like 2D transition metal dichalcogenides, have

this built-in asymmetry, making them promising candidates for valleytronic applications.

1.3 Hall effect and its analogues

The Hall effect, discovered by Edwin Hall in 1879, is a fundamental transport phenomenon
observed when a magnetic field is applied perpendicular to the current in a conductor. It results
in a transverse voltage due to the Lorentz force acting on charge carriers. For a current density
J flowing in the z-direction and a magnetic field B applied along the z-direction, the transverse
Hall electric field E, satisfies:

1
E,=—J,B., (1.6)

ne
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where n is the carrier density and e is the elementary charge. The proportionality constant

defines the classical Hall conductivity:

a ne
Oy = o (1.7)

1.3.1 Anomalous Hall effect

In ferromagnetic materials and systems with significant spin-orbit coupling, a transverse volt-
age can arise even in the absence of an external magnetic field, leading to the Anomalous Hall
Effect (AHE). The intrinsic contribution to AHE originates from the Berry curvature of the
electronic bands. In the semiclassical formalism, the anomalous velocity of a Bloch electron in
band n is:
vin = —%E x Q,(k), (1.8)
where €2, (k) is the Berry curvature of band n at momentum k. The anomalous Hall conduc-
tivity is then given by:
d3k:
oMIE _ _C Z/ K)QZ (K), (1.9)
BZ (

where f,, (k) is the Fermi-Dirac distribution function.

1.3.2 Valley Hall Effect

The Valley Hall Effect (VHE) emerges in materials with multiple inequivalent valleys (e.g., K
and K’ points in the Brillouin zone), where the Berry curvature has opposite signs in different
valleys. Although the total Hall conductivity cancels out in the absence of a magnetic field
(due to time-reversal symmetry), carriers from different valleys experience opposite transverse

deflections, resulting in a net valley current:

J == T/d%ka)m(k), (1.10)
h = (2m)?
where 7 is the valley index. This effect is particularly strong in two-dimensional materials like
transition metal dichalcogenides (TMDs), where inversion symmetry breaking and spin-valley
locking make electrical manipulation of valley degrees of freedom feasible.

These Hall effects-classical, anomalous, and valley, form the foundation for a range of

emergent quantum phenomena in modern condensed matter physics and are central to the de-

velopment of topological electronics and valleytronic devices.
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1.4 The Berry curvature

For a two-dimensional electronic system, the Hall conductivity o, may be formulated in terms

of the system’s Bloch wave functions [36, 37] as follows:
e? e? i ke . O Ok, Ok
oy = — U = — — — dkdk 1.11
T =Y T 322W00§med<<8kx|8ky> ok, | ok, | v (1.11)

In this expression, the integration is performed over the full Brillouin zone, and the sum-
mation runs over all occupied electronic bands. Although the form of the equation may appear
cpmplex, it conveys important insights. The result is determined solely by the Bloch wave
functions and does not depend explicitly on the energy eigenvalues, the role of energy here
is limited to selecting which bands are occupied. A key consequence of this formulation is
that the Brillouin zone integral always evaluates to an integer, which requires the topological
invariant v to take integer values when all occupied bands are fully filled. This quantization
guarantees that v is robust against small changes in system parameters, as long as the energy
gap remains open and the number of occupied bands does not change, which is characteristic
of an insulating phase.

Although the equation (1.11) establishes the formal connection between the Hall conduc-
tance and the Bloch wave functions, it does not directly clarify the origin of the integer-valued
invariant v. To gain insight into this quantization, the concept of the Berry phase [36] has been
introduced. Within this framework, the Berry connection A and the Berry phase ¢ are defined

as:

Ak) = D (wuliViclunx) (1.12)
occupied

= ¢ A-dk 1.13

¢ 7{ (1.13)

The Berry connection A (k) is defined in terms of the Bloch wave functions and gives
rise to the Berry phase ¢ when integrated along a closed path v in momentum space. Due
to the inherent phase freedom of quantum states, the Bloch functions w,y are not uniquely
defined, which renders the Berry connection gauge dependent and, in general, not globally
single-valued over the Brillouin zone. In many physical systems, it is not possible to choose

a smooth gauge throughout momentum space, and the Berry connection must therefore be
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defined locally in different regions. Under a gauge transformation of the form u,;c — €® i,
the Berry connection transforms as A — A — V0(k), resulting in a corresponding shift
of the Berry phase. Although the phase function #(k) itself may be multi-valued, physical
consistency requires the quantity ¢?’¥) to remain single-valued. Consequently, while the Berry
phase ¢ depends on the chosen gauge, the quantity € is gauge invariant and depends only on
the topology of the closed loop v in momentum space.

Analogous to the electromagnetic vector potential, we can define the Berry curvature:

Q,(k) =V x A (1.14)
With this, Eq. (1.11) becomes:
1 2
v=— Q-dk (1.15)
2w JBZ

The geometric description of Bloch electrons reveals a strong analogy with classical elec-
tromagnetism. In this framework, the Berry connection A plays a role similar to the electro-
magnetic vector potential, while the Berry curvature €2 corresponds to the magnetic field B and
is therefore gauge invariant. Just as a magnetic field deflects an electron in real space, the Berry
curvature can be viewed as causing a transverse deflection of electrons in momentum space.
The Berry phase acquired by an electron when its crystal momentum traces a closed loop in
the Brillouin zone is analogous to the Aharonov-Bohm phase accumulated along a closed path
in real space. Furthermore, the quantization of magnetic flux in electromagnetism has a di-
rect counterpart in the quantization of the Hall conductivity, which is determined by an integer
topological invariant known as the Chern number. Within this analogy, the Chern number plays
a role similar to that of a magnetic monopole charge, reflecting the topological nature of the

underlying field.

1.5 The quantum Hall effect

The quantum Hall effect represents one of the earliest and most striking manifestations of
topology in condensed matter systems. It occurs in two-dimensional electron gases subjected
to strong perpendicular magnetic fields and cooled to sufficiently low temperatures. The ex-

perimental discovery of this phenomenon by von Klitzing in 1980 [38] revealed that the Hall
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conductance assumes highly precise, quantized values that are insensitive to material imperfec-
tions, disorder, or sample geometry. This unexpected robustness marked a fundamental depar-
ture from conventional transport theory and laid the groundwork for the modern understanding
of topological phases of matter.

Experimentally, the QHE is observed as a series of plateaus in the Hall resistance as the
magnetic field is varied, accompanied by a vanishing longitudinal resistance (Fig. 1.3). The

Hall conductance takes the universal form
o=v—, (1.16)

where e is the elementary charge, h is Planck’s constant, and v is an integer known as the
filling factor. The striking accuracy of this quantization, maintained across a wide range of
experimental conditions, immediately suggested that its origin must be rooted in a fundamental

principle beyond microscopic details.

1
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Figure 1.3: A plot of Hall resistance versus perpendicular magnetic field, illustrating the quantized Hall

effect. The distinct plateaus represent precise values of Hall resistance. The source of this Figure is [4].

In the presence of a magnetic field, the kinetic energy of electrons is discretized into highly
degenerate Landau levels,

1
E, = <n + 2> hw,., (1.17)

where w, is the cyclotron frequency and n is a non-negative integer. When an integer number
of Landau levels are completely filled, the Fermi energy lies within a gap separating occupied

and unoccupied states. As a result, electronic transport through the bulk becomes suppressed,
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while current is carried by chiral edge states localized at the boundaries of the sample. These
edge modes are immune to backscattering, ensuring dissipationless transport and contributing
directly to the quantized Hall response.

The deeper theoretical understanding of why the Hall conductance is quantized with such
precision was provided by Thouless et al. [39, 40]. They demonstrated that the Hall conduc-
tivity, when expressed using linear response theory, is governed by a topological invariant of
the electronic band structure rather than by local material properties. This invariant is known
as the Chern number.

For a Bloch Hamiltonian H (k) with energy bands £, (k), the Chern number associated
with the n-th band is defined as

C, S d’k Q,(k), (1.18)

21 JBZ

where the integration extends over the entire Brillouin zone and €2,,(k) denotes the Berry curva-

ture of the band. The Berry curvature is obtained from the Berry connection A, (k) according

to
aAn? 8An1
O, (k) = -2 2l 1.1
(k) ok Oy (1.19)
with

where |u,) is the periodic part of the Bloch wave function.

The total Hall conductance is determined by summing the Chern numbers of all occupied
bands, such that the filling factor v in Eq. (1.16) equals the net Chern number of the system.
Since the Chern number is an integer valued topological quantity, it remains unchanged under
continuous deformations of the Hamiltonian as long as the energy gap does not close. This
topological protection explains the extraordinary stability of the quantized Hall plateaus ob-
served experimentally.

From a geometrical viewpoint, the Chern number plays a role analogous to global invari-
ants in topology, such as the genus of a surface. Just as the number of holes in a surface
cannot change without tearing it, the Chern number cannot vary unless the electronic band gap
vanishes. In this way, the quantum Hall effect provides a direct physical realization of topolog-
ical invariants, establishing a profound connection between geometry, topology, and electronic

transport.
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1.6 The quantum spin Hall effect

The discovery of the quantum Hall effect naturally led to a fundamental question that if it is
possible to realize quantized edge transport without applying an external magnetic field. Also,
can such a phenomenon be protected solely by intrinsic properties of the material? These ques-
tions motivated the search for time-reversal-invariant analogues of the quantum Hall effect and
ultimately led to the prediction of the quantum spin Hall effect. Unlike the conventional quan-
tum Hall effect, which relies on strong magnetic fields to break time-reversal symmetry, the
quantum spin Hall effect emerges in two-dimensional systems with strong intrinsic spin-orbit
coupling while preserving time-reversal invariance. In such systems, the electronic edge struc-
ture differs qualitatively from that of the quantum Hall effect. Instead of a single chiral edge
mode, each boundary hosts pairs of counter propagating states with opposite spin orientations.
These edge modes are referred to as helical states, reflecting the locking between an electron’s
spin and its momentum. The theoretical foundation of the quantum spin Hall effect was estab-
lished independently by Kane and Mele [5, 41, 42] and by Bernevig, Hughes, and Zhang [43],
who demonstrated that strong spin-orbit coupling can drive a two-dimensional system into a

topologically non-trivial insulating phase.

In an effective one-dimensional description, a spinful system possesses four fundamental
edge channels, forward and backward moving states for both spin-up and spin-down electrons.
In the quantum spin Hall effect phase, these channels are spatially organized such that, for a
given edge, a forward moving electron carries one spin projection while the backward moving
electron carries the opposite spin. The remaining pair appears on the opposite edge, leading to
a characteristic separation summarized schematically as 4 = 2 4 2 [44] (see Fig. 1.4). This
spatial and spin separation distinguishes the quantum spin Hall effect from both ordinary one-
dimensional conductors and the integer quantum Hall effect. A defining feature of the quantum
spin Hall effect is the robustness of its edge transport. Although forward and backward movers
coexist on the same edge, elastic backscattering is strongly suppressed in the presence of non-
magnetic disorder. Any backscattering process necessarily involves a simultaneous reversal
of both momentum and spin. However, as long as time-reversal symmetry is preserved, such
processes are forbidden. Consequently, electrons propagate along the edges without dissipa-
tion, despite the absence of an external magnetic field. Unlike the quantum Hall effect, which is

characterized by an integer Chern number, the quantum spin Hall effect is classified by a binary
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Figure 1.4: (a) In an effectively spinless one-dimensional system, transport involves a forward and a
backward moving mode. In the quantum Hall regime, these two modes are spatially separated, with
the forward moving state localized on one edge and the backward moving state on the opposite edge,
as indicated schematically by the relation "2 = 1 + 1". These edge states are robust and can bypass
impurities without backscattering. (b) In a spinful one-dimensional system, four transport channels are
present. In the quantum spin Hall phase, these channels are arranged such that each edge hosts a pair of
counter propagating modes with opposite spin orientations, while the corresponding pair appears on the

opposite edge. This helical organization is illustrated by the relation "4 = 2 + 2",

topological invariant known as the Z, index. A non-trivial Z, invariant guarantees the presence
of an odd number of helical edge state pairs, which is essential for the stability of the quantum
spin Hall effect. If the number of such pairs were even, scattering between channels could
occur without violating time-reversal symmetry, leading to dissipative transport. The quan-
tum spin Hall effect represents a major conceptual extension of the quantum Hall paradigm,
demonstrating that topologically protected edge transport can arise solely from spin-orbit cou-
pling and time-reversal symmetry. By enabling dissipationless, spin resolved transport without
magnetic fields, the quantum spin Hall effect provides a natural bridge between topology and
spintronics. Furthermore, it forms the foundation for higher-dimensional topological phases,
including three-dimensional topological insulators, and continues to play a central role in the

development of spin-based quantum materials and devices.
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1.7 Topology

The advent of quantum mechanics in the 1920s provided a robust framework for understand-
ing the physical properties of matter at the atomic, molecular, and solid-state levels. Shortly
thereafter, Bloch’s work on metallic behavior and electrical resistance [45] laid the foundation
for our understanding of solid-state materials. His model, which considers electrons moving
within a periodic crystal potential, introduced the concept of electronic bands, which explains
many of the physical properties we observe in everyday crystalline materials. However, Bloch’s
framework proved insufficient to explain phenomena observed in lower-dimensional systems

at low temperatures.

To address these limitations, the mathematical concept of topology was introduced. Topol-
ogy is concerned with the properties of geometric objects that are preserved under continuous
deformations, such as stretching, twisting, crumpling, and bending, but not tearing or gluing.
As developed by Thouless and Kosterlitz in the early 1970s, topology revealed that certain
systems exhibit ordering robust against thermal fluctuations [46]. This ordering arises from
the presence of topological defects, like vortices, which are topologically distinct and cannot
be removed without fundamentally altering the system. A common analogy to visualize this
distinction is the difference between a sphere and a doughnut. They are topologically distinct
because of the number of holes; one would have to drill a hole into the sphere to make it topo-
logically equivalent to the doughnut. As seen in Fig. 1.5, a mug with one hole can be converted
to a donut using continuous transformations without drilling a hole. Therefore, they belong to
the same topological class [47]. Generally, the objects belonging to same topological class can
be continuously deformed into one another. This characteristic can be expressed through topo-

logical invariants, quantities that remain unchanged under these continuous transformations.

This concept of topologically distinct phases extends to solid-state systems, where the
topology can be related to the electronic band structure of a crystal. The phase of the Bloch
wave functions can give rise to different topological classifications in materials. A crucial quan-
tity defining the topology of an electronic band structure is topologically protected, meaning
it remains invariant unless the band gap closes. This topological invariant is a robust prop-
erty of the band structure. Connecting two materials with different topologies necessitates a
crossover state to bridge this topological disparity. Such a crossover state arises naturally from

topological considerations and often leads to intriguing physical phenomena.
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Figure 1.5: Topological transformations: (a) Discontinuous change from a sphere (genus (g) = 0) to a
torus (g = 1) by adding a hole. (b) Continuous deformation of a mug into a torus (g = 1), illustrating

their topological equivalence.

1.8 Bulk boundary correspondance

A central insight of topological band theory is the principle known as the bulk boundary corre-
spondence, which establishes a rigorous link between the topological properties of a material’s
bulk electronic structure and the appearance of conducting states at its boundaries. In systems
described by gapped band structures, bulk phases can be classified by discrete topological in-
variants, such as the Chern number or Z, index. While these quantities characterize the interior
of the material, their physical consequences are most strikingly revealed at edges or interfaces
[43].

When two regions with distinct bulk topological invariants meet such as a topological phase
adjoining a trivial insulator or vacuum, the system cannot evolve smoothly from one phase to
the other without a fundamental change in its electronic structure. In particular, the bulk energy
gap must close at the interface, since topological invariants are ill-defined in gapless regions.
As aresult, electronic states necessarily emerge at the boundary, with energies crossing the bulk
gap (see for Figure 1.6 for visualization of these states). These states are therefore gapless and
spatially confined near the interface, providing a direct manifestation of the underlying bulk

topology.
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Figure 1.6: (a) Conventional insulators feature valence electrons tightly bound to atoms, resulting in a
continuous energy gap across all momentum values. (b) In contrast, the quantum Hall effect, induced
by a magnetic field, creates an energy gap and supports current-carrying edge states within that gap. (c)
The quantum spin Hall system also exhibits a persistent bulk energy gap, but its edge states are unique
due to counter-propagating currents carried by spin-up and spin-down electrons. These three states are
topologically distinct, meaning a transition between them requires a significant perturbation capable of

closing and reopening the bulk energy gap.

The integer quantum Hall effect offers a paradigmatic realization of this correspondence.
Although the bulk of the system is insulating due to Landau level quantization, the boundary
hosts conducting modes that propagate along the edge. These modes are chiral, meaning that
their direction of motion is fixed by the magnetic field and the bulk Chern number. The ab-
sence of counter propagating states at a given edge suppresses elastic backscattering, rendering
the edge transport exceptionally robust against disorder. This robustness is not accidental but
follows directly from the non-trivial topology of the bulk quantum Hall state. More generally,
the number and character of boundary modes are determined by changes in the bulk topologi-

cal invariant across an interface. While microscopic details near the boundary can modify the
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dispersion of edge states introducing curvature or additional crossings of the Fermi level, the
net imbalance between right-moving and left-moving modes remains fixed. This imbalance is
a topological quantity and cannot be altered unless the bulk gap closes. In this sense, boundary
transport properties are protected by global features of the bulk band structure rather than by
local symmetries alone.

The bulk boundary correspondence thus provides a unifying framework for understanding
why topological phases, despite being defined through bulk quantities, exhibit their most dis-
tinctive experimental signatures at edges and surfaces. It explains the inevitable emergence
of protected boundary states and highlights the deep connection between abstract topological

classification and measurable electronic transport phenomena.

1.9 Topological Insulators

The identification of topological phases of matter has fundamentally reshaped our understand-
ing of quantum materials. Established by Thouless, Kosterlitz, and Haldane demonstrated that
phases of matter can be classified not only by symmetry and local order parameters, but also
by global topological properties that remain invariant under continuous deformations of the
system. These breakthroughs, which revealed entirely new mechanisms underlying phase tran-
sitions and electronic transport, were recognized by the award of the Nobel Prize in Physics in
2016 [48]. Beyond their profound conceptual importance, topological phases have opened new
directions for material design, promising robust functionalities that are intrinsically protected
against disorder and perturbations.

The central idea governing these systems is rooted in topology, a branch of mathematics as
discussed earlier. In condensed matter physics, two quantum states are said to be topologically
equivalent if their many-body wave functions can be continuously deformed into one another
without closing the energy gap. For most conventional solids, the electronic wave function can
be adiabatically connected to a collection of localized atomic orbitals, leading to a topologically
trivial insulating phase often referred to as the atomic limit. In contrast, if such a deformation
is impossible without a gap closing, the system is classified as topologically non-trivial. This
distinction provides a natural framework for understanding why certain materials host robust
boundary states despite being insulating in the bulk.

The quantum Hall effect represents the earliest and most striking realization of a topolog-
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ically non-trivial electronic phase. Its discovery established that electronic transport can be
governed by topological invariants, rather than microscopic material details, thereby initiat-
ing extensive research into topological quantum states. Subsequent advances generalized these
ideas beyond strong magnetic fields, leading to the discovery of a broad family of topological
phases, including the quantum spin Hall effect, quantum anomalous Hall effect, topological
insulators, and topological semimetals, each exhibiting distinct yet related manifestations of
band topology.

A major milestone in this progression was the theoretical prediction of the quantum spin
Hall state by Kane and Mele in 2005 [5]. By analyzing the influence of intrinsic spin-orbit
coupling on graphene, a two-dimensional honeycomb lattice of carbon atoms, they demon-
strated that spin-orbit interactions can open a bulk energy gap while preserving time-reversal
symmetry. Unlike ordinary band insulators, this gapped state possesses a non-trivial topologi-
cal character arising from spin-dependent band inversion at the inequivalent K and K’ points
of the Brillouin zone. Importantly, the nature of this inversion is opposite for opposite spin

channels, leading to a fundamentally new insulating phase. A direct consequence of this band

1

0 nfa Kk, 2n/a
Figure 1.7: Electronic band structure of a graphene nanoribbon calculated along the longitudinal mo-
mentum direction k, (schematic inset). The bulk bands exhibit an energy gap, within which spin-
resolved edge states appear. These gap-crossing states are localized at the ribbon boundaries and cor-
respond to oppositely propagating modes with opposite spin polarization. The presence of such edge

states within the bulk gap is a hallmark of a non-trivial topological phase. The source of this Fig. is [5].

topology is the emergence of one-dimensional conducting edge states within the bulk energy
gap. These edge modes consist of counter-propagating electrons with opposite spin orienta-
tions, forming helical channels rather than the chiral modes characteristic of the quantum Hall

effect. Although electrons can propagate in both directions along a given edge, elastic backscat-
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tering is strongly suppressed due to spin polarization and time-reversal symmetry. The paired
edge states constitute Kramers doublets, which remain degenerate and protected against non-
magnetic perturbations as long as time-reversal symmetry is preserved. When this symmetry is
broken, for instance by applying a magnetic field, the protection is lifted and a gap can open in
the edge-state spectrum.

The quantum spin Hall phase therefore represents a new type of insulating state that is dis-
tinguished from conventional insulators by its topological order rather than symmetry breaking.
Recognizing this distinction, Kane and Mele subsequently introduced a topological invariant
adapted to time-reversal symmetric systems, providing a rigorous theoretical foundation for
classifying such phases [41]. This framework led naturally to the broader concept of topologi-
cal insulators, a class of materials that are insulating in the bulk but support symmetry-protected
conducting states at their boundaries (see Fig. 1.7).

From a practical perspective, the quantum spin Hall effect is particularly appealing because
it enables dissipationless edge transport without the need for an external magnetic field. The
one-dimensional nature of the edge channels leads to quantized conductance, making them
attractive for applications in spin injection, spin detection, and low-power electronic devices.
More broadly, the discovery of the quantum spin Hall state established time-reversal invari-
ant topological insulators as a fertile platform for exploring robust quantum phenomena with

potential relevance to future spintronic and quantum technologies.

1.9.1 2D Topological Insulators

The experimental observation of the quantum spin Hall effect in graphene is strongly limited by
the very small magnitude of its intrinsic spin-orbit coupling. As a consequence, the predicted
bulk energy gap is only a few mill-electron volts, which means that edge-dominated transport
would be observable only at extremely low temperatures and in nearly defect-free samples.
These stringent conditions make graphene an impractical platform for the experimental real-
ization of robust quantum spin Hall states.

To overcome these limitations, alternative material systems with stronger spin-orbit cou-
pling were proposed shortly after the theoretical work of Kane and Mele. A major break-
through came with the prediction of the quantum spin Hall state in HgTe/CdTe quantum wells
by Bernevig, Hughes, and Zhang [43]. In this heterostructure, a thin layer of HgTe is confined

between two CdTe layers. CdTe behaves as a conventional semiconductor with a normal band
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ordering and a large energy gap near the Brillouin zone center. In contrast, HgTe exhibits strong
spin-orbit coupling, which reverses the usual ordering of conduction and valence bands at the
I" point.

When HgTe is grown as a quantum well, the reduced dimensionality lifts the degeneracy
of the bulk bands and opens a finite energy gap. For quantum well thicknesses below a criti-
cal value, the band structure remains topologically trivial and no protected edge states appear.
However, when the thickness exceeds this critical value, the inverted band ordering is restored,
driving a topological phase transition. In this regime, the system supports helical edge states,
where electrons with opposite spins propagate in opposite directions along the sample bound-
ary. These edge states are protected by time-reversal symmetry and give rise to the quantum
spin Hall effect. Experimental confirmation of this prediction established HgTe quantum wells
as the first realized two-dimensional topological insulators [49]. In addition to HgTe-based sys-
tems, other material platforms have been identified as two-dimensional topological insulators.
A notable example is the GaSb/InAs heterostructure, where the topological phase arises from
an unusual band alignment rather than strong spin-orbit coupling alone [50]. In this system, the
conduction band minimum of InAs lies below the valence band maximum of GaSb, resulting
in an inverted band structure at the interface. This inversion enables the formation of topolog-
ically protected edge states, further demonstrating that two-dimensional topological insulating

phases can emerge from different physical mechanisms.

1.9.2 7, classification of topological insulator

Topological phases protected by time-reversal symmetry constitute a distinct class of quantum
matter that cannot be characterized within the integer Chern number framework underlying the
quantum Hall effect. The origin of this distinction lies in the constraints imposed by time-
reversal invariance, which require the Berry curvature to appear in pairs of opposite sign at
momenta related by time reversal. As a consequence, the total Chern number of a time-reversal
symmetric insulator must vanish, even when the band structure itself remains topologically
non-trivial. This observation necessitates a classification scheme beyond integer-valued topo-
logical invariants. A concrete realization of a time-reversal invariant topological phase was in-
troduced by Kane and Mele through a graphene-based model incorporating intrinsic spin-orbit
coupling [5]. In this construction, spin-orbit interactions open a bulk energy gap without break-

ing time-reversal symmetry. The electronic bands naturally separate into spin-resolved sectors,
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each characterized by a finite Chern number of opposite sign. While these contributions cancel
in the total charge Hall response, the system supports a quantized spin Hall conductivity, giving
rise to the quantum spin Hall phase [41]. This mechanism established a viable route to dissi-
pationless spin transport and stimulated broad interest in applications ranging from spintronics
[51] to thermoelectric and photovoltaic technologies [52].

Because time-reversal symmetry enforces a vanishing total Chern number, such insulators
are instead classified by a discrete topological index known as the Z, invariant. This invari-
ant distinguishes between topologically trivial and non-trivial insulating phases and captures
the robustness of their boundary states. The defining symmetry condition for time-reversal

invariant systems is

THX)T ' = H(-k), (1.21)

where 7 = i0,K denotes the time-reversal operator, o, is a Pauli matrix, and K represents
complex conjugation. A direct consequence of this symmetry is Kramers degeneracy: for every
eigenstate at momentum k, there exists a degenerate partner at —k with opposite spin.

A central role in this classification is played by time-reversal invariant momenta (TRIM),

which are special points in the Brillouin zone satisfying
k; = —k; + G, (1.22)

where G is a reciprocal lattice vector. At these points, Bloch states must form degenerate
Kramers pairs. The global topology of the band structure is encoded in how the occupied
bands evolve and connect between these symmetry-protected momenta.

The physical implications of the Z, invariant become particularly transparent through the
bulk-boundary correspondence. In two-dimensional time-reversal invariant insulators, a non-
trivial phase is characterized by an odd number of Kramers pairs crossing the Fermi energy
between any two TRIM in the edge Brillouin zone, whereas a trivial insulator exhibits an even
number of such crossings. This parity distinction is robust against continuous deformations of
the Hamiltonian that preserve the bulk energy gap and time-reversal symmetry.

Additional insight into the stability of boundary states is obtained by considering the com-
bined role of time-reversal and inversion symmetries. In the bulk of a three-dimensional crystal,

time-reversal symmetry enforces
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while inversion symmetry implies
E(k,1) = E(-k,1). (1.24)

When both symmetries are present, the energy bands become spin degenerate at the same crys-
tal momentum,

Ek,1) = E(k, ). (1.25)

Such degeneracies occur precisely at TRIM points. On a two-dimensional surface Brillouin
zone, four TRIM typically appear at (0, 0), (7, 0), (0, 7), and (7, 7). When surface bands close
the bulk gap, the resulting crossings between conduction and valence bands necessarily occur
at these points. As long as time-reversal symmetry is preserved, these crossings are protected
against non-magnetic perturbations, whereas breaking time-reversal symmetry allows a gap to
open.

The distinction between trivial and topological insulating phases is formalized by the Z,
index

v = N; mod 2, (1.26)

where N, denotes the number of Kramers pairs of edge or surface states crossing the Fermi
energy. An even value of IV, corresponds to a trivial insulator (v = 0), while an odd value
identifies a topological insulator (¥ = 1). Since the invariant admits only two possible values,
it is naturally described by the Z, group, the simplest non-trivial topological classification.
This invariant lies at the heart of modern topological insulator theory and provides a unified

explanation for the exceptional stability of their boundary states.

1.9.3 3D Topological insulators

The extension of topological band theory from two to three dimensions led to the identification
of a new class of quantum materials known as three-dimensional topological insulators. Unlike
their two-dimensional counterparts, these systems are insulating throughout the bulk while sup-
porting metallic electronic states confined to their two-dimensional surfaces. The existence of
such surface states has been confirmed experimentally through angle-resolved photoemission
spectroscopy (ARPES) and transport measurements in several material systems [53, 54, 55]. A
defining feature of the surface electronic structure of three-dimensional topological insulators
is the presence of Dirac-like states with a linear dispersion relation. While the energy momen-

tum relationship resembles that of graphene, an important distinction lies in the absence of spin
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degeneracy: each surface Dirac cone is non-degenerate and exhibits spin-momentum locking,
such that the electron spin orientation is rigidly tied to its crystal momentum [53, 54]. As a
consequence, the surface hosts a single Dirac cone rather than multiple spin-degenerate cones.
The emergence of the three-dimensional topological insulating phase is closely linked to strong
spin-orbit coupling, which profoundly alters the ordering of electronic bands. Materials com-
posed of heavy elements are therefore natural candidates, as their large atomic numbers give
rise to strong relativistic effects. For a topological phase to develop, the spin-orbit coupling
energy scale must be comparable to or larger than the bulk band gap, enabling band inversion

at high-symmetry points in the Brillouin zone.

(b) Sb,Te,
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Figure 1.8: First-principles derived surface electronic dispersions along the (111) surface for (a) SbySes,
(b) SbyTes, (c) BisSes, and (d) BigTes. The projected bulk continuum is shown in red, whereas the bulk

band gap is highlighted in blue. The source of this Figure is [6].

The first material system in which three-dimensional topological insulating behavior was
experimentally established was the Bi,Sb,_, alloy [53, 54, 55]. Shortly thereafter, a simpler
and more experimentally accessible family of compounds was identified, consisting of BisSes,
Bi,Tes, and SbyTes, all crystallizing in the rhombohedral R3m space group [56, 57, 58]. Com-
pared to Bi,Sb;_,, these materials possess larger bulk band gaps and cleaner surface electronic
structures, making them particularly attractive for both fundamental studies and potential ap-
plications. Among these compounds, Bi,Ses stands out due to its relatively large bulk band

gap of approximately 0.3 eV, which significantly exceeds thermal energies at room tempera-
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ture. First-principles calculations indicate that the topological character of BioSes, BisTes, and
SbyTes originates from spin-orbit coupling driven band inversion at the I' point [53]. In con-
trast, SbySes does not undergo such an inversion owing to the weaker spin-orbit coupling of
antimony and therefore remains topologically trivial. The calculated surface band structures
for these materials are shown in Fig. 1.8, where gapless surface states bridging the bulk band
gap are clearly visible in the topologically non-trivial compounds.

On the surface of a three-dimensional topological insulator, the Fermi surface typically consists
of a single contour enclosing the Dirac point, with the electron spin rotating tangentially around
it. This helical spin texture suppresses certain scattering processes and leads to unusual trans-
port phenomena. While surface disorder and non-magnetic impurities can induce scattering,
the metallic surface states cannot be removed without closing the bulk energy gap or break-
ing time-reversal symmetry. This protection reflects the topological origin of the surface states
and distinguishes them from ordinary surface states arising from band bending or structural
defects. It is important to note that, unlike one-dimensional edge channels in two-dimensional
topological insulators, surface states in three-dimensional systems do not completely forbid
backscattering. Electrons with the same helical chirality may still scatter in the presence of
disorder. Nevertheless, the surface remains metallic as long as the underlying bulk topology is
preserved. This robustness, together with spin-momentum locking, positions three-dimensional
topological insulators as promising platforms for spin-based electronics and for exploring novel
quantum phenomena at surfaces and interfaces. From a broader perspective, three-dimensional
topological insulators redefine the traditional classification of solids. Rather than being distin-
guished solely by whether they conduct electricity, these materials are characterized by global
properties of their electronic wave functions. Their insulating bulk and symmetry-protected
metallic surfaces exemplify how topology governs observable electronic behavior, establishing

three-dimensional topological insulators as a cornerstone of modern condensed matter physics.

1.10 A short overview

e Chapter 2 : This chapter describes the theoretical methods used in this work. It presents a
brief overview of first-principles based density functional theory (DFT) along with the
tight-binding formalism and the construction of maximally localized Wannier functions

for effective low-energy modeling.
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e Chapter 3 : The search for two-dimensional materials with exotic valley-dependent prop-
erties has attracted rapid attention as they are fundamentally intriguing and practically
appealing for nanoscale device applications. Here, using first-principles calculations, we
report the identification of promising intrinsic valley-related switchable Hall effects in
Cr,CSE. With a high out-of-plane magnetic anisotropy, CroCSF is a ferrovalley semicon-
ductor with spontaneously polarized valleys having a valley polarization of 27.1 meV
in the conduction band. This facilitates the observation of an intrinsic anomalous valley
Hall (AVH) effect that is manipulated under an in-plane electric field. The underlying
physics of spontaneous valley polarization is also discussed based on the SOC Hamilto-
nian model. Furthermore, on application of unidirectional compressive strain, CroCSF
is transitioned from the AVH phase to a long-sought quasi-half valley metal state. Here,
only the electrons are valley polarized such that holes and electrons carriers are separated
under the in-plane electric field. Our work enriches materials with the valley-related Hall

effects and provides a platform for interplay among valleytronics and spintronics.

e Chapter 4 : The antiferromagnetic (AFM) materials are distinguished by zero net mag-
netic moment, high resistance to external magnetic disturbances, and ultrafast dynamic
responses. For advancing AFM materials in spintronic and valleytronic applications,
achieving spontaneous valley polarization and the anomalous valley Hall effect (AVHE)
is pivotal. We predict an A-type AFM monolayer FeoC(OH),, which shows a significant
spontaneous valley polarization of 157 meV. In Feo,C(OH),, spatial inversion symmetry
(P) and time-reversal symmetry (7) are individually broken, yet the combined PT sym-
metry is preserved. This symmetry conservation leads to spin degeneracy, resulting in
zero Berry curvature in the momentum space and absence of AVHE. However, a layer-
locked hidden Berry curvature is produced, leading to the observation of the valley layer-
spin Hall effect. Further, an external out-of-plane electric field can induce spin splitting
by introducing layer-dependent electrostatic potential, enabling the layer-locked AVHE.
Additionally, the introduction of a built-in electric field caused by the Janus structure also
induces spin splitting in monolayer Feo,C(OH)F due to the electric-potential-difference-
AFM mechanism. The high out-of-plane magnetic anisotropy and realization of AVHE,

offer promising opportunities for next-generation spintronic technologies.

e Chapter 5 : This study proposes a multiferroic heterostructure combining monolayer VSSe,
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a ferrovalley material, with 2D Al,S3, a ferroelectric substrate, to achieve electrically
tunable valley polarization for next-generation valleytronic devices. Traditionally, tun-
ing valley polarization relies on magnetic fields or magnetic proximity effects. However,
these approaches are energy-intensive and less suitable for practical, low-power devices.
This motivates the search for an alternative method that offers reversible, nonvolatile,
and energy-efficient control over valley polarization. Ferroelectric Al,S3 possesses two
stable out-of-plane polarization states (P, and Py,) that can be switched by an external
electric field and maintained without continuous power. In the P,,, state, valley polariza-
tion (AE. = 35 meV) appears in the conduction band minimum (CBM), while in the
Py, state, significant valley polarization (AFE, = 77 meV) emerges in the valence band
maximum (VBM). Berry curvature maps reveal opposite signs at +/ and — K valleys,
and flipping the substrate’s polarization reverses the Berry curvature sign, effectively
switching the AVH effect. A prototype valleytronic memory device based on this het-
erostructure is proposed. In the P, state, spin-up electrons accumulate at one side of
the VSSe monolayer, generating a measurable transverse Hall voltage corresponding to
the “0” memory state. When the polarization switches to Pg,, spin-up holes dominate,
leading to a distinct Hall voltage that represents the “1” state. The electrically switchable
AVH effect demonstrates a promising strategy for developing low-power, high-efficiency

valleytronic memory and logic devices.

e Chapter 6 : In this chapter, we have explored 3D topological insulators. Topological In-
sulators (TIs) are unique materials where insulating bulk hosts linearly dispersing sur-
face states protected by the Time-Reversal Symmetry. These states lead to dissipation-
less current flow, which makes this class of materials highly promising for spintronic
applications. Here, we predict TIs by employing state-of-the-art first-principles based
methodologies, viz., Density Functional Theory (DFT) and many-body perturbation the-
ory (GoWy) combined with Spin-Orbit Coupling (SOC) effects. For this, we take a
well-known 3D TI, TIBiSe, and perform complete substitution with suitable materials
at different sites to check if the obtained isostructural materials exhibit topological prop-
erties. Subsequently, we scan these materials based on SOC-induced parity inversion at
Time-Reversal Invariant Momenta. Later, to confirm the topological nature of selected
materials, we plot their surface states along with calculation of Z, invariants. Our re-

sults show that GaBiSe; is a strong Topological Insulator, besides, we report six weak
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Topological Insulators, viz., PbBiSe,, SnBiSe,, SbBiSe,, BisSes, TISnSe, and PbSbSe,.
We have further verified that all the reported TIs are dynamically stable, showing all real

phonon modes of vibration.

e Chapter 7 : The centrosymmetric halide perovskites undergo a continuous phase transition
from trivial to topological insulator at the critical value of strain. Contrarily, in non-
centrosymmetric halide perovskites, this phase transition is discontinuous. The noncen-
trosymmetry does not stabilize the gapless state, causing a discontinuity in the bandgap.
We have employed density functional theory and Slater-Koster formalism-based tight-
binding Hamiltonian studies to understand the evolution of band topology under the com-
pressive strain. Our study shows that both cubic and pseudocubic FAPbI; undergo a Pb
s-p band inversion at v (V/Vy) = 0.76 and 0.73, respectively. The pseudocubic structure
shows two conducting states around M, unlike the cubic counterpart. The Pb-Pb second
nearest neighbor interactions determine this topological phase transition. Alongside, we
have modeled mixed cation halide perovskites Cs,MA;_,Pbls (x = 0.25, 0.50 and 0.75)
to study their topological properties. In addition, structural stability of different strained

configurations strengthens the experimental relevance.

e Chapter 8 : Conclusion

This chapter concludes the thesis and present some future directions to be explored.
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Theoretical methodology

2.1 Computer simulation

Computational simulation has become an importants pillar of modern scientific inquiry, extend-
ing its reach across a vast spectrum of disciplines. It serves as a bridge between the theoretical
models and is often expressed through complex mathematical equations, and the real-world
experiments. By exploiting the power of computers, simulations create virtual representations
of complex systems, enabling researchers to probe their behavior in ways that would be im-
practical, dangerous, or even impossible through traditional experimental methods. This virtual
laboratory allows us the exploration of a multitude of scenarios, the testing of hypotheses under
controlled conditions, and the generation of insights that illuminate the underlying mechanisms
driving system dynamics. The credibility of a computational simulation relies on its ability to
accurately reflect the real world phenomena. This is achieved through a rigorous process of
validation, where simulation predictions are compared against empirical observations. Dis-
crepancies between simulated and observed behavior cause iterative refinements of the model,

leading to accurate and reliable representations of the system (Figure 2.1).

Computational simulations have a wide-ranging impact across both fundamental and ap-
plied sciences. They are extensively used in disciplines such as physics, chemistry, and biol-
ogy, as well as in applied areas including engineering, economics, and healthcare. In physics,
simulations enable the study of systems across vastly different scales, from subatomic particle
interactions to the large-scale evolution of galaxies, and they play a key role in understanding
the behavior of complex materials. In chemistry, computational methods assist in analyzing
chemical reactions, designing new molecules, and predicting material properties. Biological
systems, which involve highly complex and interconnected processes, also benefit significantly

from simulations, allowing investigations into phenomena such as protein folding, cellular dy-

29
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Figure 2.1: Steps involved in creating a computer model and interaction between theory, simulation, and

experiment.

namics, and ecosystem behavior. Furthermore, simulations play a crucial role in engineering,
enabling the design and optimization of everything from aircraft and bridges to microchips and
medical devices. In economics and healthcare, simulations can model market behavior, predict
the spread of diseases, and evaluate the effectiveness of different treatment strategies. These
applications highlight the versatility and practical importance of computational modeling in
addressing real-world problems.

Advances in computing power and the development of efficient numerical algorithms have
made computational simulations an essential component of modern research. High-performance
parallel computing systems now allow scientists to study problems across multiple length and
time scales, from atomic-scale processes to macroscopic phenomena. This multiscale capabil-
ity enables the investigation of complex systems over time spans ranging from picoseconds to
years and over length scales extending from individual atoms to bulk materials. In materials
science, for instance, simulations can predict material properties by explicitly modeling atomic
interactions. Different computational approaches are employed depending on the scale of inter-
est. Atomistic methods, such as Molecular Dynamics and Monte Carlo simulations, describe

behavior at the atomic level, while mesoscale techniques, including Phase Field and Dislocation
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Dynamics methods, capture microstructural evolution. At larger scales, continuum-based ap-
proaches such as Finite Element and Finite Difference methods are used to model macroscopic
behavior (see Fig. 2.2). These methods are complementary, with insights from one scale in-
forming simulations at others. By enabling the study of systems that are difficult or impossible
to access experimentally, computational simulations play a crucial role in advancing scientific

understanding and supporting technological innovation.
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Figure 2.2: Multi-scale simulation in various length and time scales.

In this thesis, we discuss the frameworks corroborating the atomistic simulations. The
first- principles based approaches have been employed to understand spintronic and valleytronic
properties of various materials. The layout of the present chapter initiates with the idea of first-
principles calculation. Subsequently, the density functional theory (DFT) analysis for many-

electron quantum systems is discussed.

2.2 First-principles calculation

First-principles methods are rooted in the primary interactions between atomic nuclei and their
surrounding electrons. By utilizing the fundamental equations that govern these particles, re-

searchers can calculate a wide variety of properties inherent to condensed matter. This predic-
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tive capability allows for the characterization of material behavior across various experimental
environments, offering a theoretical framework to solve complex problems in materials science.
This chapter outlines the conceptual foundations and the specific electronic structure method-
ologies utilized throughout this research. Most matter exists in a condensed state, where energy
levels are sufficiently low to allow for the formation of stable atomic or molecular structures,
typically as solids or liquids. The intrinsic properties of these systems, whether naturally occur-
ring or synthetic are dictated by the interplay between positively charged nuclei and negatively
charged electrons. Because macroscopic phenomena and chemical bonding emerge directly
from these microscopic interactions, an accurate model of these forces should, in theory, repli-
cate all observed physical behaviors.

Interestingly, the underlying physics of these constituents is well-understood and governed
by the principles of non-relativistic quantum mechanics. The challenge, therefore, is not a lack
of physical understanding but the sheer numerical magnitude of the "many-body problem."
The famous scientist, Paul Dirac, wrote "The underlying physical laws necessary for the mathe-
matical theory of a large part of physics and the whole of chemistry are thus completely known,
and the difficulty is only that the exact application of these laws leads to equations much too
complicated to be soluble."

Therefore, to deal with many-body problem, the development of accurate and efficient theoret-

ical methods and computational techniques is the focus of ongoing research in this realm.

2.3 Introduction to theoretical framework

Computational modeling of many-electron systems faces many challenges. While the Schrédinger
equation forms the basis for understanding these systems, its analytical solution is only possible
for a very few simple cases. For systems with more than a few electrons, numerical solutions
are become computationally impossible due to the limitations of computing resources. A com-
mon strategy in such cases is to approximate the complex problem with a simple and solvable
problem, i.e., treating the difference as a perturbation.

Approximations are therefore inherent in the quantitative calculations of many-electron sys-
tems. The Born-Oppenheimer approximation [59] is a the first step. It involves decoupling the

motion of the much heavier nuclei from the electrons. This simplification reduces the dimen-
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sionality of the problem by expressing the total wavefunction as a product of electronic and
nuclear wavefunctions. However, the electron-electron interaction still poses a significant chal-

lenge.

Early attempts at solving the many-electron problem focused on particle models. Hartree’s
method [60, 61] treated each electron independently, moving in an average potential created
by all other electrons and the nuclei. This approach, while foundational, assumed a symmet-
ric wavefunction, which is inconsistent with the fermionic nature of electrons and the Pauli

exclusion principle.

Fock addressed this limitation by introducing antisymmetry into the wavefunction using
Slater determinants [62]. This modification, while satisfying the Pauli’s principle, introduced
the concept of electron exchange and increased the complexity of the calculations. The result-
ing Hartree-Fock method, which finds the best single-determinant wavefunction, is reasonably
accurate for geometries but struggles to capture electron correlation effects, which are essential

for describing many chemical and physical properties.

This computational bottleneck has motivated the development of practical independent-
particle approaches that effectively incorporate interaction and correlation effects. Density
functional theory (DFT) [63] offers such an approach, providing an exact theory for many-
body systems in an external potential. DFT postulates that all properties, including the total
energy, can be expressed as functionals of the electron density, with the ground state density

minimizing the energy.

Kohn and Sham [64] further developed DFT by demonstrating that the exact ground state
density can be represented by a non-interacting auxiliary system. The Kohn-Sham method
uses an auxiliary Hamiltonian with a kinetic energy term and an effective local potential that
approximates exchange and correlation effects. This method has become a cornerstone of com-

putational materials science.

While DFT offers a good balance between accuracy and computational cost, its results are
strictly valid only at O K. To incorporate environmental effects like temperature and pressure,
ab initio atomistic thermodynamics [65, 66, 67, 68] is employed. This approach calculates
the free energy of formation to determine the equilibrium compositions and structures under

specific external conditions.
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2.4 Wavefunction

In quantum mechanics, the state of a system can be defined by the wavefunction, ¥ (ry, ro, ...1;, ...;
R;, Ry, .. R}, ...), where r; is the position of i electron and R; is the position of % hucleus.
If the wave function of a system is known at an instant, corresponding position, momentum,
kinetic energy, etc. can also be determined at that instant. Necessary conditions for the wave-

function to be physically acceptable are:

1. Continuous everywhere.

2. Derivatives should exist and be continuous everywhere.

W

. Square integrable.

4. Vanish at infinity.

)

. Expectation value of any power of position and momentum should be finite.

Once we have the wavefunction (V) for a given state of the system, we can calculate the
expectation value of any physical quantity (£) having an operator. The eigenvalues of the

observables has to be a real number.
. ff f\IJ*(rl,rQ, ...I’N)[A{‘If(rl,l'g, ...I’N)dl’ldl'g‘..dr]v

E= 2.1

f f f lI/*(I’l, ro, ...I’N>\If(l’1, ro, ...I’N)drldl'g...dl’]\[

In can be written in more convenient way using Dirac bra and ket notation:

(V| H|Y)
E=-—"" 2.2)
(W|w)
If the wavefunction is normalized, it satisfies the condition

(U|U) = 1. (2.3)

Although the wavefunction W itself has no direct physical interpretation, its modulus squared,
|U(ry, 1o, ...,ry)|% represents the joint probability density of finding electron 1 at position
r1, electron 2 at ry, and so forth. For a single-electron system, the quantity |¥(r)|*dr gives
the probability of locating the electron within an infinitesimal volume dr around position r.
Normalization of the wavefunction ensures that the total probability of finding the electron(s)
anywhere in space is unity, i.e., the integral of the probability density over all spatial coordinates

equals one.

/ W(r) U (r)dr = /0 b /0 i /0 7 (r) U (e sinfdrddds — 1 2.4)
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2.5 Time-independent many-body Schrodinger equation

The wavefunction of a quantum system is governed by Schrodinger equation (linear differential
equation). For many body systems, the physical or chemical properties can be determined at

microscopic level by solving this time independent Schrédinger equation:

A

H\I’(rl,rg,...I'i,...;Rl,Rg,...R[,...) E\IJ(rl,rg,... Rl,RQ,. .R[,...) (25)

here, H is the Hamiltonian operator which represents the total energy (kinetic and potential) of
the system. For the determination of total energy (£) of the system, one needs to construct its
Hamiltonian (f] ) that can be expressed in the atomic units (h=m, =e = 1) as:

I N TR

z#]

1 1 Z,Z;
Vig oy
ZzM[ 13 2 IR; —R|

I#J

(2.6)

T _rJ|

where r; and R; are the positions of the i" electron and the I'™ nucleus, respectively. Z; is
the atomic number of the 7-th atom, and V? is the Laplacian operator. |r; — R;| represents the
distance between the I™ nucleus and the i™ electron, |r; — r;] is the distance between the i
and j™" electrons, and |R; — R | is the distance between the I'™ and J™ nuclei.

In this equation, the first and fourth terms represent the kinetic energies of the electrons and
nuclei, respectively. The second term describes the potential energy due to Coulomb attraction
between the electrons and nuclei. The third and fifth terms represent the potential energies due
to Coulomb repulsion between electrons and between nuclei, respectively.

In Cartesian coordinates, the interparticle distances are:

s — x| = /(@ — 2)2 + (0 — )% + (2 — 2)?

[t — Ry| = /(2 — X)? + (s — Y1)2 + (2 — Z1)?

We can write the Hamiltonian in simplified form as:
I:I = Te + ‘7«3$t + Uee + Tnucl + ﬁnucl (27)

where,

7. is the total kinetic energy of electrons.

Vext is the external potential due to the Coulomb interaction between electrons and nuclei.
Uee is electrostatic repulsion between the electrons.

mel is the total kinetic energy of the nuclei.



2.6. Born-Oppenheimer approximation 36

A

Ul 1s the potential energy due to interaction among nuclei.

As the system size increases, the number of variables become large, and solving the Schrodinger
equation becomes impractical. Much effort has been made to find practical approximations to
reduce the complexity of the Schrodinger equation. The Born Oppenheimer approximation,

which considers the dynamics of electrons and nuclei, has been a revolutionary simplification.

2.6 Born-Oppenheimer approximation

The Born-Oppenheimer approximation is a central idea that simplifies the description of many-
body systems by separating electronic and nuclear motions in quantum mechanics. The phys-
ical basis of this approximation lies in the large mass difference between nuclei and electrons.
Nuclear masses M are much larger than the electron mass m.; for example, a proton is approx-
imately 1836 times heavier than an electron. Because of this disparity, nuclei move much more
slowly than electrons when both possess comparable kinetic energies. From a dynamical per-
spective, this suggests that electrons exist in a state of constant adaptation; they respond almost
instantaneously to any change in nuclear coordinates. Because the electronic cloud reaches
its ground-state configuration at a timescale far shorter than that of nuclear displacement, the
electrons can be viewed as moving within a field generated by effectively stationary nuclei.
This "adiabatic" assumption allows the electronic wavefunction to depend only parametrically

on the nuclear positions, thereby making it easier to solve Schrodinger equation.

Mathematically, this separation leads to the following wavefunction decomposition:

\Ijtotal = ¢electronic X ¢nuclear
(2.8)

\I/(rl, rq, ..., Rl, RQ, ) = w(rl, re,...; R) X ¢(R1, RQ, )
This approximation enables the separation of the total Hamiltonian into electronic (Hy) and
nuclear (]:Inucl) components, facilitating more efficient computational solutions. The nuclear

Hamiltonian is expressed as:

A

Hnucl - Tnucl + ﬁnucl (29)

where Tnucl represents the kinetic energy of the nuclei and Unucl describes the electrostatic ion-
ion interactions, which can be computed using the Ewald summation method [69]. Given the

large nuclear mass, the kinetic energy term is often negligible in first-order approximations.
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The electronic Hamiltonian, governing electron dynamics, is given by:
Hel = Te + ‘/e:vt + Uee (210)

where ’fe is the kinetic energy of electrons, Vext is the external potential due to nuclei, and Uee
accounts for electron-electron interactions. In atomic units, h = m, = e = 4mweg = 1. The

kinetic energy operator for the electrons 7, is given as:

l\')

N
1
- 2.11
=25V (2.11)
The potential Vit acting on the electrons due to the nuclei is given as:
N M
= Z Z (lr; — Ry|) (2.12)
The electron-electron interaction Ul is given by:
R 1 N N 1
ce = = Z Z (2.13)
243 r; —
JF
The Hamiltonian can be rewritten as
A N ~ A
H, = Z hi + Uee (2.14)

where h; depends only on the coordinates of the i electron. The Hamiltonian for the i

electron, can be expressed as:

R 1
h; = —§v§ + ¥, (2.15)

which depends only on the position r; of the i electron. However, the electron-electron in-
teraction term U, involves pairs of electrons and depends on their relative positions. Due to
the complexity of U.., it is not possible to apply the method of separation of variables to de-
couple the equation in the second-order differential Schrodinger equation. The solution to the

Schrodinger equation for the electronic Hamiltonian, given by
A9, (r;,0;) = E.V,(r,,O,) (2.16)

represents the behavior of electrons under the Born-Oppenheimer approximation [59]. This

approximation successfully reduces the complexity of the original problem.



2.7. The Hartree approximation 38

However, the Born-Oppenheimer approximation is not universally valid. It can fail when
there are multiple potential energy surfaces that are close in energy or even cross each other,
leading to non-adiabatic transitions. Despite these limitations, the Born-Oppenheimer approx-
imation remains an effective approach in many cases.

Nonetheless, solving the above equation still presents significant challenges due to the
many-body nature of electron-electron interactions, which introduce quantum correlations be-
tween electrons. Since the motion of electrons is interdependent, it is crucial to consider the
instantaneous positions of all electrons. This necessitates the treatment of 3/V variables for an
N-electron system, making it computationally expensive. To address this, several approxima-

tion methods have been developed, which are discussed in subsequent sections.

2.7 The Hartree approximation

In 1984, Hartree introduced an effective method to obtain one-electron wavefunction [60, 61].
To solve the Schrodinger equation efficiently, the wavefunction variables must be separable,
meaning that each variable should depend only on the coordinates of an individual electron. To
achieve this, an approximate Hamiltonian is constructed, where the electron-electron interac-
tions are treated in an averaged manner. By solving the corresponding Schrodinger equation,
one can obtain the exact one-electron eigenfunctions of this approximate Hamiltonian. This
approach forms the basis of Hartree approximation, in which the many-electron wavefunction

U is represented as a product of single-electron wavefunctions (¢;(r;)):

‘I]rl,rg,...rN = ¢1<r1>¢2(r2)"'¢N(rN) (2'17)
The densities corresponding to each electron can be found as:
pi(r) = |gi(r)[* (2.18)

The total density of the electrons in the system is given as:

N N
Protar(t) = > pi(r) = Y |pi(r) [ (2.19)
=1 =1

However, to express the density that the k™ electron interacts with, its own contribution needs

be excluded from the total density.

N

(1) = protar(r) — pi(r) = (; pi(r)) — |¢k(l‘)|2> = Y e (2.20)

i=1,i£k
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Further, to evaluate the interaction of a given electron located at a point r, with the electron

density of rest of the electrons:

1
A k
Gu(r) = /p ) g 2.21)
Therefore, using this assumption, we write:
R N
Uee = Y §i(r) (2.22)
=1

Now, all the terms contained by H,, are one-electron operators:

N

A 1

Hel ~ Z (—QV? + IA}Z + ﬁ,(r)) (223)
i=1

and the Schrodinger equation for many electron system can be resolved into N independent

one- electron equations:
Lo o
(_zvi + 0 + gi<r)> ¢i(r) = €;di(r) (2.24)

¢; is the energy of the i electron. We begin the iterative process with an initial guess for
these orbitals, often using hydrogen-atom orbitals, ¢;. These initial orbitals are crucial, as they
determine the Hartree potential, g;. Solving all N single-particle Schrédinger equations pro-
duces a new set of €; and corresponding ¢;. We assume these new orbitals are an improvement
over the initial guess. In the subsequent iterations, these updated orbitals serve as the starting
point. This iterative process continues until the orbitals from two consecutive iterations show
negligible change, indicating convergence of the self-consistent field orbitals (see Fig. 2.3).
Once convergence is achieved, resulting self-consistent orbitals are employed to construct the
many-electron wavefunction. From this, the total ground state energy, £, can be calculated. It
is important to understand that this total energy is not simply the sum of individual orbital en-
ergies, ¢;. Instead, in order to find the ground state wavefunction, we minimize the total energy
of the system using variational principle. It says that if £ is the ground state energy of the
system, for any wavefunction W:
(V|H|T)

—— = >F 2.25
(wwy = e

The reason for this distinction lies in the treatment of electron-electron interactions. Each it-

eration, whether calculating ¢; and ¢; or the updated ¢/ and €., inherently includes the Coulomb
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Step |
Guess a set of single particle states
Eg: H-atom wavefunction

Step II
Compute Hartree potentials for each electrons,

() = [ )

dr’
r—r'|

¥
Step III

Solve single particle Schrodinger equation:

0
s (WHIW) - EQW[) = 0
v
Step IV
Compare states from (3) and states from (1),if
states from (3) are different from (1), use them as
new guess states as in stepl

Step V
Iterate until convergence

Figure 2.3: Flowchart of the Hartree method for many electron framework.
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interactions between electrons. This leads to a double counting of these interactions. Therefore,

the expression for the absolute total energy must account for and correct this double counting.

N-1

N
ST (2.26)

=1 j=i+1

N
i=1
where, J;; are known as Coulomb integrals and are defined as:

// pi(r1) pg r2) drydry — // EXel 7| |¢j(r2)’ drydr, (2.27)

ry — 1o

Hartree’s method surely provides a useful approximation for many-electron wavefunctions.
However, limitation of this approach is that it does not satisfy the antisymmetry requirement of
electronic wavefunctions. This antisymmetry condition is essential, as electrons are fermions
and must obey Pauli’s exclusion principle. No two identical fermions can simultaneously oc-
cupy the same quantum state within a quantum system. Moreover, the Hartree approximation

is a two-particle approach that neglects both the exchange and correlation effects.

2.8 The Hartree-Fock approximation

A few years later, Fock [70] included the exchange potential by considering Pauli’s exclusion
principle. Futher, in the same year, Slater independently suggested the same solution [71].
They modified the Hartree method (one-electron wavefunction) and worked on describing the
antisymmetric behavior of the wavefunction in the Hartree product. They associated the Hartree
product with the single-determinant theory. Since electrons are fermions, the wavefunction of

a many-electron system must be antisymmetric under the exchange of electron labels.
PioU(ry, 1y, ..ry) = —U(ry, 1y, ..xN) (2.28)

where, ]51,2 is parity operator. The antisymmetric wavefunction is the sum of all the products
obtained by interchanging electron labels. However, this approach becomes very tedious when
generating a wavefunction. Slater suggested a more convenient method to construct the wave-

function using a single Slater determinant, where single-electron states serve as the elements
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of the matrix. This determinant inherently exhibits the required antisymmetric nature.

Go(r1) ... on(ry)

\I/(I'l, ro, ...I'N) = —F . . . . (229)

¢1(ry) ¢ao(rn) ... on(ry)

For the sake of simplicity, let us consider the case of a two electrons system:

‘11(1’1,1'2) _ L ¢1(I‘1) ¢2(I‘1) _

[f1(r1)Pa(r2) — a(1r1) 1 (r2)] (2.30)
V261(r2) s(ra)

Sl

By interchanging the labels 1 — 2, we obtain:

1 [¢u(rz)  @a(rs)
\/§ <Z51(1‘1) ¢2(1'1)

U(ry, 1) = = —=[¢1(r2)P2(r1) — Pa(r2) 1 (r1)] (2.31)

Sl

\If(rl,rg) = —‘Il(rQ,rl) (232)

If two electrons are defined by the same spin-orbital (¢; = ¢2 = ¢), then:

1 |p(r2) ¢(r2) 1
VU(ry,r) = —= = —=[¢(r2)o(r1) — B(r2)¢(r1)] =0 (2.33)
VZig(r) o) V2

In the Hartree-Fock method, the Pauli’s exclusion principle dictates that electrons with the
same spin cannot occupy the same spatial location. Consequently, the wavefunction becomes
zero, implying a zero probability of finding such electrons. A flowchart summarizing the HF
method’s solution steps is shown in Fig. 2.4. The indistinguishable nature of electrons is repre-
sented by a Slater determinant. While electrons move independently, they experience Coulomb
repulsion from the average positions of other electrons. The antisymmetry introduces an "elec-
tron exchange" term. The HF method determines the best single-determinant wavefunction that
minimizes the total energy, given by:

N 1NN

E = (U|H|D) :ZHi+§Zg(Ji-—Ki») (2.34)
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Generate one electron matrices
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Provide initial guess for the density matrix

l

’—’ Calculate energy contributions to Fock matrix
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from the eigenvectors l
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solution?

Figure 2.4: Schematic flowchart Hartree-Fock method for the solution of many electron system.

where H; is defined as:

: 1
i = [ gir) [—2v2 + v} i (r)dr (2.35)
Ji; and K;; are the Coulomb and exchange integrals, respectively. The exchange integral
is:

Ky = [ [ 610006500 0u(r2)65 (v2) s (2.36)

vy — 1o
K;; resembles J;; with exchanged wavefunctions ¢; and ¢;. They are equal only when
t = j. When ¢ = j, the second term in Eq. 2.34 vanishes, making the HF method self-
interaction free. For K; to be non-zero, electrons ¢ and j must have the same spin to satisfy

orthogonality.

[Bl + Z(jz - [A(z)] Or = Z €kiPi (2.37)
i i=1

The Fock operator is:

F=h+Y(J-K) (2.38)
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Foy = Y erihi = €1 = Opicn (2.39)

i=1

Foy, = eron (2.40)

HF treats the exchange interaction between same-spin electrons exactly, often called the
"exact exchange" approach. It’s used for various materials science problems (e.g., adsorp-
tion, insulator electronic structure, solid defects). However, HF neglects electron-electron
Coulomb correlation energy, defined as the difference between exact and HF ground state en-
ergies (Eeor = Fexact — Fyr). This correlation energy is crucial for explaining physical and
chemical properties of atoms, molecules (e.g., Hy dissociation), and solids. For instance, in
water molecules, at least a quarter of hydrogen bond strength is accounted for by electron cor-

relation. Correlation effects are vital when bonds form or break.

2.9 Functional

A function takes one or more numbers as inputs and produces another number as output. In
contrast, a functional takes a function as its argument and yields a number as its output. Func-
tionals are typically represented using square brackets, such as F'[f] = a. Similar to functions,
functionals can also have derivatives, which describe how the functional changes when the

input function undergoes a small variation. The differential of a functional is defined as:

SF(f] = FIf +6/] - FIf] = 5?2)5 (z) dz. 2.41)

Functionals provide a fundamental framework in variational calculus and physics, partic-
ularly in fields like quantum mechanics and functional analysis. A common example of a

functional is the integral of a function over a given domain:

Fifl = | ) da. (2.42)

-1

The expectation value of an energy operator in quantum mechanics serves as an energy
functional E[v], which takes a wavefunction as input and returns an energy value. The func-
tional derivative has similar properties to conventional derivatives of functions and is crucial in

optimization problems involving functionals.
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2.10 Density Functional Theory

In the field of condensed matter physics, Density Functional Theory (DFT) has emerged as
an indispensable framework. The central innovation of DFT lies in its departure from tradi-
tional wavefunction-based approaches. While a standard many-body wavefunction depends on
3N spatial variables (for a system of N electrons), DFT utilizes the electron density, a scalar
function requiring only three spatial coordinates as its primary variable.This drastic reduction
in dimensionality is what allows DFT to scale efficiently, enabling the simulation of complex
systems comprising hundreds or thousands of atoms. Despite its simplicity, the electron density
is mathematically sufficient to determine all ground-state properties of a quantum system. By
leveraging this density-centric perspective, DFT provides a computationally feasible yet accu-
rate means of solving the Schrodinger equation for interacting particles.The conceptual roots
of using density as a fundamental descriptor can be traced back to the Thomas-Fermi model
of 1927. However, the rigorous theoretical framework of modern DFT was solidified in 1964
through the seminal work of Hohenberg and Kohn. The profound impact of this development
was recognized in 1998, when Walter Kohn was honored with the Nobel Prize in Chemistry.
Today, DFT’s ability to describe the ground-state characteristics of atoms, molecules, and solids
remains the gold standard for materials modeling. The following sections will explore the for-

mal theorems and mathematical derivations that underpin this theory.

2.10.1 The Thomas-Fermi Model

Developed independently in 1927, the Thomas-Fermi model represents an early attempt to ex-
press a system’s total energy solely through its electronic density [72, 73]. This simplified
approach assumes a locally uniform distribution of electrons, allowing the kinetic energy to be
formulated as a functional of the local density. While it neglects important exchange and cor-
relation effects, this model established the foundational principle that the ground-state density

is sufficient to describe a many-body system.

Trelp(r)] = 1%(379)2/3 / P73 (r)dPr. (2.43)

This expression is also used in the Local Density Approximation. The total energy of an
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atom in the Thomas-Fermi model is given by:

3 p(r p(r
TF — 23228 [ e 3 3
E"F[p(r)] = 5 (37°) / / ) e +5 / — r2| dry. (2.44)

In this equation, the second term represents the nucleus-electron potential energy, while the
third term corresponds to the Hartree energy (electron-electron repulsion). The total electron

density and energy of the ground state can be obtained by minimizing this functional.

2.10.2 Hohenberg and Kohn Theorem

In 1964, Hohenberg and Kohn established DFT by demonstrating that the electronic Hamilto-
nian can be expressed as a functional of the electron density. They presented two fundamental
theorems concerning the electron density p(r) of electrons in an external potential [63, 64] (see
Fig. 2.5).

Theorem 1: "For a system of interacting particles in an external potential, Vet (r) can be
uniquely determined by its ground state electron density p(r) within an additive constant." This
implies that the Hamiltonian is fully determined by the electron density, which can be extended
to describe excited states and time-dependent potentials. Consequently, knowing the ground
state density allows the determination of all system properties. The electron density for N

electrons is given by:

:NZ"'Z/dI'Q"'/dI‘N|\P(I‘1781,I‘2782,...7I'N,SN)|2 (245)
s1 SN

where r; and s; are the spatial and spin coordinates of the electrons, respectively, and

N = / p(r)dr (2.46)

To prove Theorem I, consider two different external potentials, Vi (r) and V7, (r), that

ext
supposedly yield the same electron density p(r) for non-degenerate states. These potentials

correspond to different Hamiltonians, H o1 and A

o> and different ground state wavefunctions, W

and V', with ground state energies £ and E}), respectively.

Using the variational theorem, we have:

Ey = (U|Hy|T) < (U'|Hy|T') (2.47)
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and
(V| Ha|W') = (V| HY| V') + (V| Ha — HY V') (2.48)
This leads to:
Fo < By + [ p(o)[Visd(r) = Vi (x)Jr (249)

Similarly, applying the variational principle to ¥’ yields:

By < Bo— [ p(0)[Ver) = Vo) (2:50)

Combining these inequalities results in a contradiction:

Eo + E}, < E}, + E (2.51)

This contradiction proves that the external potential Vext(r) must be uniquely defined for
the ground state.

Theorem II: "A universal functional for the energy E[p(r)] can be described in terms of the
density p(r), which is accepted for any external potential V,.,(r). For any particular V,.(r),
the exact ground state energy is the global minimum value of this functional and the density
p(r) that minimizes this functional is the ground state density po(r)."

We restrict the discussion to the class of admissible electron densities that can be generated
by some external potential, commonly referred to as V' -representable densities. Although this
restriction is not essential for the validity of the theorem, as more general formulations exist

[75, 76], it suffices for the present argument.

Hohenberg-Kohn Theorem

'AYA

Veut(1) ¥(r) n(r)

\UA/

Figure 2.5: Hohenberg-Kohn approach in DFT.
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Since all ground-state properties of a many-electron system are uniquely determined by the

electron density n(r), the total energy can be expressed as a functional of the density:
Eux[n] = T|n| + Einn] + / Vext(r) n(r) dr = Fuk[n] + /Vext(r) n(r)dr, (2.52)

where T'[n] is the electronic kinetic energy functional and Fi,[n] accounts for electron-electron
interactions. The term Fyk|[n| is universal in the sense that it depends only on the density
and not on the external potential, whereas V. (r), determined by the nuclear configuration, is
system specific.

Let n;(r) denote the exact ground-state density corresponding to the external potential

Ve(xlt) (r), with ground-state wavefunction ;. The associated ground-state energy is given by
By = Eux[m] = (U4 H|T,). (2.53)

Now consider an alternative trial wavefunction W,, which produces a different density n(r)

but satisfies the same particle-number constraint. According to the variational principle,
(W[ H 1) < (Wa|HD), (2.54)

which implies

This result demonstrates that the Hohenberg-Kohn energy functional attains its minimum
value when evaluated at the true ground-state density. Consequently, the exact ground-state
energy and density can, in principle, be obtained by minimizing Fyx[n] with respect to all
admissible densities. It is important to note that this variational principle applies exclusively to
the ground state and does not provide direct information about excited states.

While the Hohenberg-Kohn theorems rigorously establish the existence of a universal func-
tional Fyk[n|, they do not prescribe its explicit form. In practice, the Kohns-Sham formalism
provides a tractable approach for constructing and approximating this functional in realistic

many-electron calculations.

2.10.2.1 Kohn-Sham equations

In 1965, Kohn and Sham [64] introduced a practical formulation of density functional theory by
showing that the exact ground-state electron density of an interacting many-electron system can

be reproduced by a fictitious system of non-interacting particles, as illustrated in Fig. 2.6. In this
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approach, the many-body problem is mapped onto an auxiliary single-particle problem. The
corresponding auxiliary Hamiltonian, known as the Kohn-Sham Hamiltonian (ﬁ K5), contains
the kinetic energy of non-interacting electrons and an effective local potential Vg(r), which

accounts for the effects of electron—electron interactions.

O
T ©@ 6
®

Interacting system Non-interacting system
(Real) (Fictitious)

Figure 2.6: Schematic representation of interacting and non-interacting many-electron system having

the same ground-state electron density.

The form of the equations for non-interacting particles, known as the Kohn-Sham equations,

is:
Frest, = [~ 5V 4 Vags(0)] 615(0) = el () (256)

where the effective potential is:

B —Z, p(r) ., OE.[p(r)] (2.57)
—;lRa_r|+/|r_r,|dr+ op(r)

In this framework, Vy represents the classical electrostatic (Hartree) potential generated
by the total electron density. The term V.. denotes the exchange-correlation potential, ob-
tained as the functional derivative of the exchange-correlation energy F,.. This contribution
incorporates all many-body interactions that are not captured by the Hartree term alone. Equa-
tion 2.56 resembles the Hartree-Fock equations, but with a significantly simplified structure. In
the Kohn-Sham approach, the effective operator depends only on the spatial coordinate r and is
identical for all electrons, rather than being explicitly dependent on individual particle indices.

Solving Eq. 2.56 yields the Kohn-Sham orbitals ¢/*°(r), which are then used to construct the
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total electron density as follows:

N
=" (655 (r))? (2.58)
=1

The effective potential ‘fo(r) is obtained self-consistently from the electron density. The
procedure starts with an initial guess for the density, which is commonly taken as a sum of iso-
lated atomic densities. This density is then iteratively updated until self-consistency is achieved.
When spin degrees of freedom are included, the total electron density is written as the sum of
spin-resolved contributions, p(r) = p4(r) + p,(r).

The converged electron density is subsequently used to evaluate the total energy of the

system.

Elp) = Tolp) + [[Vear) + Via (1)) p(x)dr + Erel) (2.59)

The kinetic energy Ty[p] is taken from corresponding orbitals instead of density:

N

l\')\r—t

and the remaining energy as:

Verslp / Vers(r) (2.61)
E..[p] has all energy contributions not accounted for in the other terms:
1. Electron exchange
2. Electron correlation
3. The kinetic energy difference between the non-interacting and interacting systems.

4. Correction for self-interaction included in the classical Coulomb potential.

E,.. 1s vital for understanding chemical bonds and determines the accuracy of methods using

the Kohn-Sham equations.
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2.10.3 Exchange and correlation energy

For practical use of the Kohn-Sham equations, it is crucial to know the form of the exchange-
correlation energy functional. However, the exact analytical or mathematical form of the
exchange-correlation energy is unknown and may remain so. Since the inception of DFT, vari-
ous approximations have been proposed for the exchange-correlation (xc) functional to achieve
a balance between accuracy and computational cost. There exists an extensive list of approx-
imated exchange-correlation energy functionals with varying levels of complexity. These ap-
proximations can be categorized into three main parts: (a) local approximations, such as the
local density approximation (LDA) [77], (b) semi-local approximations, including generalized
gradient approximations (GGA) and meta-GGAs, and (c) non-local approximations, such as
hybrid functionals and the random phase approximation (RPA). Furthermore, functionals can
be classified as non-empirical, semi-empirical, and empirical.

Non-empirical functionals are formulated purely from first-principles calculations (and
some physical rules). The motivation for first-principles calculations is to predict experimental
results on complex materials, even under extreme conditions, without relying on experimen-
tal data. Semi-empirical and empirical functionals, where data is fitted to known atomic and
molecular properties, are not considered first-principles.

The initial implementation of the Kohn-Sham method used local approximations for the
exchange-correlation energy. For a homogeneous electron gas, the exchange-correlation energy
is a local functional. Therefore, the LDA is the simplest approximation. In LDA, the density
is assumed to vary gradually with position, and only the density contribution is considered,
not its derivatives. The effect of spin polarization can be included by considering both spin
densities i.e., spin-up p4(r) and spin-down p (r), known as the local spin density approximation
(LSDA). The exchange-correlation energy is divided into two parts, the exchange energy and

the correlation energy:

Eyelp] = Eu[p] + Ee[p] (2.62)

Exchange energy:
The exchange energy arises from the antisymmetry requirement of the many-electron wave-
function, which is a fundamental consequence of the Pauli’s exclusion principle. Since elec-

trons with the same spin cannot occupy identical quantum states, they tend to avoid each other
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in space. This effective separation lowers the Coulomb repulsion between like spin electrons,
resulting in a reduction of the total electrostatic energy. This reduction is referred to as the
exchange energy. From a theoretical perspective, the exchange energy represents the differ-
ence between the classical Hartree energy, which treats electrons as distinguishable, and the
Hartree-Fock energy, which explicitly accounts for wavefunction antisymmetry. Within the lo-
cal density approximation (LDA), the exchange energy is obtained by adopting the analytical

result for a homogeneous electron gas, where it can be expressed in a closed numerical form

[75]

9/3

Bl =2 ()" 1) + V) .69

Correlation energy: The correlation energy originates from the mutual interaction between
electrons beyond the mean-field description. Because electrons carry the same negative charge,
their motions become correlated as they dynamically avoid one another. A major contribution
to the correlation energy arises from the change in kinetic energy caused by these interactions.
Specifically, the kinetic energy of an interacting electron system differs from that of a corre-
sponding non-interacting reference system, leading to a contribution proportional to (7, — Tp).
From a formal standpoint, the correlation energy is defined as the difference between the exact
many-body ground-state energy and the energy obtained from the Hartree-Fock approximation,

which includes exchange effects but neglects dynamic electron correlations.

Ec = Eexact - EHF (264)

The correlation energy is defined by:

Edlpl = [ plx)edpr(r), py(x)ldr (2.65)

where e.[p+(r), p,(r)] is the correlation energy per electron of a uniform electron gas with
density p(r). Its precise form is not known. Efforts are made to improve the correlation term
based on quantum Monte Carlo simulations [79] and analytical expansions.

Local Density Approximation (LDA)

The LDA model works well for systems close to a homogeneous electron gas, where the
density varies slowly, especially for metals. The success of LDA is associated with systematic
error cancellation. In homogeneous systems, LDA overestimates the exchange term and under-

estimates the correlation term, resulting in accurate predictions of ELPA, The error cancellation
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in LDA is systematic, due to LDA satisfying sum rules for any density. However, LDA is in-
appropriate for systems with rapidly varying densities, such as atoms and molecules. Atomic
structures, elastic, and vibrational properties can be determined for various systems. However,
LDA struggles with weakly bonded systems (vdW and H-bonded), failing to predict correct
chemical bond energetics, binding energies, reaction enthalpies, and activation energy barriers.

Generalized Gradient Approximation (GGA) The local density approximation becomes
inadequate when the electron density varies significantly over space, as it is based on the as-
sumption of a homogeneous electron gas. To address this limitation, the generalized gradi-
ent approximation (GGA) incorporates not only the local electron density but also its spatial
variation through the density gradient [80, 81]. In this semi-local framework, the exchange-

correlation energy depends explicitly on both p(r) and |V p(r)|, and is written as

ESMp(x)] = [ p)eS (p(x). [V p(x)] e (2.66)

Because GGA includes information about density inhomogeneity, it is classified as a semi-
local approximation. Compared to LDA, GGA generally provides a more accurate description
of equilibrium geometries, ground-state energies, and bonding characteristics. It yields im-
proved predictions for bond lengths and lattice constants, particularly in covalently bonded
and weakly interacting systems. However, its performance deteriorates for systems containing
heavy elements, such as 5d transition metals, where relativistic effects and strong correlation
become important [82].

Meta Generalized Gradient Approximation (meta GGA)

Meta-GGA functionals extend the description of exchange-correlation effects by including
additional ingredients beyond the electron density and its gradient. In particular, they depend
on the Laplacian of the density, V?p(r)) and the Kinetic energy density, 7(r) allowing a more
refined treatment of inhomogeneous electronic systems.

Despite these improvements, semi-local exchange-orrelation functionals (including LDA,
GGA, and meta-GGA) generally underestimate electronic band gaps. They also suffer from
self-interaction errors originating from the Hartree term, which leads to systematic inaccuracies
when describing localized states such as defects, surfaces, and strongly confined electrons. In
contrast, the Hartree-Fock method is free from self-interaction errors because it treats exchange
exactly. However, it completely neglects electron correlation effects. As a result, Hartree-Fock

often provides an inaccurate description of chemical bonding and typically predicts band gaps
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that are significantly larger than experimental values.
Hybrid functional (HSE06) To address the self-interaction errors inherent in GGA func-
tionals, hybrid exchange-correlation schemes incorporate a fraction of exact Hartree-Fock (HF)

exchange into the DFT framework. In general, the hybrid functional can be written as

EM’ =B + (1—a)EX" + EXT (2.67)

where « denotes the proportion of exact exchange mixed with the DFT exchange term.
To further improve computational efficiency and physical accuracy for extended systems,
screened hybrid functionals introduce a range-separation parameter w that splits the Coulomb
interaction into short-range (SR) and long-range (LR) components. Using the error function,

the Coulomb potential is decomposed as

Heaven of Chemical Accuracy

Accuracy
Computational Cost

Hartree World

Figure 2.7: Schematic diagram of Jacob’s ladder of density functional theory with different approxima-

tions for exchange-correlation energy.

erf(wr)

1 _ 1 — erf(wr) (2.68)

r T SR r LR

with the error function defined by

2 wr
erf(wr) = — / e dx (2.69)
7 Jo
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Based on this idea, Heyd, Scuseria, and Ernzerhof proposed the HSE functional, where Hartree-
Fock exchange is included only in the short-range part, while the Perdew-Burke-Ernzerhof
(PBE) functional describes the long-range exchange and correlation [83]. The resulting exchange-

correlation energy within the HSEO6 scheme is expressed as

EMSE — o BIESR(4) + (1 — ) EPBESR () 4 EFBEIR () 4 EPBE (2.70)
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Figure 2.8: Schematic illustration of self-consistent loop for the solution of the Kohn-Sham equations.

The standard parameter values o = 0.25 and w = 0.11 bohr~! (equivalent to 0.2 Ail) are
commonly employed and have been shown to perform reliably for metals and materials with

small to moderate band gaps. Compared to semilocal functionals, HSE06 significantly reduces
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self-interaction errors and yields improved predictions for electronic band gaps and reaction
energy barriers. In some cases, the mixing parameter o may be adjusted to achieve closer
agreement with experimental results. The hierarchy of exchange-correlation approximations,
often referred to as Jacob’s ladder of density functional theory, is illustrated schematically in
Fig. 2.7, highlighting the trade-off between computational cost and accuracy. In this work, first-
principles calculations are carried out using the VASP package [84, 85, 86] and QUANTUM
ESPRESSO [87]. The self-consistent procedure employed to solve the Kohn-Sham equations

is summarized in Fig. 2.8

211 DFT+U

In DFT, the electronic interaction energy is composed of the classical Coulomb repulsion
(Hartree term) and an additional exchange-correlation term, which is responsible for captur-
ing all quantum mechanical correlations and spin interactions [88]. The accuracy of a DFT
calculation depends heavily on how well the exchange-correlation functional approximates the
exact energy description of the system [89].

Modeling the exchange-correlation functional’s dependence on the electronic charge den-
sity remains a challenge, leading to limitations in describing many-body effects in strongly cor-
related systems. Consequently, systems governed by strong electron-electron interactions are
poorly described within standard DFT approximations. A key manifestation of this limitation
is the well-known bandgap problem, which leads to inaccurate predictions of intermolecular
interactions, formation energies, and transition states [90].

The failure of DFT in describing correlated systems arises from the tendency of approx-
imate exchange-correlation functionals to over-delocalize valence electrons and favor metal-
lic ground states [91, 92]. This delocalization issue is attributed to the incomplete cancella-
tion of the electronic self-interaction inherent in the Hartree term, resulting in residual self-
interaction effects that cause excessive delocalization of wavefunctions [91]. Hybrid func-
tionals attempt to mitigate this issue by incorporating a fraction of the exact HF exchange,
which is self-interaction-free. However, this approach is computationally demanding and im-
practical for large systems. Despite this improvement, HF-based methods, which rely on a
single-determinant description of the electronic structure, still fail to capture the physics of

strongly correlated materials like Mott insulators. Accurately describing such systems requires
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a full account of the multideterminant nature of the /NV-electron wavefunction and the many-
body interactions within the system [92]. Therefore, DFT using standard exchange-correlation
functionals, such as the Local Density Approximation LDA or GGA, provides an inadequate

description of strongly correlated materials.

2.11.1 Mott Insulators and the Hubbard Model

Conventional band theories often predict that strongly correlated materials should exhibit metal-
lic behavior. However, experimental measurements reveal insulating properties, contradicting
these predictions. This discrepancy, highlighted by Nevill Mott, arises due to the neglection
of interelectron Coulomb interactions in standard band theories. Mott insulators, unlike con-
ventional band insulators, exhibit an energy gap between bands of similar character (e.g., 3d
suborbitals), driven by crystal field splitting or Hund’s rule [93]. The insulating nature of
Mott insulators originates from strong electron-electron repulsion, which forces localization in
atomic-like orbitals, a phenomenon known as Mott localization.

The localization of electrons in Mott insulators is governed by the competition between
the on-site Coulomb repulsion U and the electron hopping amplitude ¢, which quantifies the
probability of electrons transitioning between neighboring sites. The bandgap energy Fg,, is

determined by these parameters as:

Egp = U — 22, @2.71)

where z represents the number of nearest-neighbor atoms, indicating the connectivity of the
electronic states [92].

To better describe correlated materials, alternative models have been introduced, including
the Hubbard model, which explicitly accounts for on-site electronic repulsion. The Hubbard

Hamiltonian, in its simplest form, is given by [92]:

Huwp =1 Z (cigcjva + h.c.) +U Z N 41N | (2.72)

(i.5).0
where cZT,U and c;, are the electronic creation and annihilation operators at sites 7 and j,
respectively, and n; , is the number operator for electrons with spin o at site . The hopping
amplitude ¢ is proportional to the bandwidth of valence electrons, while the on-site Coulomb

interaction U measures the energy penalty for double occupancy of an atomic orbital. The
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system behaves as an insulator when U >> t, as electrons lack sufficient energy to overcome
the Coulomb repulsion and remain localized. Conversely, when ¢ > U, the electrons are more
delocalized, and the system exhibits metallic behavior.

DFT accurately predicts electronic properties in regimes where ¢ > U, but as U increases,
its performance deteriorates. The HF method, although self-interaction-free, fails to describe
the correlated electronic ground state because it relies on a single-determinant approximation.
Hence, more sophisticated approaches are necessary to accurately capture the electronic struc-
ture of Mott insulators and other strongly correlated systems.

The extent of electron delocalization varies significantly across different orbital types due

to their spatial extent and overlap. The general trend follows:

e s-orbitals: These are the most delocalized due to their spherical symmetry and lack of
nodal planes, allowing strong overlap and extensive hybridization in metallic and cova-

lent bonding.

e p-orbitals: More localized than s-orbitals, but still contribute significantly to bonding

and delocalization in materials, particularly in conjugated systems and semiconductors.

e d-orbitals: Tend to be more localized than s and p orbitals, particularly in transition
metals. Their delocalization strongly depends on crystal field effects and hybridization

with other orbitals.

e f-orbitals: The most localized due to their complex shapes and poor spatial overlap with
neighboring orbitals, leading to strongly correlated behavior in rare-earth and actinide

compounds.

The improper treatment of d and f electrons in standard DFT is one of the primary reasons
for the failure of conventional exchange-correlation functionals in describing strongly corre-
lated materials. The DFT+U method corrects this by introducing an explicit on-site Coulomb
interaction term that reduces the artificial delocalization of these electrons, improving the de-
scription of their localization and resulting electronic properties. Another advantage of this
method is that it works within the realm of DFT, therefore, no extra efforts are needed to imple-
ment it in the existing DFT codes. Its computational cost is only slightly higher than the DFT

methods.
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2.12 Basis set

The basis set plays a crucial role in solving the electronic structure problem, effectively provid-
ing a means to represent the unknown wavefunction. It involves expressing the wavefunction
as a combination of known basis functions. Selecting appropriate basis functions needs careful

consideration of several factors listed follows:

e The basis functions should be chosen such that they accurately express the wavefunc-
tion or electron density while minimizing the computational cost. The precision and
efficiency of a method largely depend on the selection of these basis functions. A well-
chosen basis is sufficiently extensive such that further increasing its size (e.g., by adding

more plane waves) does not significantly change the results.

e The choice of basis functions must accurately reflect the essential physical characteristics
of the system under study. In addition, when dealing with periodic systems such as

crystalline solids, the basis functions are required to explicitly obey Bloch’s theorem.

A notable drawback of the basic expansion scheme is that the basis functions themselves are
fixed, which can make it difficult to achieve convergence of the wavefunctions. To address
this limitation, approaches employing energy-dependent or adaptive basis functions have been
developed, allowing the form of the wavefunction to adjust during the calculation. Since the
present work is concerned mainly with crystalline and periodically repeating systems, elec-
tronic structure methods based on plane waves are particularly appropriate. These methods
provide a natural description of periodicity and offer controlled convergence through a small
number of parameters. In order to balance computational efficiency with accuracy, this thesis
briefly introduces the plane-wave basis formalism, followed by a discussion of pseudopotential
techniques and the projector augmented-wave method, which together form the foundation of

modern first-principles calculations for extended solids.

2.12.1 The Plane wave basis set

Solving the single-particle Kohn-Sham equations in extended systems requires efficient nu-
merical techniques. A widely used approach is to express the electronic eigenstates as a lin-
ear combination of basis functions, which converts the Schrodinger equation into an algebraic

eigenvalue problem for the expansion coefficients. For periodic and extended systems, plane
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waves form a natural choice of basis due to their orthonormality and independence from atomic
positions. This property simplifies the eigenvalue problem and removes Pulay force contribu-

tions, allowing atomic forces to be evaluated directly using the Hellmann-Feynman theorem.

In practice, the plane wave basis is limited by a maximum kinetic energy or wave-vector
cutoff, which controls the accuracy of the calculation. However, the strong spatial variation
of valence wavefunctions near atomic cores would require an impractically large number of
plane waves. To address this issue, plane wave methods are commonly used together with
pseudopotentials, which replace the core electrons with an effective potential. The use of Fast
Fourier Transforms further improves computational efficiency by enabling rapid evaluation of

integrals and operators.

This section introduces the basic concepts used to describe periodic systems and the expan-
sion of wavefunctions in a plane wave basis. The pseudopotential approach is discussed in the
following sections.

Bloch’s Theorem
According to the Bloch’s theorem, the eigenstates of the single-particle Schrodinger equation

within a periodic crystal, when represented using plane waves, take the following form:

Y(r+T) = ™ Ta(r) (2.73)

where T is denotes an arbitrary translation vector in the Bravais lattice, and k is the wave
vector. The allowed values of k are confined to the reciprocal unit cell, commonly the first
Brillouin zone. For each k, there exist distinct, independent eigenstates, each labeled by a band
index n.

An alternative expression of Bloch’s theorem states that all eigenfunctions 1), of the single-
particle Schrodinger equation with a periodic potential can be written as the product of a plane

wave and a function u, that has the same periodicity as the Bravais lattice:

(1) = € U (1) (2.74)

where u,x (r+T) = u,k(r). For any vector T in the Bravais lattice, Bloch’s theorem allows
us to confine eigenfunction calculations to a single unit cell. Equation 2.74 can then be used

to determine the eigenfunctions in other unit cells. It is also common practice to normalize the
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eigenfunctions within a single unit cell:

[ o) = 1 2.75)

Due to the periodicity of the functions u,,(r), they can be expanded in a plane-wave series.

Equation 2.74 then becomes:

Uric(r) = e (G KT (2.76)
G

where ¢,x(G) are the Fourier coefficients.

The Kohn-Sham equations, expressed using Bloch states, are:

(=57 Vers(6)) 0ele) = etn(o) @

where

Verr(r) = Voo (r) + Viartree[n(r)] + Vae[n(r)]. (2.78)

The electron density, n(r), is calculated as:

2 1
n(r) = . 2n)°

where n is the electron density, and j is the band index. © is the Heaviside step function,

Z/BZ [V (r)PO(Er — eji)dk (2.79)

which equals one for positive arguments and zero for negative arguments. FEr is the Fermi

energy, defining the energy limit for the occupied single particle states.

Fourier representation of the Kohn-Sham equation
When using a plane-wave basis, the Kohn-Sham equation simplifies considerably. Substitut-
ing Equation 2.76 into Equation 2.77 and using some basic alzebra, leads to following matrix

eigenvalue equation[77]:

1 ,
> (2|k + G|*dara + Vesp (G — G)) cﬁ( = ejkcj(}z (2.80)
G

In practice, the plane-wave expansion of the wavefunction is truncated by including only

plane waves with kinetic energies below a cutoff, E.;:

1
§Ik+GI2 < Bt (2.81)
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Convergence of a given property requires systematically increasing £;.

The Fourier representation of the electron density is:

"G ==X Fae o (5579) 5 (2.82)
L

Since the electron density, n (proportional to [¢)|?), requires Fourier components with twice
the spatial extent of those needed for the wavefunction, v/, calculating all Fourier components
using Equation 2.82 involves a double summation, scaling as N&, here Ng is the number of G
vectors for the density. This gets computationally expensive for bigger systems.

If the Bloch states are known on a real-space grid of Ny points, the electron density can
be calculated in Ny operations. However, this is also expensive. The Fast Fourier Transform
provides an efficient way to switch between real and reciprocal space, requiring only /N In NV
operations, where N = N = Ng [77]. Therefore, the use of plane waves, combined with the

Fast Fourier Transform , significantly speeds up the evaluation of these expressions.

2.12.2 Plane wave pseudopotential method

-

Figure 2.9: Representation of the pseudopotential approximation. The solid and dashed lines represent

the all-electron and pseudo-wavefunctions, respectively [7].
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Although substantial progress has been made in solving the Kohn-Sham equations, their
practical implementation remains computationally demanding. The primary difficulty arises
from the explicit treatment of the wavefunctions associated with all /V electrons in the system.
Moreover, near the atomic nuclei, valence electron wavefunctions exhibit strong oscillatory
behavior due to the presence of tightly bound core states. These rapid variations correspond
to large kinetic energies, which in turn require a very large number of plane waves and a high
kinetic energy cutoff (E.,) for an accurate representation. As a result, the computational cost
increases significantly. To reduce this computational cost, the pseudopotential approximation
is commonly adopted. This approach is based on the observation that the essential physical
properties of solids are mainly governed by valence electrons, whereas core electrons play a
limited role. Instead of treating the strong Coulomb potential of the atomic core explicitly, it is
replaced by an effective pseudopotential, denoted as Vpgeyqo. Within this framework, electrons
are classified into core and valence groups, separated by a cutoff radius r., as schematically
shown in Fig. 2.9. The magnitude of r. determines the nature of the pseudopotential, smaller
values correspond to harder pseudopotentials, while larger values lead to softer or ultrasoft
pseudopotentials.

In the pseudopotential formalism, the true all-electron wavefunctions are substituted by
smoother pseudo wavefunctions, Wpq.q,, for the valence electrons. The pseudopotential Vpgeydo
acts on these pseudo wavefunctions instead of the original all electron states [81, 77, 94]. Im-
portantly, beyond the cutoff radius r., the pseudo wavefunctions are constructed to match the
all electron wavefunctions exactly.

A further benefit of pseudopotentials is that relativistic effects, including spin-orbit cou-
pling, can be incorporated directly into the effective potential, while the valence electrons are
treated within a non-relativistic framework. Due to these advantages, several forms of pseu-
dopotentials have been developed and are widely employed in density functional theory calcu-

lations to achieve a balance between accuracy and computational efficiency.

2.12.3 Norm-conserving pseudopotential

In the norm-conserving pseudopotential approach, the effective pseudopotential and its associ-
ated pseudo-wavefunctions are constructed to exactly reproduce the true all-electron potential
and wavefunctions outside a chosen core radius, denoted by r.. Within the core region (rr < r.),

the pseudo-wavefunctions differ from the true wavefunctions. However, this difference is sub-
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ject to a constraint that the norm of the pseudo-wavefunction inside the core must be equal to

that of the true wavefunction.
/ C 2 U5 (1) U5 (1) dr = / ) r>U* (r)U(r)dr (2.83)
0 0

where UPS denotes the pseudo-wavefunction and W represents the corresponding all-electron
wavefunction. This norm-conservation condition ensures that the integrated charge density
within the core region remains unchanged, thereby preserving the correct electron count.
Since the radial wavefunctions and eigenvalues depend on the angular momentum quan-
tum number [, the resulting pseudopotential must also be angular-momentum dependent. Such
pseudopotentials are therefore referred to as "semi-local". An important consequence of enforc-
ing norm conservation is improved transferability i.e., the pseudopotential can reliably repro-
duce the scattering properties of an ion across different chemical and structural environments.
For this reason, norm-conserving pseudopotentials have been widely used in first-principles

electronic structure calculations [95].

2.12.4 Ultrasoft pseudopotential

Norm-conserving pseudopotentials are often inefficient for systems that contain highly local-
ized valence states, such as 2p and 3d orbitals. The main difficulty arises from representing
these localized pseudo-wavefunctions using a plane-wave basis, which requires a very large
number of plane waves and therefore a high computational cost. To address this limitation,
ultrasoft pseudopotentials were introduced.

In the ultrasoft pseudopotential method, the norm-conservation condition is relaxed, allow-
ing the pseudo-wavefunctions to be smoother within the core region. As a result, fewer plane
waves are needed to describe the electronic states accurately, leading to a significant reduc-
tion in the required plane-wave energy cutoff. These pseudopotentials are fully nonlocal inside
the core region and become local outside the core radius [26]. Their dependence on the self-
consistent charge density improves their transferability across different chemical environments.

Within this framework, the pseudo-wavefunction is separated into two parts. The first part
is the ultrasoft valence wavefunction, which does not conserve the norm inside the core re-
gion. The second part is the augmentation charge, which compensates for the missing charge
within the core so that the correct total electron density is recovered. While the ultrasoft va-

lence wavefunction allows for a much lower plane-wave cutoff, the inclusion of augmentation
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charges introduces additional terms into the Kohn-Sham equations. These extra terms increase
the computational effort required in each self-consistent iteration. However, the overall com-
putational cost is often reduced because the lower plane-wave cutoff outweighs the added com-
plexity. For this reason, ultrasoft pseudopotentials are widely used in calculations involving

elements with localized valence orbitals.

2.12.5 Projector augmented-wave method (PAW)

The Projector Augmented Wave (PAW) method, introduced by Peter Bl"ochl in 1994 [86], was
developed to combine the advantages of pseudopotential techniques with the accuracy of all-
electron approaches such as the linear augmented plane wave method. A central difficulty in
electronic structure calculations is the correct description of valence wavefunctions close to
the atomic nuclei. In this region, wavefunctions exhibit rapid oscillations in order to remain or-
thogonal to the tightly bound core states and to satisfy the Pauli exclusion principle. Accurately
capturing these oscillations using plane waves alone requires a very large number of Fourier

components, which greatly increases computational cost.

The PAW formalism overcomes this problem by introducing a transformation that replaces
the strongly oscillating all-electron wavefunctions with smoother auxiliary wavefunctions. This
allows the use of a plane-wave basis with improved efficiency, while still retaining access to
the full all-electron information when needed. In practice, space is divided into atom-centered
regions, known as augmentation spheres, and the interstitial region between them. Inside
each augmentation sphere, the wavefunction is expanded in terms of atomic-like partial waves,

whereas in the interstitial region it is represented using smooth plane waves.

PAW datasets generally employ relatively small core radii (r.). Although this choice in-
creases the required plane-wave cutoff energy (F£.,) and the size of the basis set, it enables an
accurate reconstruction of the nodal structure of the wavefunction in the core region. As a re-
sult, the PAW method provides a highly reliable description of the electronic structure, closely
reproducing all-electron results. Formally, one may define a Hilbert space consisting of true all-
electron wavefunctions that are orthogonal to the core states. Since a direct numerical treatment
of these functions is demanding, a corresponding pseudo-Hilbert space is introduced, contain-
ing smoother pseudo-wavefunctions. The two spaces are connected through a linear transfor-

mation operator 7, which relates the all-electron wavefunction |¥) to the pseudo-wavefunction
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W)

|T) = T|) (2.84)

We can write the operator 7" in the following form:
T=1+T (2.85)

In the PAW formalism, the operator 7 acts only inside the augmentation region surrounding
each atom. Let |¢;) and |¢;) denote the all-electron and pseudo partial waves, respectively.
Since both sets form complete bases within the augmentation sphere, a linear transformation

between them can be introduced as:

|6:) = (1+ Tp)|os) (2.86)

Because 7j is nonzero only inside the augmentation region, the all-electron and pseudo
partial waves coincide outside this region. Owing to the completeness of the pseudo partial

waves within the augmentation sphere, any pseudo wavefunction can be expanded as:

W) =" cildy) (2.87)

)

where ¢;’s are the expansion coefficients. This pseudo wavefunction is then mapped by 7'

into:

TI) = |T) =" ciloy) (2.88)

By subtracting equation (2.87) from equation (2.88), we can obtain the all-electron wave-

function:

) =19) + 3 cillds) — 16:)) (2.89)

Since 7' is a linear operator, the coefficients ¢; should be linear functionals of |¥). Projector
functions probe the character of the wavefunction. The general form of a linear function can
be expressed as the scalar product with some constant function, represented by ((p;|), known

as the projector function. Further:

i = () 2:90)
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The pseudo partial waves form a complete basis:

¢ = (Pilos) = 0 (2.91)

Now, the projection operator 7":

T =1+ [l¢:) = 160)](5i (2.92)

The expectation value of any local operator O can be defined in terms of pseudo functions

(®;|0|®;), where O is the pseudo operator:

O =T'0T = 0 + 3 5)[{¢il01¢;) — (4i1019;) (bl (2.93)

ij
This formulation makes the numerical treatment of the many-electron problem computa-
tionally efficient. The smooth pseudo wavefunctions can be represented using a relatively small
plane-wave basis, while the rapidly varying all-electron partial waves are handled on atom-
centered radial grids, where they are naturally expressed as products of radial functions and
spherical harmonics. In this thesis, all electronic structure calculations are performed within

the PAW framework using the Vienna Ab initio Simulation Package (VASP) [97, 98, 99].

2.13 Tight-Binding Method and the Linear Combination of
Atomic Orbitals (LCAO)

The tight-binding (TB) method provides a computationally efficient approach to calculating the
electronic structure of materials, particularly for large systems where first-principles methods
like DFT become computationally expensive. It offers a good balance between accuracy and
computational cost, making it a valuable tool for investigating systems with many atoms or
for gaining qualitative insights into electronic structure. This section details the theoretical
foundation of the tight-binding method and its connection to the Linear Combination of Atomic
Orbitals (LCAO) approach.

The core idea of the tight-binding method is based on the assumption that the valence
electrons in a solid are primarily localized around the atomic cores. These electrons are "tightly

bound" to their respective atoms, hence the name of the method. However, these electrons can
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still "hop" or "transfer" between neighboring atoms, leading to the formation of electronic
bands. This hopping is mediated by the overlap of atomic orbitals on adjacent atoms.
The tight-binding method constructs the electronic wavefunctions, ¥(r), as a LCAO. This

LCAO approach expresses the multi-electron wavefunction as:

U(r) = Z Cia®a(r — R;) (2.94)
2,00
where:
e ¢ runs over all atoms in the system
e « runs over all atomic orbitals on each atom (e.g., s, p, d orbitals)
e ;, are the expansion coefficients, which are to be determined

e ¢,(r — R;) is the atomic orbital « centered on atom ¢ at position R,

The coefficients c;, represent the contribution of each atomic orbital to the overall wave-
function. To determine these coefficients and the corresponding energy eigenvalues, we solve

the Schrodinger equation:

HU(r) = E¥(r) (2.95)

Substituting the LCAO expansion into the Schrodinger equation and using the variational

principle leads to the generalized eigenvalue problem:

Hc = ESc (2.96)

where:

H is the Hamiltonian matrix, with elements Hfj“ﬂ = (¢a(r — R;)|H|ps(r — R;)) repre-

senting the interaction between atomic orbitals o on atom ¢ and (5 on atom j.

S is the overlap matrix, with elements Sl-ajﬁ = (¢a(r — R;)|¢s(r — R;)) representing the

overlap between atomic orbitals.

c is the vector of expansion coefficients c¢;,.

E are the energy eigenvalues.



Chapter 2. Theoretical methodology 69

The Hamiltonian matrix elements, H%B ,

are crucial to the tight-binding method. They are
often approximated using a small number of parameters, called hopping integrals or transfer
integrals, which represent the strength of the interaction between atomic orbitals on neigh-
boring atoms. These hopping integrals can be derived from first-principles calculations (ab
initio tight-binding), fitted to experimental data (empirical tight-binding), or obtained using the
Slater-Koster parameterization.

The overlap matrix, S, accounts for the overlap between atomic orbitals. If the atomic
orbitals are orthogonal (which is sometimes assumed as an approximation), the overlap matrix
becomes the identity matrix, simplifying the eigenvalue problem.

Solving the generalized eigenvalue problem yields the energy eigenvalues, E, which rep-
resent the electronic band structure of the system, and the eigenvectors, ¢, which provide the
coefficients of the LCAO expansion and thus the form of the electronic wavefunctions.

The tight-binding method, with its simplified Hamiltonian and efficient computational im-
plementation, allows for the study of large and complex systems, providing valuable insights
into their electronic properties. The accuracy of the method depends heavily on the choice
of the atomic orbitals and the parameterization of the hopping integrals. While less accurate

than first-principles methods, it captures the essential physics of electronic bonding and band

formation, making it a powerful tool in condensed matter physics and materials science

2.14 Wannier Functions and Maximally Localized Wannier
Functions

Within the independent-particle approximation, the electronic ground state of a periodic sys-
tem is typically expressed in terms of a set of extended Bloch states, ¢, (r). These states are
characterized by the quantum numbers n and k, which denote the band index and crystal mo-
mentum, respectively. While Bloch states are widely used in electronic structure calculations,
alternative representations exist that provide different physical insights.

One such representation is the Wannier representation, which describes the electronic states
in terms of localized functions labeled by R, the lattice vector of the unit cell in which the
function is localized, and a band-like index n. The transformation from Bloch states to Wannier
functions is given by:

v

(Whr) = @) Joz dk e R |ihya), (2.97)
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where V' is the unit cell volume and the integral is performed over the entire Brillouin zone.
Wannier functions provide a real-space picture of the electronic structure of a system. They
offer valuable insight into the nature of chemical bonding and serve as a powerful tool in the
study of dielectric properties through the modern theory of polarization. Unlike Bloch states,
which are delocalized over the crystal, Wannier functions can be highly localized, making them

useful in constructing tight-binding models and studying electron transport properties.

2.14.1 Maximally Localized Wannier Functions

The construction of Wannier functions is not unique due to the phase indeterminacy e (k)
of Bloch states at each wavevector k. This indeterminacy is more general for a group of iso-
lated bands, such as the valence states of an insulator, since they can undergo arbitrary unitary

transformations U,,, (k) among themselves:

Vi) =D Upin (K) [0k (2.98)

n

To obtain well-defined and localized Wannier functions, Marzari and Vanderbilt developed
an iterative procedure to refine these degrees of freedom [100]. This method minimizes the
second moment of the Wannier functions around their centers, leading to maximally localized

Wannier functions (MLWFs). The spread functional to be minimized is given by:

Q=3[ — ()2, (2.99)

where (r),, represents the Wannier center of the nth function.

The Marzari-Vanderbilt method was initially designed for isolated subgroups of bands-
those separated from all other bands by finite energy gaps throughout the Brillouin zone. A
common example is the set of valence bands in an insulator. However, in many cases, such as
for metallic systems, the bands of interest are not isolated.

For partially filled bands near the Fermi level, the relevant bands may mix with others that
extend further in energy. These are referred to as entangled bands. To address this issue, an
extension of the MV method, known as the disentanglement procedure, is used. This approach
identifies an optimal subspace within the entangled bands and applies the Wannier localization
procedure within this selected manifold.

In this thesis, the Wannier90 [101] code was employed to construct MLWFs for both iso-
lated and entangled band structures, allowing for accurate interpolation of electronic bands and

transport properties.
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Wannier functions w,g (r) labeled by Bravais lattice vectors R may be constructed as:

ey /B » Z U (K) [} e~ R, (2.100)

‘wnR

where U,,, (k) is a unitary matrix that mixes the bands at wavevector k. The Brillouin zone
integral can be interpreted as a unitary transformation. Different choices of U(k) generate
different Wannier functions, leading to different spatial spreads while always describing the
same manifold.

The Marzari-Vanderbilt procedure seeks to minimize the quadratic spreads of the Wannier
functions about their centers:

Q=3 ((r—r0)%0 = [(r)n = [ral?], (2.101)

n

where the expectation value is defined as
(O)n = On = (wao] Olwno). (2.102)

This spread functional can be decomposed into two non-negative contributions:

Q=0,+9Q, (2.103)
where
Qr =" {wno|r?lwo) = > [{wmr|rwno)?| | (2.104)
n mR
1= > [wnrlrlwa)]®. (2.105)
n mR#n0

It can be shown that {2; is gauge invariant, i.e., insensitive to changes in the matrices
U(K)mn [102]. Therefore, minimizing the spread functional for an isolated set of bands is

equivalent to minimizing Q.

2.14.1.1 Reciprocal-Space Formulation

As shown by Blount [ 103], matrix elements of the position operator between Wannier functions

may be expressed in reciprocal space as:

Vo a

(tnmrltmo) = 5 5 / R (111 Ve[t K, (2.106)
Voo

<wnR’T2’wm0> = _<2ﬂ_>3/€lkR<unk‘Vi‘Umk>dk, (2107)
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where 1,3 (1) = =T, (1) is the periodic part of the Bloch function.
To numerically evaluate these integrals, the Brillouin zone is discretized on a uniform
Monkhorst-Pack mesh [104]. The gradient and Laplacian operators can be approximated by

finite-difference formulas on the k-space mesh. If f(k) is a smooth function, then

Vief (k Z wpb [f(k +b) — f(k)], (2.108)

(f(k)|V Zwb f(k+b) — f(k)]?, (2.109)

where b are the displacement vectors connectlng k to its nearest neighbors and wy, are weight
factors.

The overlap matrix elements
an(ka b) = <umk‘un,k+b> (21 10)

allow us to express the two components of the spread functional:

N N
Zwb dor=> |an(k,b)12] : (2.111)

kp k,b m=1 n=1
~ 1
Q=—> wp [D (~ImIn My, (k,b) = b -T,)* + > |M,(k,b)]*| . (2.112)
Nkp k,b n m##n
Here, Ny, is the number of k-points, and the Wannier center is given by:
r, = ——Zwbblmlan(k b). (2.113)
Nigp kb

Using these expressions, the gradient of the spread functional with respect to infinitesimal
unitary rotations of 1, (r) can be computed. This enables an optimization of U,,,(k) via
steepest descent or conjugate-gradient minimization.

Furthermore, €} can be decomposed into diagonal and off-diagonal parts:

Q= Qp + Qop, (2.114)
where
= > lwarl|rfwno)|?, (2.115)
n RA0
Qop = > > Hwmr|r|wno)* (2.116)
m#n R

These formulations form the basis of the iterative Wannierization process implemented in

‘Wannier90.



CHAPTER 3
Reversible switching of anomalous valley hall effect

to quasi-half-valley metal state in 2D magnetic

MXenes: A case study of CroCSF

3.1 Introduction

Valley, the energy extreme of valence or conduction bands, in a two-dimensional (2D) lattice
can be used as a degree of freedom for the carriers in condensed matter materials [105, ].
Given the considerable separation in the momentum space, scattering between these valleys
can be effectively suppressed, allowing electrons or holes to be manipulated for a long period.
Therefore, the valley index is robust against the long-range impurity scattering [107, 34, ].
Among 2D materials, the transition metal dichalcogenides have acquired significant attention
due to their exceptional and tunable properties [109, , , , , , ]. To make
use of the valley index of these nonmagnetic materials as an information carrier, it is essential to
remove the energy degeneracy between inequivalent valleys by breaking the time-reversal sym-
metry, a process known as valley polarization [! 16]. Valley polarization involves selectively
populating carriers in specific valleys, offering a unique means of encoding and manipulating
information. This leads to applications in valleytronic devices, where the valley index can be
used to represent and process information, leading to advancements in low-power electronics,
quantum computing, and optoelectronic devices [|17, , , ]. To effectively exploit
these applications, materials exhibiting spontaneous valley polarization are highly sought after.
Subsequently, attempts have been made to extrinsically induce valley polarization by employ-
ing various approaches, such as optical pumping [!11, ], application of magnetic fields
[113], utilization of magnetic substrates [I14], and introduction of magnetic doping [I15].

Nevertheless, these methods are quite fragile and often come at the cost of altering the intrinsic

73
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energy band structures and crystal configurations [ 13, ].

Therefore, to conquer these challenges, it is urgent to seek materials showing anomalous
valley Hall (AVH) effect rooted in spontaneous valley polarization. Indeed, there has been an
exciting development in this field in the form of ferrovalley (FV) semiconductors, which break
both time-reversal and space-inversion symmetries. These FV materials exhibit this unique
characteristic, offering an unprecedented solution to the aforementioned challenges and hold
significant potential for advancements in valleytronics applications. However, such materials
are currently scarce and only a handful of potential systems have been suggested which include
2H-VSe, [122], 2H-FeCly [123], Nbslg [124], VSioNy [125], and GdI, [126]. Neverthe-
less, most of these existing systems suffer from in-plane magnetization [122, , ], which
substantially hinders the emergence of natural valley polarization. Therefore, there exists a
pressing need to explore new candidates that exhibit spontaneous valley polarization, particu-
larly those inherently characterized by robust out-of-plane magnetization.

MXenes, which are 2D transition metal carbon and nitrogen compounds, have gained much
attention following their successful experimental preparation [127, , ]. The general
formula of MXene can be written as M,,;1X,,T (n = 1 — 3), where M denotes a transition
metal; X denotes C or N; T denotes surface terminations like Cl, F, O, OH [130]. They have
been investigated in applications like nanocomposites and hybrid materials [131, ]. More
recently, they have been proposed in valleytronics and only a few systems have been studied for
their valley-dependent properties [133, ]. Ferromagnetic (FM) MXenes like Cr,C display
an adjustable magnetism upon symmetric or asymmetric surface functionalization along with
high Curie or Néel temperatures [135].

In this study, we have presented the discovery of various intrinsic valley-related Hall ef-
fects in 2D CryCSF MXene based on first-principles calculations. Our findings have revealed
that this material acts as a FM semiconductor, with band edges situated at the +K and —K
points. Notably, the material exhibits significant out-of-plane magnetization with a large mag-
netic anisotropy energy (MAE). This, combined with time-reversal symmetry breaking, results
in spontaneous valley polarization, as corroborated by SOC model Hamiltonian studies. We
find that this spontaneous valley polarization facilitates the anomalous valley Hall (AVH) ef-
fect, enabling effective charge carrier separation under in-plane electric fields and electron
doping. Moreover, uniaxial strain yields quasi-half valley metal (QHVM) phase in CryCSF

monolayer.
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3.2 Methodology

The calculations are performed at density functional theory (DFT) [63, 64] level with the pro-
jector augmented wave (PAW) [85, 86] method implemented in Vienna ab initio Simulation
Package (VASP) [136] code. The exchange-correlation interactions are treated by generalized
gradient approximation (GGA) in the form of the Perdew-Burke-Ernzerhof (PBE) functional
[80]. The cutoff energy of 520 eV is used for the plane wave basis set such that the total en-
ergy calculations are converged within 107° eV. The vacuum in z-direction is set to 30 A to
avoid artificial interactions caused by the periodic boundary conditions. The 11x11x1 k-grid
is used to sample the 2D Brillouin zone. All the structural parameters are fully optimized until
the Hellmann-Feynman forces are smaller than 1 meV/A. Considering the strong correction
effect for the localized 3d electrons of Cr atoms, the GGA+U method is employed [137]. This
is implemented using Dudarev et al.’s rotationally invariant approach where only the effective
U (Usy) based on the difference between the on-site Coulomb interaction parameter and ex-
change parameters is meaningful [138]. Following the previous works [139, 140], the U value
for Cr 3d orbitals is chosen as 3.5 eV. Hybrid functional Heyd-Scuseria Ernzerhof (HSE06)
is also used to confirm the results of GGA+U calculations [!41]. The dynamical stabilities
are calculated using density functional perturbation theory using PHONOPY code [!142] with
a 6x6x1 supercell. To calculate the Curie temperature, Monte Carlo (MC) simulations are
performed on a 16 x 16 2D honeycomb lattice with 10* steps for each temperature, using the
open-access software MCSOLVER based on the Wolff algorithm of the classical Heisenberg
model [143]. Berry curvatures are obtained from the maximally localized Wannier functions as

implemented in WANNIERO90 [101].

3.3 Results and Discussions

3.3.1 Structure and magnetism

Cr,CSX (X =F, O, H, Cl, Br, and I) can be surface engineered by functionalizing Cro,C MXene
in different ways. This results in four distinct types of structures as detailed in Fig. 5.6 [135].
Type 1I is the most energetically stable configuration among all Janus CroCSX MXenes [see
3.1]. We have taken CryCSF as a prototype for studying the valley properties because of its

higher value of spontaneous valley polarization and other promising characteristics which will
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be discussed in the subsequent sections. The energetic stability of Type II structure of CroCSF
has also been confirmed by HSEO6 functional calculations [see 3.2]. Each unit cell of CroCSF
contains one C, one S, one F, and two Cr atoms, which are stacked in the sequence of F-Cr-
C-Cr-S as shown in Fig. 5.1(a). It exhibits a hexagonal lattice structure characterized by the
P3m1 space group [Fig. 5.1(b)]. To probe the bonding nature of CroCSF MXene, we have
calculated the electron localization function within the plane encompassing F-Cr-C-Cr-S. Fig.
5.1(c) suggests an ionic bonding character for all the bonds as the electrons are predominantly

localized around the atoms.

O x=roHc,B,1 @c Os

Figure 3.1: Crystal structure of (a) Type I, (b) Type 11, (c) Type III, and (d) Type IV CroCSX (X =F, O,
H, CI, Br, I) MXene.



Chapter 3. Reversible switching of anomalous valley hall effect to quasi-half-valley
metal state in 2D magnetic MXenes: A case study of Cr,CSF 77

Table 3.1: Four types of functionalization adsorption sites on CroCSX MXenes. The most stable type

has been set up to zero for each MXene (in units of eV).

MXenes | Type I | Type II | Type III | Type IV
Cro,CSH | 0.83 0 0.63 0.19
CroCSF | 0.72 0 0.58 0.22
Cr,CSC1 | 0.53 0 0.14 0.05
CroCSBr | 0.37 0 0.02 0.06
CroCSI | 0.46 0 0.25 0.26
Cr,CSO | 1.13 0 0.87 0.05

Table 3.2: Energies of different types of configurations of CroCSF MXene using HSE06 functional. The

most stable type has been set up to zero (in units of eV).
MXene | CryCSF
Type I 1.31

Type 11 0

Type 11 1.61

Type IV 0.67

Afterward, the absence of negative frequencies in the phonon dispersion plot of CroCSF
confirms the dynamical stability [Fig. 5.2(a)]. The spin-polarized charge density for CroCSF
is illustrated in Fig. 5.2(b), depicting the spontaneous spin polarization. Further, to ascertain
the preferred magnetic ground state configuration of Cr,CSF MXene, we have analyzed the
FM and three antiferromagnetic (AFM) states [Fig. 5.7]. CryCSF prefers the FM coupling
over AFM couplings which is 643, 533, and 833 meV lower in energy compared to the AFM1,
AFM?2 and AFM3 couplings, respectively. The valence electronic configuration of the Cr atom
is 3d°4s!. According to local symmetry of the crystal field surrounding the Cr magnetic ions,
the five fold degenerate 3d orbitals split into three categories i.e., A'(d.2), £'(d,. + d,.) and
E"(dy2_,2 + dgy), as shown in Fig. 5.2(c) [I144]. Upon functionalization, both the Cr atoms
are coordinated to different atoms. Crg atoms (Cr atom bound to F atom) have the electronic
configuration of 3d*4s° while the electronic configuration of Crg atoms (Cr atom bound to S
atom) is 3d%4s°. As anticipated, the calculated magnetic moment per unit cell for Cr,CSF

is 5 up, where pp is Bohr magneton. Here, Crg and Crg atoms have the magnetic moment
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Figure 3.2: (a) Side and top views of CroCSF (Here c-direction represents out-of-plane direction, and
a-b plane represents in-plane direction). (b) Hexagonal 2D Brillouin zone. (c) Electron localization
function map of CroCSF, which is renormalized to values between O for charge depletion and 1 for

charge accumulation.

2.9 pup and 2.7 up, respectively. This preferred FM coupling in CroCSF is attributed to the
double-exchange mechanism [135]. This mechanism explains how magnetic interactions arise
between ions in different oxidation states, through the transfer of electrons between these ions.
In CryCSF, the presence of chromium ions in multiple oxidation states facilitates the double-
exchange process. Electrons hop between Cr ions with different valences, which enhances the
alignment of their magnetic moments. This electron transfer leads to a FM coupling, resulting

in a net macroscopic magnetic moment.

Furthermore, the MAE of Cr,CSF MXene has been calculated to determine its magneti-
zation easy axis. MAE is defined as the energy difference between the in-plane and the out-
of-plane magnetization: MAE = E,/, — E.. The negative/positive MAE means an easy axis
along the in-plane/out-of-plane direction. Due to Cs, point group symmetry, energy is degen-

erate for magnetization along arbitrary in-plane direction. Therefore, we have chosen in-plane
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Figure 3.3: (a) Phonon dispersion map of CraCSF. (b) Spin-polarized charge densities on CroCSF MX-

ene, where spin-up density is shown in yellow. (c) The predicted occupations of d orbitals of Crg and

Crg atoms.
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Figure 3.4: Crystal structure of (a) one FM and (b), (c¢), (d) three AFM states of CroC MXene.
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Table 3.3: Energies of different types of magnetic configurations of CroCSF MXene (1x2x 1 supercell)

using HSEOG functional. The most stable type has been set up to zero (in units of eV).

MXene | CryCSF
FM 0
AFM1 0.9
AFM2 1.55
AFM3 0.95
direction to be along x direction [145, ]. The MAE for monolayer CryCSF is calculated

to be 1.16 meV per unit cell, suggesting that its easy axis is along the out-of-plane direction.
This substantially high MAE value suggests that the out-of-plane magnetization is robust. This
stability is advantageous for establishing the long-range magnetic order, and is tantalizing for
realizing the spontaneous valley polarization. The observed value of MAE in our material ex-
ceeds that of Ni, Fe, and Co, which typically have MAE values of the order 1 peV per unit cell
[147] and is higher than that for VSioP, [148], CraSes [140], and CryS3 [149]. Evidently, in
materials suffering from in-plane magnetization, achieving out-of-plane magnetization through
external methods is challenging [150, , ]. However, in Cr,CSF no such external means
are required, making it more superior for practical applications. Moreover, Curie temperature
of CryCSF is estimated based on the Ising model using DFT-derived spin exchange parameters.
The spin Hamiltonian can be described as follows [135]:

H=0Y 88+ 3 8+ J3 3 5.5, 3.1)
(i) (k) (o)

where Jy, Jy, J3 are the exchange coupling constants for nearest ({4, j)), next-nearest ({7, k)),
and next-next-nearest ({7, [}) neighbors, respectively, and S; represents the spin variable at site
1. By mapping the DFT energies to the Hamiltonian, .J;, J5, and J3 can be calculated from the

following equations:

Eev = Ey — (3J1 + 6J5 + 3.J3) S,

(
Exemi = Eo — (—3J1 + 6J5 — 3J3) S,
Expvy = Eo — (J1 — 2J5 — 3.J3) 52,
Epxpvs = Eo — (—Jy — 2J5 + 3J3) S%. (3.2)

The Curie Temperature for CroCSF MXene is estimated using the Ising model with DFT-

derived spin exchange parameters. Figure 5.8 illustrates the dependence of specific heat ca-
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Table 3.4: Coupling constants J1, Jo and J3 (in units of meV) along with the Curie temperature (in K).
MXene | CroCSF
J1 29.16
J2 75
I3 43.05
T 896

pacity on temperature. The simulated T. is as high as 896 K, which is well above the room

temperature.

Specific Heat

896K
I

800 900 1000
Temperature (K)

1100

Figure 3.5: Dependence of specific heat capacity on the temperature.

3.3.2 Electronic properties

We have further turned to the electronic structure calculations of CroCSF MXene. Figure 5.3(a)
presents the band structure of CroCSFE. Because of the intrinsic spin-polarization, the spin-up
and spin-down channels split significantly. The bands near Fermi level are contributed by spin-
down states in the valence band and spin-up states in the conduction band. As the extrema
of conduction and valence bands arise from opposite spin channels, it is therefore called a
bipolar FM semiconductor [152]. CroCSF has an indirect band gap of 0.34 eV. The conduction
band minimum (CBm) is situated at +K and —K points, giving rise to a pair of energetically
equivalent valleys within the conduction band. In case of the valence band, although the valence
band maximum (VBM) is located at the I' point, local extrema at the +K and —K points are

also formed, providing the valence band with a pair of degenerate valleys. Both of these valley
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Figure 3.6: Band structure of CroCSF (a) without SOC, (b) with SOC for out-of-plane magnetization
(inset is showing the valley splitting in conduction band). (c) Orbital projected band structure for Cr

atom. (d) Band structure for in-plane magnetization with SOC.

pairs originate from the spin-up channels. When SOC is included, the valley at +K shifts
upwards and —K shifts downwards, producing a spontaneous valley polarization of 27.1 meV
in the conduction band (see Fig. 5.3(b)). However, in the valence band, the valley at +K
shifts downwards and —K shifts upwards, leading to a spontaneous valley polarization of 46.8
meV and giving a total valley polarization of 73.9 meV. Nevertheless, the valleys in valence
band lie far away from the Fermi level, rendering them not suitable for practical applications.
Therefore, we have solely focused on the pair of valleys in the conduction band. Alongside, we
have plotted the band structures for CroCSX (X= O, H, Cl, Br, and I) [see Fig. 3.7]. Cr,CSCl
and Cr,CSI show a small valley polarization of 19.8 meV and 0.8 meV, respectively, in the
conduction band, whereas no significant valley polarization has been observed for Cr,CSO,

Cr,CSI and Cr,CSH.
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Figure 3.7: Band structure of (a) Cr2CSH, (b) CraCSO, (c) CraCSCl, (d) CraCSBr, (e) CroCSI MXene

in presence of SOC.

3.3.3 SOC Hamiltonian model

The spontaneous valley polarization in the monolayer CroCSF arises from the interplay of
time-reversal symmetry breaking, inversion symmetry breaking, and strong SOC interaction.
In addition to above, the out-of-plane magnetic anisotropy is essential for spontaneous polar-
ization of valleys [140]. To gain a deeper understanding of the influence of magnetization

orientation on valley polarization, we have employed a simple model to describe the SOC term

as follows [153, 154]:

HYoo + Hioe = AL.S (3.3)

Here, HY, represents the interaction between identical spin states, while H{ represents the
interaction between opposite spin states. L and S represent the operators for orbital angular
momentum and spin angular momentum, respectively. Further, due to the FM spin splitting,
the valleys are predominantly contributed by either the spin-up or spin-down states. In Cr,CSF,
both the valleys of conduction band are contributed by spin-up states only and interactions
between opposite spin states have a negligible effect on the valleys. Therefore, we have focused

on same spin states and H} soc has been neglected. HY soc can be expressed as [154, 155]:

1

N N ~ 1.
Hoe = AS (Lz cos 6 + §L+e sing + 2

_e'®sin 9> (3.4)
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Here, the magnetization is out-of-plane, i.e., # = 0 (see Fig. 3.8). Therefore, the above equation

is simplified to:

*e.
‘e
.

.................

Figure 3.8: Visual representation of polar angles 6 and ¢.

Hioc = A\S./ L, (3.5)
To proceed further, we have seen in Fig. 5.3 (c¢) that the valleys in conduction band are predom-

inantly composed of d,. and d,. orbitals of the Cr atoms. Therefore, the basis wave vectors

have been chosen in the following form:

67) = ¢1§ (Idss) +i7]dye)) @ | 1) (3.6)

where c represents the conduction band and 7 = 1 corresponds to +K/—K valley. The energy

level at +K/—K can be denoted by following formula:

E:K/_K = <¢Z|Hgoc|¢z>
27— "0

= 5(<da}zv T |HSOC|d?JZ7 T>
(3.7)

- <dyzaT |f{goc|dacZ>T>)
1T A A
= 5A6(<de|LZ|dyz> - <dyZ|LZ|dmZ>)
where [ = <T |15..| T’T |15.| T>, L.|d,.) = i|d,.), and L.|d,.) = —i|d,.). Therefore, the valley

polarization in the conduction band of CroCSF is obtained through

AE,=E - EK
= Z)‘B<d:r:z|£z‘dyz> - Z)\6<dyz|f/z|dxz> (3.8)
Y

On the other hand, if magnetic orientation is in-plane, i.e., § = 5, We get:

~ ~ 14 . 1x .
A% = A3 (2/46“25 4 2Le“¢’) (3.9)
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In this case, AE, = 0, i.e., no spontaneous valley polarization. To show this, we have plotted
the band structure of Cr,CSF by taking the magnetization direction as in-plane and no valley
polarization has been observed in this case [see Fig. 5.3(d)]. Therefore, we can conclude
that SOC and out-of-plane magnetic orientation are necessary for achieving spontaneous valley
polarization. Additionally, the valleys of valence band are also discussed in section of VII SM.

Berry curvature has been an invaluable tool for examining the Hall effect. Particularly in
hexagonal systems where space inversion symmetry is broken, it has been observed that charge
carriers within the +K and —K valleys tend to acquire a non-zero Berry curvature. Conse-
quently, when time-reversal symmetry is also broken, an interesting characteristic emerges:
a contrasting feature between valleys becomes apparent. Therefore, to understand the valley-

related properties of CroCSF we have calculated the Berry curvature using Kubo formula [156]:

Q,(k) (A?)

-K +K I -9

Figure 3.9: (a) Berry curvature of CroCSF along the high symmetry path. (b) Contour diagram of

Berry curvature. (c) Schematic of AVH in CroCSF under the in-plane electric field and electron doping

showing the movement of electrons towards right edge of the sample.

n m#n
Here, f,, is the Fermi-Dirac distribution function, F,, represents the eigenvalue of the Bloch

state |)) and 0,/0, are the velocity operator components.
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The Berry curvature of monolayer CroCSF as a curve along the high-symmetry points, and
as a contour map over the 2D Brillouin zone is shown in Fig. 5.4(a) and (b), respectively. At the
high symmetry points +K and —K, the Berry curvature exhibits opposite signs, with absolute
magnitudes of —6.21 A? and 8.25 A% at +K and —K, respectively. Consequently, the integral
of Berry curvature around one valley differs from that around the other, leading to measurable
Hall conductivity, known as the AVH effect. The anomalous Hall effect in FV materials is
termed as AVH effect because an additional component of Hall conductivity is added which
occurs due to the spontaneous valley polarization. AVH can be observed in CroCSF under the
effect of an in-plane electric field. Under this field, the Bloch electrons will gain an anomalous
velocity, which is equal to the cross product of in-plane electric field and Berry curvature i.e.,
v~ ExQk) [157, 35, ]. Now, via electron doping the Fermi level can be shifted to an
energy position between —K valley and 4K valley. The spin-up electrons in —K valley will
start moving with anomalous velocity and get accumulated on the right side of the sample as

seen in schematic Fig. 5.4(c). Further, based on the formula [146]:

2 2
Iy
h Jez (2m)?

Oy = k) (3.11)
we have calculated the anomalous Hall conductivity (o). As illustrated in Fig. 3.10, when the
Fermi level is tuned between +/ and — K valleys in the conduction band, a valley-polarized
Hall conductivity emerges (highlighted by the shaded region), confirming the existence of AVH

effect.

G,y (S/cm)

4
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Figure 3.10: The anomalous Hall conductivity as a function of Ep
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Figure 3.11: (a) Band structure of CroCSF under uniaxial strain of 3.5% showing QHVM phase. (b)
Berry curvature of CraCSF along the high symmetry path. (c) Schematic of hole-electron charge carriers

separation on application of in-plane electric field.

3.3.4 Effect of strain

The effect of external strain has been well-known in modulation of electronic properties [109,

, , , , 162]. Consequently, we have applied uniaxial strain in y-direction to under-
stand the effect of strain on valley-related properties of CroCSF. On reducing the y-dimension
in CryCSF by 3.5%, an intriguing QHVM has been observed. In QHVM, the CBm and VBM
slightly touch the Fermi level such that both the electron and hole carriers coexist but only
one type of charge carriers are valley polarized. As seen in the electronic band structure in
Fig. 5.5(a), CBm touches the Fermi level at —K while VBM touches the Fermi level at M.
The Berry curvature along the 2D Brillouin zone only occurs around +K and —K valleys with
opposite signs and unequal magnitudes (—4.21 and 6.15 A2) as shown in Fig. 5.5(b). On appli-
cation of an in-plane electric field, the electronic carriers of —K valley turn towards one edge
of the sample, while the hole carriers of the M valley move in a straight line along the applied
electric field (see Fig. 5.5(c)). Therefore, we can detect the QHVM phase in strained Cr,CSF
by direct electric measurement, facilitating the practical valleytronic applications. The present

research provides a tantalizing candidate for realizing and manipulating valley and spin physics.
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3.4 Conclusion

To summarize, using first-principles calculations, we have studied the valley-dependent prop-
erties of CroCSX MXenes. Our results reveal that monolayer CroCSF is an indirect band gap
FM semiconductor exhibiting an intrinsic out-of-plane magnetization with a large MAE value
of 1.16 meV. This out-of-plane magnetization and time-reversal symmetry breaking leads to
spontaneous valley polarization of 27.1 meV in the conduction band. The underlying physics
of spontaneous valley polarization has also been discussed in detail based on the SOC Hamil-
tonian model. This spontaneous valley polarization causes observation of AVH effect under
an in-plane electric field and electron doping, leading to a separation of charge carriers. Ad-
ditionally, we have revealed that the valley-related switchable Hall effects can be effectively
engineered by the application of strain. On application of uniaxial strain of 3.5% in CryCSF,
QHVM has been observed. The hole and electron charge carriers are separated in the presence
of in-plane electric field. Existence of switchable Hall effects and presence of very high out-of

plane MAE in this material makes it promising for applications in valleytronics.



CHAPTER 4
Inducing Spin Splitting and Anomalous Valley Hall
Effect in A-Type AFM Fe,C(OH), through Electric

Field and Janus Engineering

4.1 Introduction

In two-dimensional (2D) materials, valleys represent the local energy extrema in the conduc-
tion and valence bands, serving as an additional degree of freedom alongside charge and spin
[105, 106]. Valleytronics is an emerging field that exploits this valley degree of freedom by ma-
nipulating the population of electrons in different valleys [107, 34, , 1, ]. The ability to
selectively populate one valley over another is known as valley polarization, and is essential for
using the valleys as information carriers. This polarization creates an imbalance between the
valleys, allowing for the development of low-power, high-speed information processing, and
logic devices [117, , , ]. For nonmagnetic materials, 2H-transition metal dichalco-
genides have attracted extensive attention as they have a pair of degenerate valleys at a large
intervalley distance [109, , , , , , ]. They show opposite spin splitting at
—K and +K valleys, which can be called spin-valley locking, but lack spontaneous valley polar-
ization hindering further extension of valleytronics. To manipulate valley polarization, various
external methods such as magnetic fields [!13], optical excitation, [, ] and magnetic
doping [!15] have been employed, but they bring many undesirable effects [1 13, ].

In most recent works, spontaneous valley polarization has been predicted in 2D hexagonal
ferromagnetic (FM) materials such as VSioP, [148], CraSey [140], CrySs [149], and CryCSF
[163]. Compared to these FM materials, the antiferromagnetic (AFM) materials provide an in-
triguing alternative for valleytronic applications [164, , ]. They possess zero magnetic

moments, are inherently robust to external magnetic perturbations, and possess ultrafast dy-
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namics, thus providing enormous potential for device applications. They have inherent valley
polarization but these antiferromagnets generally lack spontaneous spin splitting in the band
structures, which prevents some interesting physical phenomena [167]. AFM materials with
intrinsic spin splitting are particularly important, as they allow for the realization of anoma-
lous valley Hall effect (AVHE) without the need for external manipulation. However, in AFM
materials with combined P7 symmetry (where P represents spatial inversion symmetry and 7
is time-reversal symmetry), there is zero Berry curvature and no spin splitting, which hinders
the realization of AVHE [165]. This spin degeneracy can be lifted by the application of an
external electric field or by altering atomic arrangements, resulting in observable spin split-
ting in the electronic band structure [!68]. The atomic alteration can be achieved by placing
magnetic atoms with opposite spin polarizations in different environments. When these atoms
experience different surrounding atomic arrangements, the symmetry that protects spin degen-
eracy is broken. This mechanism is known as electric-potential-difference antiferromagnetism
(EPD-AFM) [169].

In this work, we have identified Fe;C(OH), as a promising A-type AFM valleytronic ma-
terial exhibiting high spontaneous valley polarization. FeoC(OH), lacks intrinsic spin splitting
in its band structure due to conservation of combined PT symmetry, resulting in zero Berry
curvature in the momentum space. This prevents AVHE, however, a valley layer-spin Hall
effect is observed. The spin splitting is induced through the application of an external out-of-
plane electric field. By combining with layer-locked Berry curvature, the layer-locked AVHE
can be achieved in monolayer FeoC(OH), under the external electric field. Additionally, Janus
Fe,C(OH)F is constructed to achieve EPD-AFM, which is a promising candidate material for
realizing AVHE. A high out-of-plane magnetic anisotropy energy (MAE) depicted by both
Fe,C(OH), and Fe,C(OH)F makes them desirable for valleytronic device application.

4.2 Methodology

The first-principles calculations based on the density functional theory (DFT) are carried out
[63, 64] using the Vienna ab initio Simulation Package (VASP) [136] with the projector aug-
mented wave (PAW) [85, 86] method. The generalized gradient approximation (GGA) is
used to describe the electron exchange-correlation interactions in the form of Perdew-Burke-

Ernzerhof (PBE) functional [80]. The cutoff energy for the plane wave basis is set to 520 eV.
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All the structures are optimized until the Hellmann-Feynman force on each ion is less than 1
meV/A, and the self-consistent convergence criterion of the electronic iteration is set to 102
eV. The vacuum space in z-direction is set to 30 A to avoid the interactions between the pe-
riodically adjacent layers. The 11x11x1 k-grid is used to sample the 2D Brillouin zone. To
account for the localized nature of Fe-3d orbitals, a Hubbard correction is used by the rota-
tionally invariant approach proposed by Dudarev et al. [138]. The linear response method
is used to determine the effective U (U.zs) values, and they are 5.3 and 5.5 for Fe,C(OH),
and Fe,C(OH)F, respectively [170]. In addition, hybrid functional Heyd-Scuseria Ernzerhof
(HSEOQ6) is also employed to confirm the results of GGA+U calculations [!41]. The spin-orbit
coupling (SOC) effect is considered in the calculations to address the relativistic effect, as im-
plemented in VASP by noncollinear calculations. The Berry curvatures are computed directly
from the calculated wave functions using Fukui’s method, as implemented in the VASPBERRY
code [171, ].

4.3 Results and Discussions

4.3.1 Crystal structure and magnetic ground state

Fe,C-based MXenes have been reported to exhibit high Curie/Néel temperatures and dynamic
stabilities [173]. We investigate the valley properties and band structures of Fe,C-based MX-
enes: Fe;C(OH),, FeoCF,, FeoCCly, FeoCO,, and FeoCS,. FeoC(OH), is explored as a proto-
type material in our study due to its promising valleytronic properties, which will be discussed
comprehensively in subsequent sections. The crystal structure of FeoC(OH),, along with the
corresponding 2D Brillouin zone, is shown in Fig. 4.1(a) and (b), respectively. FeoC(OH),
consists of seven atomic layers arranged in the sequence H-O-Fe-C-Fe-O-H, with the central
carbon layer sandwiched between two Fe-OH bilayers. This compound crystallizes in P3m1
space group (No. 164), exhibiting spatial inversion symmetry in the absence of magnetic or-
dering. The four possible magnetic configurations namely FM, AFM1, AFM2, and AFM3 are
considered as seen in Fig. 4.2. The blue and gray spheres represent spin-up and spin-down Fe
atoms, respectively. The magnetic ground state of Fe;C(OH), is determined by comparing the
energies of these magnetic configurations. Among these, AFM1 is identified as the A-type anti-
ferromagnetic state characterized by intralayer FM and interlayer AFM couplings. The energy

of AFM1 configuration is 800 meV, 700 meV, and 250 meV lower than the FM, AFM2, and



4.3. Results and Discussions 92

AFM3 configurations, respectively, confirming that Fe,C(OH), prefers A-type AFM ordering.
This has also been confirmed by using more accurate HSE06 functional (see Table 4.1). The
total magnetic moment per unit cell is 0.00 g (where pp is Bohr magneton), with the mag-
netic moments of the top and bottom Fe layers being +-3.91 pp and —3.91 up, respectively.
In this A-type AFM state, the spin configuration breaks the P and 7 symmetry. However, the
combined PT symmetry remains intact in FeoC(OH), as shown in Fig. 4.1(c). The T operation
reverses the spin direction of each Fe atom, followed by the P operation which swaps the top

and bottom Fe atoms, resulting in symmetry conservation.

Front-view Top-view

=

Out-of-plane direction

In-plane direction (x-y plane)

(b) A—R oﬁogoﬁ
6, 6. 9.

Figure 4.1: (a) Front and top views of FeoC(OH)2 (Here, z-y plane represents the in-plane direction and

the z-axis represents the out-of-plane direction). (b) Hexagonal 2D Brillouin zone. (c) A combination

of P and T symmetry showing combined PT symmetry.

4.3.2 Valley spitting and Berry curvature

The electronic band structures for FeoCFs, Fe,CCls, FeoCO,, and Feo,CS, are displayed in
Fig. 4.3 (also see Fig. 4.4 for band structure of Fe;CF; with SOC ) and that of Fe;C(OH), is
shown in Fig. 4.5(a). The energy band structure shows that Fe;C(OH), is an indirect band-
gap semiconductor with degenerate energy at +K and —K points in the conduction band.

The valleys are observed at +K and —K points, but no spin splitting is observed due to the
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Figure 4.2: Crystal structures of (a) FM, (b) AFM1, (c) AFM2, and (d) AFM3 magnetic configurations
for FeoC(OH), MXene.

Table 4.1: Energy of different magnetic configurations of FeoC(OH); MXene using HSE06 exchange

functional. The energy of most stable configuration has been set to zero (in units of meV).

Fe;,C(OH), MXene | HSE06
FM 100
AFM1 0
AFM2 620
AFM3 370

preservation of PT symmetry. As from P symmetry: F(k,T) = F(-k, 1), from T symmetry:
E(=k,1) = E(k,]), and combining these two leads to PT symmetry: E(k,T) = FE(k,).
This means that the spin-up and spin-down bands are degenerate at every k, and there is no
spin splitting in the band structure. When SOC is considered, as shown in Fig. 4.5(b), the
energy at —K valley becomes higher than that of +K valley. The opposite spin vectors of the

two sublattices in FeoC(OH), break the P and 7 symmetry giving rise to spontaneous valley



4.3. Results and Discussions 94

(@ ,

—_

O

=
[N}

N

—_—
—_

)
N
KO
(>
=2,
Q) )
S
— )

Energy (eV)
o

o \KMK/ r M(d)-zr QTR G daa
HO N
AN R

Figure 4.3: The electronic band structure of (a) FeoCF2 showing well defined valleys at +K and —K

points in the conduction band, (b) FeaCCls, (c) FeoCO», and (d) FeoCSo showing that there are no well

defined valleys at high symmetry points.
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Figure 4.4: The electronic band structure of FeoCFy, MXene with SOC showing valley polarization of

magnitude 100 meV.
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contribution of spin-down states only, with SOC (b) for out-of-plane magnetization (i.e. along the pos-
itive z-direction) showing valley polarization, (c) with opposite out-of-plane magnetization (along the

negative z-direction), and (d) for in-plane magnetization, showing absence of valley polarization.

polarization. A notable valley polarization is induced with a sizable valley splitting of 157
meV (AEq =F_g — FE, k). This magnitude of valley splitting is higher than many reported
magnetic valley materials [122, , , ]. Further, when the direction of magnetization
is reversed, the valley polarization gets switched with the energy at +K valley becoming higher
than that of —K valley with the same magnitude of valley splitting (see Fig. 4.5(c)). When
the magnetization direction is in-plane, no valley polarization is observed as shown in Fig.
4.5(d). Even with SOC included, the spin degeneracy is maintained for both in-plane and out-
of-plane magnetization directions. This indicates that FeoC(OH), exhibits robust valleytronic
behavior. Furthermore, the MAE, which determines the preferred magnetization direction, is
calculated using the equation: MAE = E,,, — E., where E,/, and £, denote the in-plane and

out-of-plane spin orientations, respectively. The MAE value is 174 peV/unit cell, confirming
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that FeoC(OH)2 has an out-of-plane easy magnetization axis. This out-of-plane magnetization
leads to spontaneous valley polarization, supporting the realization of valleytronic applications.

The SOC-induced valley polarization primarily arises from the intra-atomic interaction H docs
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Figure 4.6: The distribution of (a) total, (b) spin-up, and (c) spin-down Berry curvatures for FeoC(OH)s.
(d) A schematic of valley layer-spin Hall effect under the application of a longitudinal in-plane electric
field and appropriate electron doping. The left and right planes represent the top and bottom Fe layers,

respectively.

which affects the states with the same spin orientation and is given by: [153, ].

~ ~ ~ 1 - . 1 - .
Hgoe = AS. (Lz cos 0 + §L+€_Z¢ sin 0 + §L_ez¢ sin 0> 4.1)

Here, the magnetization is out-of-plane, i.e., § = 0 (see Fig. 4.7(a). Therefore, the above

equation is simplified to:

To proceed further, we have observed that the conduction band valleys are primarily composed
of d,2_,2 and d,, orbitals of the Fe atoms (see Fig. 4.7(b)). Therefore, the basis wave vectors

are chosen in the following form:

1
100) = 75 (Ido2—y2) +i7|duy)) (4.3)
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Figure 4.7: (a) Representation of polar angles. (b) Orbital projected band structure of FeaC(OH)2 in the

presence of SOC.

where c represents the conduction band and 7 = 1 corresponds to +K/—K valley. The energy

level at +K/—K can be denoted by following formula:

EZFK/_K - <¢Z|ﬁgoc|¢g>

1T

= 5(<dw2—y2 |[A{SOOC |d:vy>

- <dxy |ﬁgoc |dm2—y2>)

1T A A
= EA((dx2_yz\Lz|dzy> — <dxy|Lz|dx2_y2>)

(4.4)

where L.|dy2_y2) = 2ilda,), L.lds,) = =2ild2_,2) and o = (1]3.] |1 [S] 1). The valley

polarization in the conduction band is obtained through

AE,.=E - EX
= ida(dy2_ 2| La|day) — iMduy| L] dya_y2) (4.5)

=4\«

When the magnetocrystalline direction is along an out-of-plane, the valley splitting of

Fe,C(OH), will be 4 \av.

On the other hand, if magnetic orientation is in-plane, i.e., § = g, we get:

~ ~ 1A ) 1~ .
A% = A3 <2L+e_’¢ 4 2L_e“¢>) 4.6)

In this case, AE. =0, i.e., no spontaneous valley polarization (Fig. 4.5(d)).
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Figure 4.8: For FeoC(OH)s, (a) the energy difference between FM/AFM2/AFM3 and AFM1 magnetic

orderings as a function of electric field, and (b) the variation of MAE as a function of electric field.

4.3.3 Spin spitting caused by electric field

The distribution of total Berry curvature for Fe;C(OH), is shown in Fig. 4.6(a). Due to the
conserved PT symmetry, the total Berry curvature is zero throughout the momentum space.
Therefore, Fe;C(OH), cannot show AVHE but it can show valley layer-spin Hall effect. Figure
4.6(b) and (c) show the Berry curvatures of spin-up and spin-down channels. The Berry cur-
vatures show opposite signs for different valleys of the same spin channel and the same valley
of different spin channels, producing a layer-locked hidden Berry curvature. This Berry curva-
ture arises because each layer unit (C-Fe-OH) breaks the local PT symmetry. When the Fermi

level is shifted between the +K and —K valleys in the conduction band via electron doping, the
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spin-up and spin-down electrons from +K valley will accumulate along the opposite sides of
the specimen under the effect of an in-plane electric field. Under this field, the Bloch electrons
will gain an anomalous velocity, equal to the cross product of in-plane electric field and Berry
curvature i.e., v ~ E x Q(k) [157, 35, ]. This results in the valley layer-spin Hall effect
(Fig. 4.6(d)).
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Figure 4.9: For FeoC(OH)s2, the spin-resolved electronic band structure at representative electric field: E
=0.10 V/A (a) in absence of SOC showing spin splitting, and (b) in presence of SOC, showing spin split
bands along with valley polarization. (c) The magnitude of valley splitting (V.), and spin splitting (S i

and S_ g at +K and —K valleys, respectively) in the conduction band as a function of electric field.

Further, an out-of-plane electric field is employed to break the PT symmetry [164]. This
removal subsequently leads to the lifting of spin degeneracy in the band structure. A layer-
dependent electrostatic potential induced by the out-of-plane electric field results in the spin
splitting effect. An out-of-plane electric field ranging from 0.00 to 0.10 V/A is applied. Firstly,
we have determined the magnetic ground state by calculating the energy of FM, AFM1, AFM2,
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Figure 4.10: Band structure of FeoC(OH)2 under an electric field (a) E = 0.02 VIA, (c) E=0.04 VIA,
(e) E=0.06 V/A, (g) E=0.08 V/A in the absence of SOC, and (b), (d) (e), and (h) at corresponding

electric fields in the presence of SOC.
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Figure 4.11: Reversal of the spin order of spin splitting on reversing the direction of electric field.

and AFM3 configurations under the applied range of electric field. As shown in Fig. 4.8(a),
AFM1 state remains the preferred magnetic ground state at all the electric fields and the energy
does not vary much over this range. Subsequently, we have calculated the MAE vs. electric
field and concluded that the MAE consistently favors the out-of-plane direction and shows
minimal variation under the applied electric field (Fig. 4.8(b)). The electronic band structures,
without and with SOC are computed for various electric field values (0.02, 0.04, 0.06, 0.08
V/A) as shown in Fig. 4.10. Figure 4.9(a) shows the energy band structure at a representative

electric field 0.10 V/A without including SOC. It is evident from the plots that spin splitting
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begins to occur upon the application of electric field. When an electric field of 0.02 V/A is
applied a spin splitting of magnitude of 45 meV is observed. Theoretically, the magnitude of
spin splitting o< eEd, where E is the applied electric field and d is the separation over which
the potential difference acts [164]. For Fe;C(OH)q, d = 2.55 A, and the calculated splitting
is 51 meV, which is close to our first-principles value. At a representative value of E = 0.10
V/A the spin splitting of magnitude 200 meV is observed as shown in Fig. 4.9(a). When
SOC is applied, the valley polarization appears along with the spin splitting as shown in Fig.
4.9(b). As seen from Fig. 4.9 (c), the magnitude of valley polarization is least impacted by
the magnitude of electric field. Although the magnitude of spin splitting as expected varies
linearly with the electric field. Moreover, the spin splitting has the same value at +K and —K
valleys. The coexistence of valley polarization and spin splitting is needed for the realization
of AVHE. When the direction of electric field is reversed from +E to —E, the layer-dependent
electrostatic potential is also reversed, reversing the spin order of spin splitting (see Fig. 4.11).
However, the size of spin splitting and valley polarization remain unchanged. This happens due
to the relationship between two Fe layers, which possess opposite magnetic moments and are
connected by a glide mirror symmetry G,.

Further, the distribution of Berry curvatures for up, and down spins under the electric field
of magnitude 0.10 V/A are plotted in Fig. 4.12(a) and (b). It is seen that the Berry curvature
is opposite at +K and —K points. Upon shifting the Fermi level between +K and —K valley
of the conduction band and application of an in-plane electric field, the spin-up electrons in
the conduction band at +K move under the action of an anomalous velocity. The electrons get
concentrated at the top edge of the sample as illustrated in Fig. 4.12(c). This leads to a layer-
locked AVHE. When the direction of electric field is reversed, the valleys in the conduction
band are formed of spin-down electrons. Under the action of negative Berry curvature and an
in-plane electric field, the spin-down electrons at +K move to the lower edge of the sample.
This accumulation of spin-polarized electrons produces a net spin current, and a voltage is

generated.

4.3.4 Spin spitting caused by Janus structure

The two Fe atoms in Fe;C(OH), have the same surrounding atomic environment of C and OH,
which gives rise to degeneration of electron spin. To break this degeneracy, a Janus mono-

layer can be constructed by replacing the OH layer with the F element, forming FeoC(OH)F.
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Figure 4.12: The distribution of (a) spin-up, and (b) spin-down Berry curvatures for FeoC(OH)2 under
an electric field of 0.10 V/A. (c), (d) The in-plane electric field and electron doping produce layer-locked

AVHE. The top and bottom planes represent the top and bottom Fe layers, respectively.

The front and top views of Fe;C(OH)F are shown in Fig. 4.13(a). The structure consists of
six atomic layers arranged in the sequence H-O-Fe-C-Fe-F, where each Fe atom now experi-
ences a different surrounding atomic environment. The difference in electronegativity of OH
and F induces an intrinsic polar electric field along the z-direction, enabling the realization of
EPD-AFM. The energy of FM and three AFM configurations (AFM1, AFM2 and AFM3) is
calculated to determine the magnetic ground state of Feo,C(OH)F. The AFM1 ordering is found
to be the magnetic ground state with energies 1.02 eV, 232 meV, and 713 meV less than FM,
AFM2, and AFM3 configurations, respectively. The total magnetic moment of FeoC(OH)F per
unit cell is 0.00 p p, with individual magnetic moments of 3.90 xp and —3.85 pp for the top and
bottom Fe layers, respectively. To confirm the spontaneous valley polarization of Fe;C(OH)F,
the MAE is calculated, and the predicted value is 169 peV/unit cell, which means that the easy
magnetization axis is out-of-plane. As seen in Fig. 4.13(b), due to the broken PT symmetry,

the spin splitting of magnitude 152 meV is observed in the energy band structure. When SOC
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Figure 4.13: (a) The top and (b) side views of the crystal structure of Janus monolayer FeoC(OH)F.
The energy band structure (c) without SOC with red (blue) circles (squares) representing the spin-up

(spin-down) states, and (d) with SOC for magnetization direction along the positive z-direction.
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Figure 4.14: The distribution of (a) spin-up, and (b) spin-down Berry curvatures for FeoC(OH)F.

is included with the magnetization direction along positive z-direction, the spontaneous valley
polarization of magnitude 148 meV appears (Fig. 4.13(c)). The Berry curvatures for up and
down spins are calculated as seen in Fig. 4.14. The Berry curvatures are peaked at +K and —K
valleys. It is seen that the Berry curvatures are opposite for +K and —K valleys. Moreover,
the Berry curvatures at the same valley are also opposite for different spin channels. AVHE

can be observed in FeoC(OH)F under the effect of an in-plane electric field. By shifting the



4.4. Conclusion 104

Fermi level between the +K and —K valleys in the conduction band, the spin-down carriers
from the +K valley will accumulate along the bottom boundary of the sample, resulting in the

layer-locked AVHE.

4.4 Conclusion

To summarize, using first-principles calculations, we have studied the valley-dependent prop-
erties of Feo,C(OH)s. It is an A-type AFM monolayer with a large spontaneous valley polariza-
tion of 157 meV in the conduction band. The combined PT symmetry in Fe;C(OH), ensures
spin degeneracy, resulting in zero Berry curvature in the momentum space, and consequently
suppressing the AVHE. However, a nonzero layer-locked hidden Berry curvature emerges in
real space, leading to the observation of valley layer-spin Hall effect. Further, by applying
an out-of-plane electric field, a layer-dependent electrostatic potential is introduced, inducing
spin splitting and enabling a layer-locked AVHE in Fe,C(OH),. Notably, the order of spin
splitting can be reversed by changing the direction of the applied electric field. Furthermore,
AVHE can be intrinsically realized in Janus Fe,C(OH)F without the need for an external electric
field, owing to its built-in electric potential. These findings demonstrate that AFM monolay-
ers FeoC(OH), and Fe,C(OH)F, possess exceptional properties for achieving AVHE, offering

significant potential for spintronic and valleytronic applications.



CHAPTER 5
Unlocking reversible and nonvolatile anomalous
valley Hall control through multiferroic van der Waals

heterostructures

5.1 Introduction

The quest for novel quantum degrees of freedom and robust control mechanisms is driving
the development of next-generation nanoelectronic devices. Among these, the valley degree
of freedom, an energy extremum in the band dispersion of two-dimensional (2D) materials,
has emerged as a promising information carrier. These binary valley states, found in energy-
degenerate but inequivalent valleys at the Brillouin zone corners, form the foundation for val-
leytronic devices aimed at information storage and logical operations [34, , , ].
Pioneering studies on 2D graphene and transition metal disulfides have revealed intriguing
phenomena. These include the valley Hall effect and valley-dependent optical selection rules,
paving the way for theoretical predictions and experimental realizations of applications such as
valley spin valves and filters [178, , , ].

However, the widespread application of valley signals and the advancement of valleytron-
ics for binary information encoding are often hindered by valley degeneracy. Various strategies
have been proposed to overcome this by breaking time-reversal symmetry, including exter-
nal electromagnetic fields, optical pumping, magnetic doping, or magnetic proximity effects
[182, , , , , ]. Unfortunately, many of these methods are either volatile,
difficult to control, introduce undesirable impurity scattering, or yield only minuscule valley
splitting, making them impractical for real-world applications [183, 187]. Crucially, achieving
significant valley splitting through external means or magnetic substrates often presents experi-

mental challenges. Thus, the central challenge for practical valleytronic devices lies in develop-

105
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ing tunable and nonvolatile valley splitting. To address this, the search for materials exhibiting
intrinsic valley splitting is paramount. Inspired by the magnetic proximity effect, the coupled
interplay of an intrinsic magnetic exchange field with spin-orbit coupling (SOC) is a highly
desirable route to achieve nonvolatile intrinsic valley splitting. The breaking of both spatial in-
version and time-reversal asymmetries in such systems leads to a nonzero valley magnetic mo-
ment and Berry curvature with unequal magnitudes and opposite signs, resulting in discernible
valley splitting. Consequently, when a transverse voltage is applied, Bloch electrons acquire
anomalous velocities, generating the anomalous valley Hall (AVH) effect. The coexistence of
intrinsic magnetic exchange fields and SOC in ferromagnetic semiconductors makes them a
focal point for research into nonvolatile valley splitting and the AVH effect. While explorations
have spanned various 2D materials, including graphene, transition metal disulfides, and intrin-
sic ferrovalley materials like FeCly, Gdl; and NdX, [188, , ]. Recent advancements
have focused on heterostructures, such as electrical tuning of the AVH effect in antiferrovalley
bilayer VSe,, ferroelectric switching in inversion-symmetric bilayer T-FeCl, structures [191],
stacking-dependent AVH behavior in MnPSe3/Sc,COy [174], and multiferroic systems like
CrOX/InsSes [192], AgBiP>S4/CrBrs [193] and WSey/VSe, [194]. Despite these advances,
achieving reversible and nonvolatile control over valley and spin degrees of freedom in a uni-
fied material platform remains a significant challenge. In this work, we propose a concrete
realization of such control using multiferroic van der Waals heterostructures. Specifically, we
demonstrate through first-principles calculations that a heterostructure composed of ferromag-
netic monolayer VSSe stacked on a ferroelectric monolayer Al,S3 enables precise, reversible
modulation of the AVH response. By switching the ferroelectric polarization direction in AlySs
via a transient electric field, the intrinsic valley polarization in VSSe can be flipped between
the valence and conduction bands. This switch leads to an inversion of the AVH Hall voltage
sign, providing a platform for electrically controllable, nonvolatile valleytronic functionalities.
Our findings present a viable pathway toward practical and energy-efficient valley-based elec-

tronics.

5.2 Methodology

The calculations are performed at density functional theory (DFT) [63, 64] level with the pro-

jector augmented wave (PAW) [85, 86] method implemented in Vienna ab initio Simulation
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Package (VASP) [136] code. The exchange-correlation interactions are treated by generalized
gradient approximation (GGA) in the form of the Perdew-Burke-Ernzerhof (PBE) functional
[80]. The cutoff energy of 520 eV is used for the plane wave basis set such that the total energy
calculations are converged within 107° eV. The vacuum in z-direction is set to 30 A to avoid
artificial interactions caused by the periodic boundary conditions. The 11x11x1 k-grid is used
to sample the 2D Brillouin zone. All the structural parameters are fully optimized until the
Hellmann-Feynman forces are smaller than 1 meV/A. A dipole correction [195] was consid-
ered. The interlayer van der Waals interaction was described by the DFT-D2 [196] method.
Hybrid functional Heyd-Scuseria Ernzerhof (HSE06) employed to obtain accurate band struc-
tures [141]. The Berry curvatures are computed directly from the calculated wave functions

using Fukui’s method, as implemented in the VASPBERRY code [171, ].

5.3 Results and Discussions

5.3.1 Crystal structure and magnetic ground state

The advent of Janus materials, has opened new avenues in materials science due to their unique
properties arising from broken out-of-plane mirror symmetry. The successful experimental syn-
thesis of Janus MoSSe via modified chemical vapor deposition (CVD) methods has validated
their practical realization [197, 198]. This exciting progress, particularly the experimental syn-
thesis of 2D ferrovalley materials like the 2H-VSe, monolayer, paves the way for a new class
of Janus structures with intrinsic ferromagnetic semiconductor properties [199]. Notably, the
Janus 2H-VSSe monolayer was first predicted by Zhang et al., who thoroughly investigated its
piezoelectricity, ferroelasticity, and valley polarization [200]. Given the success with similar
materials, it is highly anticipated that ordered Janus 2H-V SSe can also be grown using modified
CVD techniques. This prospect underscores the significance of gaining deeper insights into the
intrinsic physical properties of the Janus 2H-VSSe monolayer. Our investigations reveal that
VSSe is a ferromagnetic semiconductor exhibiting strong SOC. The loss of mirror symmetry
in VSSe enables bidirectional modulation of the band gap simply by altering the direction of
an applied electric field. With the simultaneous breaking of time-reversal, inversion, and mir-
ror symmetries, VSSe promises enhanced tunability under external fields, making it an ideal
candidate for exploring advanced valley control mechanisms [146, ].

The crystal structure and electronic band structure of VSSe is shown in Fig. 5.1(a) and
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Figure 5.1: (a) Crystal structures of monolayer VSSe. (b) Band structures of monolayer VSSe without

SOC. (c) Band structures of monolayer VSSe with SOC. The Fermi level is set to zero.

(b), repectively. As depicted in its band structure Fig. 5.1(c), the coexistence of SOC and
inherent exchange interaction in monolayer VSSe lifts the energy degeneracy between these
two valleys, leading to valley polarization. When an external in-plane electric field is applied,
Bloch electrons from either the +K and — K valley acquire transverse velocities. This occurs
under the influence of an effective magnetic field generated by the Berry curvature in that
respective valley, which in turn gives rise to the AVH effect. While the valley polarization in
monolayer VSSe can be tuned by an external magnetic field, thereby controlling the sign of
the AVH effect. However the magnetic approach is generally energy-intensive. Therefore, an
alternative, reversible, and nonvolatile electrical method for manipulating valley polarization is

highly desirable.

To achieve this electrical control, 2D ferroelectric materials emerge as ideal candidates.
These materials possess two stable, electrically switchable polarized states that are nonvolatile,
meaning the chosen polarization direction persists even after the external electrical stimulus
is removed. For this we chose two-dimensional (2D) Al;S5 as a ferroelectric substrate. This
material’s crystal structure, with its distinct polarization states, is detailed in Fig. 5.2(a) and
(b). The stable 2D Al,S3; monolayer features a quintuple-layer structure, specifically S-Al-S-
Al-S, characterized by the P3m1 space group. Our calculated lattice parameter of 3.59 A aligns
well with previous findings [202]. The material’s ferroelectricity stems from the asymmetric
displacement of atoms in its central sulfur layer, enabling reversible spontaneous electric po-

larization in out-of-plane orientations. We denote these ferroelectric polarization states as P,
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Figure 5.2: (a), (b) Crystal structures of monolayer Al>S3 from side views with different ferroelectric
polarization. (c) Band structures of monolayer AlsS3 without SOC. (d) Band structures of monolayer

AlsS3 with SOC. The Fermi level is set to zero.

and Py, corresponding to the middle sulfur atom’s vertical alignment with the upper and lower
aluminum layers, respectively. Al,S3 is part of the well-established In,Ses family of ferro-
electrics, which are known to exhibit room-temperature ferroelectric properties experimentally
[203, ]. Our analysis of the band structure for 2D Al;S3 as shown in Fig. 5.2(a) confirms
its semiconductor nature with an indirect band gap of 2.97 eV. Here, the valence band maxi-
mum (VBM) is situated along the K-I' line of the Brillouin zone, while the conduction band
minimum (CBM) is at the I" point. While we also considered the impact of SOC, it introduced
only minor modifications to the overall band structure as shown in Fig. 5.2(c) and (d).

Placing a ferrovalley VSSe monolayer on a ferroelectric substrate allows for electrically
controlled modulation of both valley polarization and the AVH effect. Our design principle,
visually represented in Fig. 5.3, demonstrates that reversing the ferroelectric substrate’s po-
larization can switch the VSSe valley polarization from the VBM to the CBM. This transition
can even submerge the VBM or CBM valley into trivial bands, a distinct feature not achiev-
able through doping. Crucially, this ferroelectric substrate provides reversible and nonvolatile
tuning of the AVH effect’s sign, a capability doping alone cannot match.

To engineer the VSSe/Al,S; multiferroic heterostructure, we aligned the unit cells of 2D

Al;S; and 2D VSe,y. The minimal lattice mismatch of 3.6% between these materials suggests
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Figure 5.4: Crystal structures of different stacking configurations of the VSSe/AlsS3 heterostructures

with (a), (c), (e), (g), (1), (k) Py, and (b), (d), (1), (h), (j), (1) Pg, polarization.

that experimental fabrication of this heterostructure should be readily achievable. We investi-
gated six potential stacking configurations for both polarization states (P, and Py,) each, as
shown in Fig. 5.4. Our calculations of the relative energies for these various structures (Table
5.1) indicate that the type-I configuration is energetically the most stable for both polarization
directions. Susequently, we have calculated the energies of type-I configuration in different
magnetic states namely FM, AFM1, AFM2, and AFM3. The up and down arrows represent
spin-up and spin-down Vanadium atoms, respectively as shown in Fig. 5.5. Crucially, the fer-
romagnetic (FM) ground state of VSSe is preserved within this multiferroic heterostructure,
as confirmed by the energies of various magnetic configurations listed in Table 5.2. All the

energies has been calculated using HSEO6 functional.
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Table 5.1: Energy of different stacking configurations of VSSe/AlsS3 heterostructure in units of eV.

Configuration-VSSe/Al,S3 | P, Py,
I 0 0
II 0.250 | 0.232
I 0.255 | 0.234
v 0.342 | 0.333
\Y% 0.345 | 0.334
VI 0.344 | 0.330
Fuo FM Fan AFM1
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Figure 5.5: Structure of (a-d) type-I P, and (e-h) type-I Py, with FM and AFM configurations.

Table 5.2: Energy of different magnetic configurations of VSSe/Al>S3 heterostructure in units of eV.

Type-1 VSSe/ALS; | Pup | Pun
FM 0 0
AFMI 0.475 | 0.328
AFM2 0.475 | 0.327
AFM3 0.474 | 0.327

5.3.2 Valley spitting and Berry curvature

Further, the electronic band structures for type-I P, is displayed in Fig. 5.6(a). The energy

band structure shows an indirect band-gap semiconductor with 0.29 eV band gap. Here, the
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VBM is located at the I' point, while the CBM resides at the +K/—K point. This arrange-
ment creates a typical staggered-gap (Type-1I) band alignment, where the VBM is primarily
contributed by Al,S3 and the CBM by the spin-up channel of VSSe. Moreover, both the con-
duction and valence bands have degenerate valleys at +K and —K points. The valleys of the

valence band are submerged within the trivial bands of ferroelectric substrate.
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Figure 5.6: Band structures of (a) type-I P,;, and (c) type-I Py, configurations without SOC. Band
structures of (b) type-I P, and (d) type-I Py, configurations with SOC. White arrows show the FE

polarization direction. The Fermi level is set to zero.

In contrast, the type-I Py, configuration undergoes a significant transformation in its band
structure. Its indirect band gap expands to 0.88 eV, notably wider than that of the type-I P,
state. As depicted in Fig. 5.6(c), the VBM shifts to the +K/—K point, while the CBM moves to
the M point. Although the Type-II band alignment is maintained, the dominant contributions to
the band edges are effectively inverted compared to the type-I P, configuration. Specifically,
the VBM is now primarily governed by the spin-up channel of VSSe, with the CBM being
dominated by Al,S3. Crucially, unlike the type-I P, case, the valleys within the VBM remain
well-preserved at the +K and —K points, whereas the valleys in the lowest conduction band

become submerged.
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When we include the SOC effect, as illustrated in Fig. 5.6(b) and (d), valleys become non-
degenerate, resulting in spontaneous valley polarization. We calculated the spontaneous valley
polarization for type-1 P, case in the CBM to be AE, =35 meV, and for type-I P4, in the VBM,
to be AE, =77 meV, which is a substantial. These values significantly surpass those found in
some experimentally demonstrated magnetic proximity systems (0.3-1.0 meV) [205] and exist-
ing ferrovalley materials [140]. Such robust polarization can effectively resist the annihilation
of valley polarization caused by kinetic energy near room temperature (25 meV). It is important
to note that in the type-I P, heterostructure, the VSSe valleys in the VBM become submerged
in the trivial bands of Al,S3, which limit their potential utilization. Conversely, for the type-I
Pg, configuration, the VSSe valleys in the CBM are similarly submerged. Consequently, the
effective response driven by valley polarization switches from the CBM to the VBM simply by
flipping the ferroelectric polarization. This transition is accompanied by a fundamental change
in valley physics and the AVH effect. This means the AVH effect becomes highly control-
lable by reversing the electric polarization of Al;S3, which greatly benefits the development of
reversible and nonvolatile controllable valleytronic devices. This approach stands apart from
heterostructures like VSes/ScoCO- [206], where ferroelectricity primarily enables only an on-
off switching of the AVH effect. Furthermore, a detailed examination of the spin-polarized
electronic band structures, presented in Fig. 5.7(a) and (b), reveals distinct spin contributions
for both type-I P, and type-I Py, configurations. These plots indicate that in the type-I P, con-
figuration, valleys near the Fermi level in conduction band are primarily contributed by spin-up
electrons of Vanadium. Conversely, in type-I Py, configuration, the dominant contribution near

the Fermi level in valence band comes from spin-up holes of Vanadium. Furthermore, Berry
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Figure 5.7: Spin projected band structures of (a) type-1 P,;, and (c) type-I Py, configurations without

SOC. Red and blue symbols show spin-up and spin-down charge carriers, respectively.
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curvature has been an invaluable tool for examining the Hall effect. Particularly in systems
where space inversion symmetry is broken, it has been observed that charge carriers within the
+K and —K valleys tend to acquire a non-zero Berry curvature. Consequently, when time-
reversal symmetry is also broken, an interesting characteristic emerges: a contrasting feature
between valleys becomes apparent. Therefore, to understand the valley-related properties of
heterostructure we have calculated the Berry curvature using Kubo formula [156]:

Q)= -y 3 f, 2 |(U g'ﬁ%%?klvyw”w (5.1)

n men
Here, f, is the Fermi-Dirac distribution function, F,, represents the eigenvalue of the Bloch
state |¢,x) and 0,/0, are the velocity operator components. As depicted in Fig. 5.8(a) and (b),
the Berry curvatures around the +/ and — K valleys exhibit distinct absolute values and oppo-
site signs, a clear indication of a robust valley-contrasting feature. A key finding is the ability to
switch the valley polarization from the CBM to the VBM simply by reversing the ferroelectric
polarization of the Al;S3 substrate. This phenomenon occurs because the time-reversal opera-
tor, which transforms the orbital part of the Bloch function to its complex conjugate and flips
the spin, causes the VBM and CBM at both the 4+ K and — K points to display Berry curvatures
with opposing signs. Consequently, we observe a complete reversal of the Berry curvature
signs in response to ferroelectric polarization switching.

Since, the anomalous Hall conductivity is directly proportional to the integral of the Berry
curvature over the Brillouin zone, the net Hall currents generated in the type-1,, and type-14,
states are clearly distinguishable. The ability to switch valley physics between the conduction
and valence bands via ferroelectricity allows for an on-off control in both electron-doped and
hole-doped scenarios. This demonstrates that the anomalous valley Hall effect is significantly

realized and effectively controlled through ferroelectric switching.

5.3.3 Valleytronic memory device

These findings highlight the promising potential of the VSSe/Al;S3 heterostructure for de-
signing valleytronic memory devices. We have developed a prototype device based on this
heterostructure, depicted in Fig. 5.8(c) and (d). In this prototype, the electric polarization in
the Al,S3 is toggled by a vertical external voltage. When the ferroelectric substrate’s polariza-
tion is in the P,, configuration (Fig. 5.8(c)), spin-up electrons accumulate on the up side of

the VSSe monolayer due to valley polarization at the CBM, yielding a measurable transverse
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Figure 5.8: Contour maps of the Berry curvatures across the 2D Brillouin zone for the (a) type-1 P, and
(b) type-1 Py, configurations. (c) Schematic of the AVH effect and memory device in (c) type-1 P, and

(d) type-I Py, configurations.

Hall voltage. We define this as the "0" state of the device. Conversely, when the ferroelec-
tric substrate’s polarization direction is reversed to Py, (Fig. 5.8(d)), spin-up holes become
the majority carriers, resulting in a different transverse Hall voltage signal strength, which we
identify as the "1" state. This design allows for a damage-free data reading process by simply
checking the differences in the ferroelectric coupling-induced Hall voltage signal strength, ef-
fectively avoiding the destructive effects often associated with directly sensing polarized states

in memory devices.

5.4 Conclusion

We have theoretically developed a design principle for achieving reversible and nonvolatile
control of the AVH effect. Our first-principles calculations confirm that stacking ferrovalley
VSSe on a ferroelectric Al,S3 monolayer allows for effective tuning of the AVH effect. We
can electrically control the VSSe valley polarization, switching it from the VBM to the CBM
by simply reversing the electric polarization of ferroelectric substrate. The electrical control
offers a highly desirable, energy-efficient alternative to the more intensive magnetic methods

typically used for controlling valley polarization. Critically, the sign of transverse Hall voltage
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is directly controlled by the ferroelectric polarization. This ferroelectric-driven and tunable
AVH effect in such a multiferroic heterostructure presents a promising avenue for all-electric

data memory devices.



CHAPTER 6

Exploring strong and weak topological states on

1sostructural substitutions in T1BiSe,

6.1 Introduction

Since the discovery of Topological Insulators (TIs) about a decade ago, there has been an enor-
mous increase in interest towards topological condensed matter systems[207, , , ,

; ) ) ) ) , 12, , 13]. TIs show great potential applications in quan-
tum computing and spintronics due to the insensitivity of the transport property towards non-
magnetic perturbations[2 18, 13]. TIs also pave the way for realizing advanced quantum phe-
nomena such as Weyl semimetals[? 9], Majorana-fermions[220] and Higgs mechanism[221].
These alluring materials are insulating in bulk but support the flow of electrons on their surface.
As a result, their surface consists of linear states that are protected by the Time-Reversal Sym-
metry (TRS)[222]. A necessary condition for the appearance of these states is the inversion of
bands, which takes place at the Time-Reversal Invariant Momenta (TRIM) in the bulk Brillouin
Zone (BZ)[223, ]. The natural ordering of the energy levels forming the edges of the gap is
inverted owing to the strong Spin-Orbit Coupling (SOC) associated with heavy elements. The
topology of TRS invariant insulators is characterized by the Z, index, vy, which can either be
0 or 1, depicting a topologically trivial or non-trivial phase, respectively. However, it has been
recently reported that even when v = 0, the system can show non-trivial characteristics[225].
Based on whether the material hosts odd or even number of Dirac cones in the electronic struc-
ture of its surface, TIs are further classified as Strong Topological Insulator (STI) having Z,
invariant, vy = 1 or Weak Topological Insulator (WTI) with Z, invariant, vy = 0[226, ].
Nevertheless, the complete characterization of 3D TIs requires a set of, in total, four Z, num-

bers: (vg;v11513). The indices vq, v, and v are called weak indices and are believed to be

117
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nonrobust quantities[228, ]. Therefore, the calculation of surface states and Z, invariant

gives complete information about the topological nature of material.

First-principles calculations led to the prediction of a large number of 2D and 3D TIs[230,

, , , , , , , , ]. Among the various well established families
of 3D TIs, Bi;Ses and BisTes have been most widely studied for investigating topological
states and their properties[239, , 53]. Their crystal structures consist of quintuple layers
held together by weak van der Waals (vdW) forces, providing natural cleavage planes with-
out breaking strong bonds. The band structure calculations in Bi;Se3 have shown that the
Dirac point of surface state lies close to the valence band maximum (VBM)[241]. This leads
to the opening of electron scattering channel from surface states to bulk continuum states,
and the topological transport regime begins to collapse. Therefore, there is a strong need for
materials with ideal and relatively isolated Dirac cones. A variety of candidates with non-
trivial electronic states including, HgTe[242], InAs[243], ternary tetramytes Ge,,Bia, Te(14-3n),
half-Huesler compounds[244, ], LiAuSe honeycomb lattice[246], 5-AgoTe[247] to non-
centrosymmetric BiTeX (X=Cl, Br, I)[248] have been suggested. Theoretical studies have
shown that Tl-based ternary chalcogenides, viz., TISbTe,, TIBiSe, and TIBiTe, are 3D TIs
with a single Dirac cone surface state at the I' point, which is well isolated from the bulk
continuum([249]. Tl-based materials have a 3D character because each Tl (Bi) layer is sand-
wiched between two Se layers with strong coupling between neighboring atomic layers instead
of weak vdW forces as in BisSes. The electronic structure of many Tl-based TIs, viz., TIAB,
(A = Sb, Bi and B = Se, Te, S) have been investigated by Density Functional Theory (DFT)
calculations[224, ]. The role of surface termination has also been explored in TIBiSe,
and T1BiTe,[251]. Following this, the isostructural substitution of the above base material is
been endeavoured to retain its topological properties. For example, In-based compounds like
InBiTe, and InSbTe,, crystallizing in the TIBiSe, like crystal structure have been studied. In-
triguingly, these materials lack the Dirac cone feature, which depicts their topologically trivial
nature[252]. Therefore, despite TIAB; (A = Sb, Bi and B = Se, Te, S) showing topologically
non-trivial band structure, any other isostructural substitution to retain its topological nature is

hitherto unknown.

Motivated with this idea, in this article, we have explored the possibility of having ma-
terials belonging to same class of ternary chalcogenides via a thorough isostructural sub-

stitution approach. First, we have performed substitution at suitable sites of TIBiSe, and



Chapter 6. Exploring strong and weak topological states on isostructural substitutions
in TIBiSe, 119

scanned for those materials whose band structure shows band inversion at odd/even number
of TRIMs. After that, to determine the accurate band gap of TIBiSe,, we have employed vari-
ous exchange-correlation (¢,.) functionals, viz., PBE+SOC, HSE06+SOC, GoW,@PBE+SOC
and GoyWy@HSEQ06+SOC. The band gap obtained from GoW,@PBE+SOC functional is in
close agreement with the experimental value. Therefore, we have further calculated the band
gap of all materials using GoWy@PBE+SOC. Subsequently, we have examined the potential
materials for their dynamical stability. The stable materials are then characterized as STI/WTI
depending on whether they show odd/even number of surface states, respectively. To confirm

their topological nature, we have also calculated the Z, topological invariants.

6.2 Methodology

The calculations are performed using DFT[63, 64] with the Projected Augmented Wave (PAW)[

] method implemented in Vienna Ab initio Simulation Package (VASP)[136] code. All
the structures are optimized with the Generalized Gradient Approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE)[80] until the Hellmann-Feynman forces are smaller than 0.001 eV/A.
The plane wave basis is used with 400 eV cutoff energy. The I'-centered 6 x6x4 k-grid is
used to sample the irreducible BZ of rhombohedral phase with the R3m space group. SOC
is included in all calculations except in ionic optimization. The advanced hybrid €,. func-
tional (HSEO06) including SOC and many-body perturbation methods, GyW,@PBE+SOC and
GoWo@HSEO06+SOC are used for the better estimation of the band gap[253]. For this, we
have used 4 x4 x4 k-grid, and the number of bands is set to six times the number of occupied
bands. The phonon calculations are performed with 4 x4 x4 supercells using the PHONOPY
package[254, ]. In order to investigate the topological properties of the materials, we have
performed DFT calculations using fully relativistic norm-conserving pseudopotentials as im-
plemented in the QUANTUM ESPRESSO code[87]. The results of these DFT calculations
are then fed as input to WANNIERO9O[101] for constructing a tight-binding model based on
Maximally Localized Wannier Functions (MLWFs) with p orbitals of Se, Bi and sp orbitals of
Ga, T1, Sn, Sb, Pb. The surface states and topological invariants are then calculated using the

GreenaAZs function method as implemented in the Wannier-TOOLS package[256].
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6.3 Results and Discussions

6.3.1 Bulk electronic structure and band inversion

— Isostructural Substitution

K In, Hg, Pb, Ga,

Sb, Bi, Ge, Sn,
Tl Nb, Cu, V, Sr,

Z e F Ag, Cu, Ni, Na

N

I KFe Sh, Hg, Pb, As,
L Bi  —) Sn, Sr, In, Ge,
P, Nb

O Bi
) Ga, Hg; Ga, Ge ;
O T T, Bi e—) Ga, Sb;In, Sn;
Pb, Sb ; In, Sb
O Se

Figure 6.1: (a) Primitive crystal structure of TIBiSes, (b) 3D BZ for primitive unit cell with four time-
reversal invariant points I', Z, F and L along with the projected surface BZ, and (c) Complete substitution

with various elements at Tl, Bi, Se and T1, Bi sites simultaneously.

TIBiSe, belongs to the Tl-family of compounds having a rhombohedral crystal structure
with space group R3m[249]. There are four atoms in the primitive unit cell which are placed
in layers normal to the three-fold axis with the sequence -TI-Se-Bi-Se-, i.e., along [111] axis
of rhombohedral unit cell (see Figure 6.1(a)). The 3D BZ for rhombohedral unit cell having
high symmetry points F, I', L and Z, along with its projected (111) surface BZ is shown in
Figure 6.1(b). The structure has inversion symmetry where both Bi and Tl act as inversion
centers. We have first estimated the band gap of TIBiSe, using PBE+SOC. The calculated
band gap is 215 meV (Direct), whereas the experimental band gap is 350 meV[257]. The band
gap is thus underestimated due to the DFT limitation arising from the approximations used in
the ¢,. functional. Therefore, we have used hybrid ¢,. functional (HSE06) with default o =
0.25, i.e., incorporating 25% of Hartree-Fock exact exchange to capture the electrondAZs self-
interaction error along with SOC. It gives a direct band gap of 85 meV, which is also not in ac-
cordance with previously reported theoretical calculations[251]. Therefore, we have performed
GoW,, calculations on top of the orbitals obtained from the PBE+SOC (GoW,@PBE+SOC) and
HSE06+SOC (GoW,@HSE06+SOC). The respective band gaps are 280 meV and 249 meV
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(see Table 6.1). GoW @PBE+SOC gives the most accurate band gap, however, the band pro-
file is not much affected by the choice of ¢, functional (see Fig. 6.2). Therefore, we have used
PBE ¢, functional to plot the band structures in view of its low computational cost. The band
structure of TIBiSe, with the projected wavefunctions to atomic orbitals is shown in Figure
6.3(a). The Conduction Band (CB) is dominated by Bi-p and TI-p orbitals, while Se-p orbitals
dominate the Valence Band (VB). The inclusion of SOC has led to an increase in the band
gap around the I" point. The valence and conduction band edges switch their orbital character
around this point, indicating the band inversion. The p orbitals of Se and Bi are involved in this

band inversion, as can be clearly seen from Figure 6.3(b).
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Figure 6.2: Band structure of T1BiSe; calculated using (a) PBE+SOC (b) GoWo@PBE+SOC.

Table 6.1: Band gap (in meV) of TIBiSe, using different ¢, functionals.

PBE+SOC | HSE06+SOC | GoW,@PBE+SOC | GyW,@HSE06+SOC
215 85 280 249

The similar band inversion has also been observed in T1BiTe,; and T1SbSe,[251]. Following
the trend, we have carried out complete substitution in TIBiSe, at Tl, Bi or Se sites and TI,
Bi sites simultaneously to obtain different materials belonging to the same class (see Figure
6.1(c)). The band structures of these materials are plotted to see the effect of SOC on the orbital
contribution projected on the bands lying near Fermi level. Firstly, Ga is substituted at the Tl
site (Gar;) to form GaBiSe,. It also crystallizes in R3m phase with lattice parameters given as
a=b=c=7.18 A (in rhombohedral setting) and yields the band structure shown in Figure

6.3(c). SOC driven inversion of energy levels along with opening of band gap takes place at
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Figure 6.3: The band structures for TIBiSey, GaBiSe; and PbBiSes without SOC are shown in (a), (c),
(e) and with SOC are shown in (b), (d), (f), respectively. Insets show band inversion at respective high

symmetry points.

high symmetry point I' (Figure 6.3(d)). The projected wavefunctions to atomic orbitals show
that p orbitals of all atoms contribute near the Fermi level. The inversion involves Bi-p and Se-p
orbitals (similar to the case of TIBiSes), giving an initial indication that the material can harbor
non-trivial topological phase. The indirect band gap as calculated by GyW,@PBE+SOC is 183
meV.

After GaBiSe,, we have substituted Pby; to get PbBiSes having lattice parameters as a = b
=¢=827A, and crystallizing in the R3m phase. GoW,@PBE+SOC yields an indirect band
gap of 3 meV. The VB and CB are mainly composed of p orbitals of Pb, Bi and Se, as shown
in Figure 6.3(e) and 6.3(f). The parity inversion occurs at ' and F points, unlike the former. In

this BZ, there are 8 TRIMs, i.e., I', Z (non-degenerate) and F, L (triply-degenerate). Therefore,
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the inversion is occurring at even number of TRIMs, which means that the system should be
in trivial state. However, it has been found that if even number of band inversions occur in the
first quadrant, but if one or more BZ sides possess odd number of band inversions, then a WTI

can be obtained[235].

Table 6.2: Band gap (in meV) of different materials using GoWo@PBE+SOC.

Material | Indirect Band Gap
GaBiSe, 183
PbBiSe, 3
SnBiSe, 20
SbBiSe, 118

Bi,Se, 327
TISnSe, 44
PbSbSe, 41

Table 6.3: Optimized lattice parameters for SnBiSe2, SbBiSes, BiaSeo, TISnSe, and PbSbSes.

Material | Lattice Parameters(f&)
SnBiSe, 8.254
SbBiSe, 8.059

Bi;Se, 8.163
TISnSe, 7.747
PbSbSe; 8.166

A similar type of parity inversion at even number of TRIMs is obtained for SnBiSes,,
SbBiSe,, BiySes, TISnSe; and PbSbSe, (refer Fig. 6.4 and 6.5 for band structures and Ta-
ble 6.3 for optimized lattice parameters, respectively). The band gaps of all these materials
calculated using GyWo@PBE+SOC are given in Table 6.2. After screening the systems for
SOC-induced inversion in the band structures, we have analyzed them for dynamical stability.
Figure 6.6 shows the phonon band structures for GaBiSe, and PbBiSe,. The absence of neg-

ative frequencies confirms the dynamical stability of these materials. For other systems, viz.,



124

1Scussions

6.3. Results and D

e
C
e

@
(s
e

g
&

@

@@

=l
Q
O]

el
S
See
|
!

Z

@
&
S

! 5
~N — [=) —

(A9) AS10Ug [} (A9) A31ouyg

—
'

<t
(] (AQ) A310ug
N

SbBiSes and BisSey without SOC are shown in (a), (¢),

respectively.

bl

Figure 6.4: The band structures for SnBiSeq,
(e) and with SOC are shown in (b), (d), (f)



Chapter 6. Exploring strong and weak topological states on isostructural substitutions
in TIBiSe,

125

—
Q

~
~

Energy (eV)

Energy (eV)
Energy (eV)

C
CE
Ge (@

5

g ((«««(«««(«&f&%
s

e | &
& Y

A ) { S
HF Q\J(((«((«««««(
3 Q
a:‘?'"&( "
S
I

‘o
N
N4

Figure 6.5: The band structures for TISnSes and PbSbSes without SOC are shown in (a), (c) and with
SOC are shown in (b), (d), respectively.



6.3. Results and Discussions 126

(@ 4

] 58

Frequency (THz)

—

r L V4 F r V4 r L V4 F r Z
(c) 4
2 =
€ E
P >
Q Q
= =
< g
=y o
2 2
- L

[5]

Frequency (THz)
. 2 .

—

Figure 6.7: Phonon band structures of (a) SnBiSes, (b) SbBiSes, (¢) BizSes, (d) TISnSe, and (e)
PbSbSes.



Chapter 6. Exploring strong and weak topological states on isostructural substitutions
in TIBiSe, 127

SnBiSes, SbBiSes, BisSe,, TISnSe; and PbSbSe,, see Fig. 6.7.

6.3.2 Topological surface states and Z, invariant

The presence of band inversion on inclusion of SOC is a telltale signature of possibility of non-
trivial phase. However, an inverted band structure cannot be considered as a sole criterion to
assure the existence of a non-trivial phase. Therefore, further analysis is required to establish
its topological nature. Previous studies have reported that non-trivial band topology generates
metallic surface states, which are the hallmark of TIs[55]. In view of this, we have computed
the spectrum of surface states by considering a semi infinite slab of 3D material. These lattice
surfaces possess Dirac cones, lying at the same k-point where the band inversion has occurred
in the corresponding bulk band structure. Furthermore, to elucidate the topological nature of
the materials, Z, topological invariants are calculated. TRS yields four distinct Z, invariants
(vo;v1913) in 3D case. Each of these four invariants takes up value either O or 1, indicating a
total of 16 phases with three general classes: a normal insulator, an STI and a WTI[229]. An
ordinary or trivial insulator is obtained when all four invariants are zero, i.e., (0;000), while an
STI is obtained when 1y = 1. This type of system is robust against weak time-reversal invariant
perturbations. However, when vy = 0, and at least one of the indices out of vy, v, or v3 is
nonzero, then the material is WTL. It can be viewed as a stacking of 2D TIs, and is less robust
against perturbations.

It has already been established that T1BiSe, is a strong 3D TI[258]. On that account, we first
obtain its surface band structure. For this, a tight-binding Hamiltonian with MLWFs consider-
ing the projection of p orbitals of Bi/Se and sp orbitals of Tl is constructed. Since the left and
right surface for TIBiSe, terminates with different atoms (T1 and Se, respectively), therefore,
we have plotted surface state spectra of (111) surface for both the surface terminations. Figure
6.8(a) and 6.8(b) show a single surface state protected by TRS at the I" point in the projected
2D BZ. Alongside, we have calculated the topological invariant, 1y, which comes out to be 1,
confirming that TIBiSe, is an STI. Following this, we have explored GaBiSe, for topological
properties. In this case, the p orbitals of Bi/Se and sp orbitals of Ga are considered in construct-
ing the tight-binding Hamiltonian. A single Dirac cone protected by TRS has been observed
for (111) surface (see Figure 6.8(c) and 6.8(d)), and the corresponding topological invariant is
(1;000), which is a signature of non-trivial topology. This validates that GaBiSe; is an STI.

Afterwards, we have performed surface band structure calculation for PbBiSe;. We have
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Figure 6.8: Surface states for the left surface of TIBiSeo, GaBiSey and PbBiSesy are shown in (a), (c),
(e) and for the right surface are shown in (b), (d), (f), respectively. Here, the sharp red curves represent

surface states, whereas, the shaded regions show the spectral weight of projected bulk bands.

obtained even (two) number of surface states lying at I' and M (see Figure 6.8(e) and 6.8(f)).
The presence of even number of surface states yields vy = 0, and the weak indices come out to
be v1 =0, v, =0 and v3 = 1. As even number of surface states lead to scattering and are not
topologically protected, hence this material is categorized as a WTI. The similar calculations
are performed for SnBiSe,, SbBiSe,, Bi;Ses, TISnSe, and PbSbSes. All of them show even
number of surface states, as shown in Fig. 6.9 and 6.10, and corresponding Z, invariants are
given in Table 6.4. These materials belong to the class of Z, WTI. Nowadays, WTIs are also
getting attention as it has been found that their surface states are robust against imperfections,

owing to the delocalization of surface electrons[259].



Chapter 6. Exploring strong and weak topological states on isostructural substitutions
in TIBiSe, 129

—
QO
~

o
()

Energy (eV)

Energy (eV)

Energy (eV)

O =~ N W Hh O O N 00O O~ NWPDNOOOON OO =~ N W > 1 O N

s : s " '
o O b N -

Figure 6.9: Surface states for the left surface of SnBiSey, SbBiSe, and BizSey are shown in (a), (¢), (e)

and for the right surface are shown in (b), (d), (f), respectively.



6.4. Conclusion 130

(a) °
6
%‘ 5
;
2
w 2
1
0
-1
9
(c) 8
7
% 6
> .
2
w 3
2
1
0

K K

Figure 6.10: Surface states for the left surface of TISnSes and PbSbSe; are shown in (a), (c) and for the

right surface are shown in (b), (d), respectively.

Table 6.4: Calculated Zs invariants for different materials.

Material | Z,:(vo3v11013) | Number of surface states | Type
GaBiSe, (1;000) 1 STI
PbBiSe, (0;001) 2 WTI
SnBiSes (0;001) 2 WTI
SbBiSes (0;001) 2 WTI

BisSes (0;001) 2 WTI
TISnSe, (0;001) 2 WTI
PbSbSe, (0;111) 2 WTI

6.4 Conclusion

In summary, we have performed isostructural substitutions of materials based on SOC-induced

parity inversion in the band structure. Using first-principles based methodologies, viz., PBE,
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HSEOQ6, and many-body perturbation theory (GoW), we have systematically studied the elec-
tronic structure of topological materials belonging to R3m space group. The band gap calcu-
lated using GoW@PBE+SOC is in close agreement with the experimental value. We have
confirmed that GaBiSe, is an STI as its surface accommodates a single crossing at the I' point.
PbBiSe,, SnBiSe,, SbBiSes, BiySes, TISnSe; and PbSbSe, are WTI catering even number of
surface states within the bulk band gap. The absence of negative frequencies in the phonon
band structures indicates dynamical stability. The calculated Z, invariants are in accordance
with the surface state plots confirming their topological nature. We believe, exploring these
materials both theoretically and experimentally will offer a great platform for studying intrigu-

ing quantum effects.



CHAPTER 7

Strain-driven topological quantum phase transition in

(pseudo) cubic (mixed)-Cs/MA/FA halide perovskites

7.1 Introduction

Topological phases of matter such as topological insulators [260, | 1], Dirac semimetals [261,

], Weyl semimetals [263, , ], topological semimetals [265], and topological crys-
talline insulators [266] have occupied ample space in the research areas in the last two decades.
Among these phases, topological insulators are one of the most promising materials for appli-
cation in spintronics due to their conducting surface states within the bulk band gap [267,

, , , , ]. Numerous materials like Bi-based selenides and tellurides [53,

], skutterudites [274], Heusler compounds [245, ], and Bi-based oxide perovskites
(ABiO3) [275, , ] have been extensively explored for non-trivial topology. More re-
cently, halide perovskites have also attracted attention for research in the area of band topol-
ogy [278]. These are the compounds with the formula ABX3, where A is an inorganic or or-
ganic cation, B is a heavy element, and X is a halogen. These materials are well known for their
high performance in the field of optoelectronics, photovoltaics, photocatalysts, and thermo-
electrics [279, , , ]. Their endeavors can be attributed to the compositional and struc-
tural diversity that enables a wide array of functional properties. They possess a suitable orbital
symmetry and are structurally flexible to external stimuli such as pressure, temperature, and
chemical doping, which make them useful in the field of topology [283, 277]. Furthermore, the
molecular orbital picture of topologically non-trivial cubic ABiO3, matches that of cubic halide
perovskites (CsSnX3) [284]. However, unlike oxide perovskites, the s-p inversion on inclusion
of spin-orbit coupling (SOC) is not shown by the halide perovskites. Therefore, the family of

halide perovskites is not known to show topologically non-trivial phases at ambient conditions.

132
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Nevertheless, if we tune certain aforementioned external parameters, a topological phase can
be realized in halide perovskites [285]. It is consistent with the recent theoretical calculations
that compressive strain can drive these materials into the topological insulator region [284].
At a critical value of strain, a phase transition takes place, transforming a normal insulator
to a topological insulator (NI-TI). In materials preserving inversion symmetry, a continuous
topological phase transition (TPT) takes place [286]. However, another type of phase transi-
tion, which is discontinuous in nature, has been observed in MAPbl3 (MA=methylammonium)
via application of pressure. It has been shown that in pseudocubic perovskites like MAPbIs,
the inversion symmetry breaking has a profound effect on the nature of phase transition [278]
(see Fig. 7.1). The discontinuous phase transition has also been observed in Pb;_,Sn,Se and

TIBiS;_,Se, [287, , , ]. This is of key importance for device applications based

(@) \
\/ Strain \/ Strain /
- - /6‘\

Centrosymmetric (Continuous Phase Transition)

(b)\\ // \\\ ///

Strain

7N\

Non-centrosymmetric (Discontinuous Phase Transition)

Figure 7.1: Schematic showing (a) continuous and (b) discontinuous topological phase transition.

on tuning the topological properties of the system by external means. Therefore, the realiza-
tion of non-trivial phases under the effect of strain in pseudocubic perovskite will bring several
families of compounds, beyond the intermetallic alloys, into the domain of research on band
topology. This could be important in providing various heterostructure interfaces with multi-
functional properties.

Motivated by this idea, we have first explored the NI-TI phase transition in FAPbl; (FA = for-
mamidinium) under the effect of compressive strain. It has been found that the nature of TPT is
continuous for cubic FAPbI3. But, when the centrosymmetry is broken in FAPbI;, an inverted

band gap opens without closing to zero. The absence of inversion symmetry brings a first-order
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quantum phase transition on application of strain. We have applied volumetric strain to trigger
this non-trivial topology, by inducing a band inversion in the bulk band structure. After that,
the surface band structure is obtained to see the origin of surface states with increasing strain.
To explore the underlying quantum mechanical process, which occurs due to structural defor-
mation caused by the application of strain, Slater-Koster tight-binding (TB) model has been
employed to explore the electronic structure. Further, we have also designed the thermody-
namically stable mixed cation halide perovskites with the formula Cs,MA;_,Pbl3 (x = 0.25,
0.50, and 0.75). The bulk and surface band structures are plotted at different values of strain
to observe the TPT. Afterward, the structural stability of all the unstrained and strained con-
figurations at an operational temperature of 300K has been confirmed to signify their practical

usage.

7.2 Methodology

The calculations are performed using DFT [63, 64] with the Projected Augmented Wave (PAW) [85,
] method implemented in Vienna Ab initio Simulation Package (VASP) [136] code. The
electronic structure calculations are performed using the Generalized Gradient Approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) [80]. The structural parameters are fully optimized
until the Hellmann-Feynman forces are smaller than 1 meV/A. The cutoff energy of 520 eV is
used for the plane wave basis set such that the total energy calculations are converged within
1077 eV. A I'-centered 4 x4 x4 k-grid is used to sample the irreducible Brillouin zone (BZ) of
cubic phase with the Pm3m space group. Throughout the calculations, we have included SOC
in order to consider the relativistic effects due to the presence of heavy element in the systems.
To confirm the accuracy of electronic band inversion, hybrid functional HSE06+SOC calcula-
tions have been performed [141]. In HSEO6 functional the exchange potential is divided into
short range and long range part. A fraction of non-local Hartree-Fock exchange potential mixed
with the GGA exchange potential of PBE is described as the short range part [SR]. The long

range part [LR] and the correlation potential are described by the PBE (DFT) functional:
EECSEOG = aBTSR (W) 4 (1 — o) EPPESR (W) + EFBEIR () - EFBE (7.1)

here, « is the mixing coefficient and w is the screening length. We have used many-body
perturbation method GoWy@HSE06+SOC for the better estimation of the band gap [253]. We

have tuned the o parameter from 25% to 53% in HSE06+SOC to have a reliable prediction
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of the starting point, for the single shot GW calculations. For our GW calculations, we have
considered 320 NBANDS (six times the number of occupied bands) and energy cutoff is set
to 500 eV. After this, to investigate the topological phases, the first-principles calculations are
first performed using fully relativistic norm-conserving pseudopotentials as implemented in
the QUANTUM ESPRESSO code [87]. The results of these DFT calculations are then fed
as input to WANNIER90 [101] for constructing a TB model based on Maximally Localized
Wannier Functions (MLWFs) with p orbitals of I and s and p orbitals Pb. The surface states
are then calculated using the Green’s function through an interactive method implemented in
the Wannier-TOOLS package [256]. A TB model using Slater and Koster approach [291] is
constructed in the two-center approximation using the package Tight Binding Studio [292]. A
nonlinear fitting algorithm as implemented in Tight Binding Studio is used to find the best fit
entries for both Hamiltonian and overlap matrices to reproduce the first-principles data. Finally,
the structural stability of different configurations is checked at higher temperature using ab
initio molecular dynamics (AIMD) by running a 5 ps long simulation with NVT ensemble

(Nose-Hoover thermostat) and NPT ensemble (Langevin thermostat).

7.3 Results and Discussions

7.3.1 Electronic Structure of FAPbI;

FAPbDI; exists in cubic phase with Pm3m space group at 298 K with planar [H,N-CH-NH,]*
cation surrounded by [Pbl3]~ octahedra as shown in Fig. 7.2(a). The lattice constant is taken as
6.36 A, which is in close agreement with the previous report [293]. The structural relaxation
of FAPDI; carried out using DFT methods leads to a distortion in the octahedral cage, causing
an asymmetry in the structure [294]. The crystal structure becomes pseudocubic with Pb-I-Pb
angle 171.6° as shown in Fig. 7.2(b), which is similar to that of MAPbI; [278]. The bulk BZ
showing the high symmetry k-points and the projected surface BZ is shown in Fig. 7.2(c). The
conduction bands near the Fermi surface are mainly contributed by the Pb-6p orbitals, whereas
the valence bands are mainly contributed by Pb-6s and I-5p orbitals [295] (for partial density
of states plot see Fig. 7.3). The energy states of other elements in FA are mainly distributed in
the deep energy levels, and are not involved in bonding. The Pb-{s,p}-X-p covalent interaction
in the octahedron gives rise to four bonding and antibonding bands along with five nonbonding

bands [296]. As seen in Fig. 7.2(d), the orbitals denoted by o_,, 7,_, and o, are the bonding
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Figure 7.2: Crystal structure of (a) cubic and (b) pseudocubic FAPbI3. (c) 3D BZ along with the pro-
jected 2D BZ. (d) The molecular orbital picture for FAPbls. Bulk band structure of FAPbI; in the (e)
absence of SOC and (f) presence of SOC.

molecular orbitals, whereas the orbitals denoted by *,_,, 7*,_, and 0*,_,, are the antibonding
molecular orbitals. FA contributes one electron, Pb contributes four and I contributes five
electrons per formula unit, hence, the valence electron count becomes 20. Therefore, the states
up to o;_, are filled and the Fermi level exists in between the lower-lying Pb-s and upper-lying
Pb-p antibonding bands. The SOC arising due to the presence of heavy element affects the band
structure near the Fermi level. Fig. 7.2(e) shows the electronic band structure of FAPbI; in the
absence of SOC. On inclusion of SOC, the L - S coupling lifts the degeneracy between the states
J= % and J = % as shown in Fig. 7.2(f). The strength of atomic SOC is the deterministic factor
towards tailoring the non-trivial topological phases in ABX3. However, the breaking down of
the inversion symmetry causes both the atomic SOC and Rashba SOC to become deterministic
in tailoring the electronic behavior of these noncentrosymmetric quantum materials [297].

The experimentally reported band gap of FAPbI; is 1.48 eV [298]. The closest band gap
of 1.56 eV is reproduced by GoWo@HSE06+SOC with o« (HF exchange) = 53%, which is in

agreement with the previous report [299]. « parameter determines the proportion of Hartree-
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Fock (HF) exchange included in the exchange-correlation energy. We have observed that except
for the band gaps, other band features are similar irrespective of the choice of functional (see
Fig. 7.4). Therefore, we have used PBE functional for further calculations in view of its low
computational cost. The compressional strain is a natural external stimulus to vary the bond
length while maintaining the symmetry of the lattice [300, , , ]. Therefore, we have
investigated the effect of strain on the evolution of band structure. The primary objective of this
study is to examine the influence of centrosymmetry on the nature of topological phase transi-
tions. Therefore, we have investigated this effect by conducting parallel calculations on both
cubic and pseudocubic halide perovskite structures. By analyzing these two systems, we aim to

gain insights into how the presence or absence of centrosymmetry impacts the characteristics

of topological phase transitions.
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Figure 7.4: Band structure of FAPbI3 calculated using (a) PBE+SOC and (b) GoWo@HSE06+SOC.

In the case of cubic FAPbI3, at a critical compression 7y (V/V() =0.76, the inversion between
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Figure 7.5: Orbital resolved band structure in presence of SOC for cubic and pseudocubic FAPbI;3 (a),
(d) without compression, and (b), (e) at critical compression v = 0.76, and v = 0.73, respectively. The
insets in (b) and (e) show zoomed image of band inversion. Band gap at different values of strain in (c)
cubic FAPbI3 showing its continuous nature, and (f) pseudocubic FAPbI3 showing a discontinuity at the

critical value of strain.

the Pb-s and Pb-p orbital takes place. This s-p inversion takes place at R point and gives the
initial indication of the existence of non-trivial topology under the effect of strain. The orbital
projected band structure with the orbital contribution proportional to the thickness of the sym-
bols is shown in Fig. 7.5(a) and (b). The continuous TPT takes place in three steps, 1) shrinking
i) closing iii) reemergence of the inverted band gap, and is shown in the Fig. 7.5(c). How-
ever, if the inversion symmetry is not preserved in a material then the nature of phase transition
changes. In the case of noncentrosymmetric FAPbls, as we keep on increasing the strain the
band gap decreases initially. But, after reaching a certain minimum value, a new negative band
gap emerges with valence band maxima (VBM) and conduction band minima (CBM) inverting
their orbital character. In this case, the value of this critical strain v is 0.73 (see Fig. 7.5(d)

and (e)). This flip in the character of band structure at the critical value indicates the change in
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the topological nature of the material. This type of phase transition in which the gapless state
is not stabilized, resulting in discontinuity in the band gap as shown in Fig. 7.5(f), is termed a
discontinuous TPT. It is also called a first-order phase transition. The distortion caused in the
octahedral cage of Pbl due to structural optimization is responsible for the discontinuous phase
transition. In order to rule out that the inversion could be an artifact of the use of inaccurate
€zc, We have shown that the s-p inversion takes place even with HSE06 + SOC (see Fig. 7.6).
Subsequently, the structural stability of cubic and pseudocubic FAPbI;3 along with the strained
configurations is confirmed using AIMD. The radial distribution function (g(r)) plots at T = 0
K and T =300 K are shown in Fig. 7.7 .

—
QD
~—
[\

—_

—l

Energy (eV)
. =
Energy (eV)
o

Vi
-

) -y/ _2 ;fd
r X M R X
eudocubic y=0.73

(d) 2

,_]
bt
<
b
>

—
(¢]
~
[\

Energy (eV)
. =

Energy (eV)
. o

{
|

Ly

A,

d
Jo
26’4 2
“T X M R X T
® Pb-p = Pb-s
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without compression, and (b), (e) at critical compression v = 0.76, and v = 0.73, respectively.

7.3.2 Tight-Binding Model

Slater-Koster TB Hamiltonian studies are useful in providing information regarding the un-

derlying quantum mechanical process responsible for phase transition due to structural defor-
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Figure 7.7: Radial distribution function using NVT ensemble for different phases of FAPbls namely (a)
cubic, (b) strained cubic (y = 0.76), (c) pseudocubic and (d) strained pseudocubic (y =0.73) at T=0K
and T =300 K.

mation [304, 291]. The TB model Hamiltonian in the second quantized notation is written

as [305, 296]

H = Z eiac;'facia + Z tiajﬁ(clacjﬁ + hC) + AL - S + HR. (72)

1,0 ij:af

Pb—Pb Pb—1I
M4><4 M4><9

H = oo (7.3)
(M4><9 )T M9><9
The individual blocks of this matrix are given as:
€+ g1 2t P Sin(kya)  2ith PP Sin(kya)  2itl P Sin(k.a)
MPYPY — —2itE P Sin(kya) €p1 + G2 0 0
X
—2it} VP Sin(kya) 0 €p1 + g3 0
—2itL VPP Sin(k.a) 0 0 €p1 + 94

(7.4)
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thh 1S, 0 0 0 thh-1s, 0 0 0
M tips (Ca 0 0o e, 0 0 tPIc, 0
0 1o, 0 0 th1C, 0 0 th-1C,
0 0 tfp”; Ic, 0 0 t;;f’; c, 0 0
(7.5)
ez 0 0 0 0 O 0 0 0
0 € 0 0 0 0 0 0 O
0O 0 € 0O 0 0 0 0 O
0 0 0 e O 0 0 0 O
Mig=10 0 0 0 ¢ 0 0 0 0 (7.6)
0 0 0 0 0 € 0 0 0
0 0 0 0 0 0 € 0 0
0O 0 0 0 0 0 0 € 0
0O 0 0 0 0 0 0 0 e

Here €, ,6p1 , and €, are the onsite energies of Pb-s, Pb-p and I-p orbitals, respectively. The
terms C, and S, are the representations for 2cos(k,a/2) and 2isin(k,a/2), and g; (i = 1,2,3,4)
are the k-dependent hopping integrals arising from the Pb-Pb second neighbor interactions

given by

g1 = 2t77" P [cos(kya) + cos(kya) + cos(k.a)],

S8

g2 = QtII:pr_Pb cos(kya) + QtZ;’;Pb[COS(kya) + cos(k,a)],
(7.7)
_ oy Pb—Pb

(
(

g3 ppo cos( ppm
(

kza)
kya) + 2t50-[cos(k,a) + cos(k.a)],
k-a)

ga = 26107 cos(k.a) + 2t [cos(kya) + cos(kya)).

The SOC component of the Hamiltonian is obtained by applying AL - S on the Pb-p states,
as Pb being heavy is responsible for the SOC. We have obtained the matrix elements for the

e ) [pE ), [ ), PR L), [pht ),

SOC Hamiltonian with the basis set in the order:
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0O — 0 0 0 1
i 00 0 0 —i
Heoer — A 0 0 01 — 0 78)
0o 0 1 0 ¢« 0
0 0 ¢« — 0 O
1 4 0 0 0 0

Table 7.1: Interaction parameters and SOC strength for FAPbl; from thirteen band Hamiltonian at zero

and critical compression strength in units of eV.

Type Epps | Bppy | Er_p | t207T | #2071 | gP0-T | 4P0-Pb | PO | yPO-Po | 4Pob |\
Cubic (y=1) -1 2.5 -2 0.15 0.4 0.3 -0.1 0.3 0.4 0.1 0.5
Cubic (y =0.76) -1 2.5 -2 0.1 0.7 0.5 -0.1 0.3 0.76 0.17 | 0.5
Pseudocubic (v =1) -0.8 3 -1 0.15 0.4 0.3 -0.07 0.45 0.5 0.4 0.4
Pseudocubic (v = 0.73) -1 3 -2 0.1 0.5 0.5 -0.11 0.5 0.95 007 |04

Fitting this thirteen band model with the DFT bands, we get the effective onsite and hopping
terms. The parameters obtained at no strain and critical strain are provided in Table 7.1. In the
case of FAPbI;, the bands forming the VBM and CBM are primarily composed of Pb-{s,p}
orbitals. Also, the band inversion is taking place between Pb-s, and Pb-p orbitals. Therefore,
a minimal basis Hamiltonian containing only essential interactions have been developed. The
second neighbor Pb-Pb interactions has been considered in formulating the four band model.

The SOC incorporated four band Hamiltonian is written as

He H
H= T W (7.9)
Hy Hy
where
000 0
000 A\
Hy = (7.10)
00 0 —i)
00 A —i)
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€+ g1 20t Sin(kya)  2ithhPSin(kya)  2ithh P Sin(k.a)
—2itL0 P Sin(kya) €p1 + G2 0 0
Hy =
—Zitﬁz’(;PbSin(kxa) 0 €p1 1+ g3 0
—2it! VPP Sin(k.a) 0 0 €p1 + 4
(7.11)

Table 7.2: Interaction parameters and SOC strength for FAPbI3 from four band hamiltonian at zero and

critical compression strength in units of eV.

Type Eppy | Eppy | tR0P0 | tE0-P0 [ 4P0-F0 | gPooPo |\
Cubic (y=1) -0.8 2.5 -0.09 0.3 04 0.1 0.5
Cubic (v =0.76) -1.2 2.5 -0.19 0.44 0.75 0.16 | 0.5

Pseudocubic (v =1) -0.8 2.5 -0.1 0.25 0.2 0.06 | 0.5

Pseudocubic (v =0.73) -1 3 -0.12 0.4 0.8 0.1 0.5

The interaction parameters for both cubic and pseudocubic FAPbI;, from the four band
model fitting are provided in Table 7.2. Magnitude of all the parameters increase with rise in
strain. With the increase in compression, the bond length decreases and hence the strength of
interactions increases. In comparison to Pb-Pb sso, spo and ppr, the ppo interactions are most
sensitive to the strain. For cubic structure the ppo interaction rises from 0.4 to 0.75, while for
pseudocubic, it rises from 0.2 to 0.7, upon the application of respective critical strain. We have
also observed that A does not change with compression, therefore, SOC is insensitive to the
strain. From the electronic band structure calculations, it is evident that the universality of the
band structure arises from the nearest-neighbor Pb-{s,p}—X-p covalent interactions. However,
the TB model elucidates that the second neighbor Pb-{s,p}—Pb-{s,p} interactions act as a driv-
ing force for band gap engineering and non-trivial phases. This type of TB model is universal,

as it is independent of the choice of functional adopted [296].

7.3.3 Surface Electronic Structure

The study of bulk electronic structure has enabled us to identify the possibility of non-trivial

topology and phase transition in halide perovskites. However, the practical observation of
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these states comes from the calculation of surface states [306]. The DFT based calculations on
the slab structure require a huge amount of computational time and memory to analyze these
properties. So, we have used the MLWF based TB approach to construct a semi-infinite slab
along (001) direction, minimizing the total spread of MLWE. As expected, there is an absence

of the surface states in FAPbI3 at ambient conditions (see Fig. 7.8(a) and (c)). However,

Cubic

(b)

y=1

Energy (eV)
o

O FRP N WA OO N O O

M X

vy=0.73

X X
Pseudocubic

(d)

(c)

Energy (eV)

O P N W b 01O N ©

X M X

Figure 7.8: Surface band structure in presence of SOC for cubic FAPbl; (a) without compression, (b)
at critical compression v = 0.76, and pseudocubic FAPbI3 (c) without compression, (d) at critical com-

pression v = 0.73.

as the critical value of strain i.e., v = 0.76 is applied to cubic FAPbI3, the conducting states
emerge at M point (see Fig. 7.8(b)). The linearly dispersed valence and conduction bands only
touch each other at M point, resembling the behavior observed in conventional topological
insulators. In the absence of the inversion symmetry breaking field, a pair of doubly degenerate
Dirac cones emerges-one from the valence band and one from the conduction band. This
degeneracy is a consequence of the formation of Kramer pairs, where the Dirac cones touch

each other precisely at the M point and remain protected by the time reversal symmetry. As
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a result, the centrosymmetric nature of the system gives rise to a fourfold-degenerate point
node at M. However, when the inversion symmetry breaking field is introduced, the Kramer
pairing is disrupted, leading to a redistribution of the energy levels. Specifically, one pair of
Dirac cones (one from the valence band and one from the conduction band) shifts upward in
energy, while the other pair shifts downward. Consequently, the initial fourfold-degenerate
point node undergoes a breakdown, resulting in the formation of two twofold degenerate point
nodes-one at a higher energy and the other at a lower energy [278]. Therefore, we see two
Dirac states at M = §, along the path X-M-X, as shown in Fig. 7.8(d). The resulting surface
states illustrate the presence of discontinuous nature of NI-TI TPT. The discovery of twofold
degenerate point nodes remains elusive within the diverse range of topological insulators. On
the other hand, the surface band topology convincingly mimics the band structure observed
in AA-stacked graphene[307]. Numerous additional studies have also provided evidence for
the signature of first-order topological phase transitions by revealing discontinuous changes in

various properties[290, 308].
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Figure 7.9: (a) Crystal structure of FAPbl3 showing a different orientation of FA cation and (b) topolog-
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ical surface states at critical strain value.

To strenthen the relevance of our study, we have calculated surface states for two configu-
rations having different orientations of the FA ion. In both the orientations FA is perpendicular
to each other and both configurations show topological phase transition at critical value of
strain. However, many different orientations of these organic molecules are possible (see Fig.
7.9). Therefore, in order to ensure the experimental relevance of our above analysis, we have

estimated the probability of occurance of different congfigurations at T =300 K (see Fig. 7.10).



7.3. Results and Discussions 146

3

Figure 7.10: Logarithm of probability of occurance of different configurations at T = 300 K. Orientation

of FA is different in all the configurations.

7.3.4 TPT in Mixed Cation Perovskites

Figure 7.11: Crytsal structure of (a) Csg.75MA( 5Pbl3, (b) Csp.sMAg 5Pbls and (c) Csg o5 MAg. 75Pbls.

We have studied the TPT in both inorganic (CsPbls) and organic (MAPbI3, FAPbI3) halide
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perovskites. CsPbls show continuous TPT at v = 0.76 because of its centrosymmetric nature,
whereas MAPbI; and FAPbI; show similar behaviour. It has been found that by partially re-
placing MA* with Cs™, the stability can be enhanced in ambient environment [309]. These
mixed cation/anion perovskites have attracted considerable attention due to their higher sta-
bility [310]. Thus, we have designed the mixed cation halide perovskites to study the na-
ture of TPT in them. For this, three configurations i.e., Csg75MA( 5Pbls, CsysMA( 5Pbls,
Csp.25MA( 75Pbl3, have been obtained by replacing MA with Cs in the lattice of MAPbI; (see
Fig. 7.11). Firstly, we have calculated the thermodynamic stability of the mixed cation halide
perovkites i.e., Csg75sMA 5Pbls, CsgsMA( 5Pbls, Csgo5MAg 75Pbls. The precursors consid-
ered for the calculation of formation energy (Ey) of these perovskites are MAPbI3, CsI and

Pbl;. The associated expression is [311]

E¢(Csy_xMA,Pbylis) = aE(Csy_ {MAPbylyp) — bE(MA4PbyIs) — cE(Csl) — dE(Pbly)
(7.12)

Here, x corresponds to 1, 2 and 3 for Cs3sMAPbyl;5, CssMA,Pbyl 5 and CsMA3Pbyl5 con-
figurations, respectively. The coefficients a, b, ¢ and d of each term on the right hand side are
chosen such that they stoichiometrically balance the equation. 1x2x2 supercell of MAPbI;
has been used for the above calculations. After this, the formation energies corresponding
to Csg.75MA( 25Pbl3, CsgsMA( 5Pbls, Csgo5MA( 75Pbls configurations are calculted and they
come out to be -0.78 eV, -0.69 eV and -0.65 eV, respectively. The negative formation energy
shows that all the configurations are thermodynamically stable. We have also checked the
structural stability of these configurations using AIMD simulations (see Fig. 7.12). After this,
we have obtained the band structure for all the configurations with and without SOC. When no
strain is applied in Csg5MA( 5Pbls, the VBM is composed of I-p orbitals, and CBM of Pb-p
orbitals (see Fig. 7.13(a)). The inclusion of SOC does not depict any traits of non-trivial topo-
logical nature. Subsequently, we have applied the compressional volumetric strain along with
the SOC. At the critical strain value of v = 0.74, the appearance of a negative band gap is ob-
served with the inverted orbital character as seen in Fig. 7.13(b). This suggests the possibility
of TPT in Csy s MA, 5Pbl3, whereas, in Csy 75 MA( 25Pbls and Csg 25 MA( 75Pbls, no such parity
inversion is observed under the effect of compression. This may be attributed to the difference
in the ionic radii of Cs and MA cations, which is 1.88 A and 2.117 A , respectively. As the

band inversion involves p orbitals of both I and Pb, therefore, a four band TB model will not
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Figure 7.12: Radial distribution function at T = 0 K and T = 300 K for unstrained and strained (y =
0.74), (a), (b) Csg.sMAq 5Pbls, (c), (d) Csp.7sMAq.25Pbls, (e) and (f) Csg.25MAg 75Pbl3, respectively.

suffice in predicting the nature of TPT. Thus, using the thirteen band model containing Pb-{s,p}
and X-p orbitals, we have calculated the onsite energies and hopping integrals (see Table 7.3).
All the interaction parameters increase on application of strain, but the Pb-1 pp7 interations
rising from 1 to 1.5 are most affected by the same. After this, we have plotted the surface state
band structure for Csy s MA 5Pbl; at v = 0 and v = 0.74. As seen in the Fig. 7.13(b) and (c),

the origin of surface states with strain confirms the TPT at v = 0.74.
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Figure 7.13: Orbital resolved band structure in presence of SOC for Csg sMAg 5Pbls (a) without com-

pression, (b) at critical compression v = 0.74. Surface band structure for Csyp 5sMAq 5Pbls (a) without

compression, (b) at critical compression vy = 0.74.

Table 7.3: Interaction parameters and SOC strength for Csg 5MA( 5Pbls from thirteen band hamiltonian

at zero and critical compression strength in units of eV.

Pb—1I Pb—1I Pb—1I Pb—Pb Pb—Pb Pb—Pb Pb—Pb
Type EPb—S EPb—p EI—p tspa tppa tpprr tssa tspa tppa tpprr

vy=1 -7 2 -1.5 | 0.8 -1 1 -0.25 0.3 0.7 0.01

v=0.74 -7 2.5 -2 1 -1.2 1.5 -0.27 0.4 1.15 0.02

7.4 Conclusion

The strain free lead halide perovskites are trivial band insulators, however, a TPT can take place
via strain engineering. The presence of inversion symmetry plays a vital role in the electronic
properties of the halide perovskites. The first-principles calculations suggest that FAPbI3 be-

comes noncentrosymmetric on structural optimization. The centrosymmetric FAPbl; shows
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a continuous phase transition on the application of strain. The inversion symmetry breaking
changes the nature of this quantum phase transition. At a critical value of v =0.73, pseudocubic
FAPDbI; undergoes a first-order TPT. The discontinuity is evident from the band gaps calculated
at various values of strain, and the nature of surface states. This study also shows that although
thirteen orbitals participate in the chemical bonding, a four band TB model is sufficient to cap-
ture energy dispersion near the Fermi level. The Pb-Pb second neighbor interactions determine
the topology of this class of materials. The Pb-Pb ppo interactions are the most affected by the
application of strain. Hence, these interactions are the driving forces in determining the phase
transition. Furthermore, the mixed cation perovskites Csg 75 MA( 25Pbls, CsgsMA( 5Pbls and
Csg.25MA 75Pbl3 are thermodynamically and structurally stable. Csy;MA, 5Pbl; shows TPT
at a compression of v = (0.74, which is shown by band inversion and the nature of surface states.
The structural stability of these perovskites under strain strengthens that these phase transitions

can be realized



CHAPTER 8

Epilogue and outlook

This thesis has explored a fascinating realm of valleytronic and spintronic properties in a va-
riety of materials through the lens of first-principles computational methodologies. From val-
leytronics to topological insulators, we have investigated the intricate interplay between crystal
structure, strain engineering, spin-orbit coupling (SOC), and valley degrees of freedom, reveal-
ing novel phenomena and potential applications in next-generation spintronic and valleytronic

devices.

Our initial investigation focused on valley-dependent properties of two-dimensional ma-
terials, specifically MXenes. For CroCSF MXene, our first-principles calculations revealed
its nature as an indirect band gap ferromagnetic semiconductor with an intrinsic out-of-plane
magnetization. It has a very large magnetocrystalline anisotropy energy (MAE) with a value
of 1.16 meV. This out-of-plane magnetization, coupled with time-reversal symmetry breaking,
leads to a spontaneous valley polarization in the conduction band. We elucidated the underlying
physics of this spontaneous valley polarization using a SOC Hamiltonian model. This inher-
ent valley polarization manifests as an anomalous valley Hall (AVH) effect under an in-plane
electric field and electron doping, resulting in the separation of charge carriers with opposite
valley indices. Furthermore, we demonstrated the possibility of engineering switchable valley
Hall effects through the application of strain. The observation of a quasi-half valley metal state,
coupled with the high MAE, positions Cr,CSF as a promising candidate for valleytronic ap-
plications. The ability to manipulate valley polarization and generate valley currents through

external stimuli like strain provides a pathway to create novel valley-based devices.

Further, we explored the valley-dependent properties of the antiferromagnetic (AFM) mono-
layer FeoC(OH),. This material exhibits a large spontaneous valley polarization in the conduc-
tion band. The combined presence of parity and time-reversal (PT) symmetry ensures spin

degeneracy and suppresses the AVH effect due to zero Berry curvature in momentum space.
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However, a layer-locked hidden Berry curvature emerges in real space, leading to a valley
layer-spin Hall effect. Intriguingly, the application of an out-of-plane electric field breaks this
delicate balance, inducing spin splitting and enabling a layer-locked AVH effect. Furthermore,
the direction of the applied electric field can reverse the order of spin splitting. We also inves-
tigated the Janus structure Fe;C(OH)F, which, due to its built-in electric potential, intrinsically
exhibits the AVH effect without the need for an external electric field. These findings high-
light the potential of AFM monolayers like Feo;C(OH), and Fe;C(OH)F for spintronic and

valleytronic applications, particularly for realizing the AVH effect.

Furthermore, we have theoretically developed a robust design principle for achieving re-
versible, nonvolatile, and energy-efficient control of the AVH effect through a multiferroic
heterostructure. Our first-principles calculations demonstrate that stacking a ferrovalley VSSe
monolayer on a ferroelectric Al,S3 substrate enables precise electrical tuning of valley polar-
ization. By simply reversing the ferroelectric substrate’s polarization, the valley polarization
in VSSe can be switched between the valence band maximum (VBM) and conduction band
minimum (CBM), accompanied by a reversal of the Berry curvature sign at the + /X and — K
valleys. This electric-field-driven control provides a highly desirable alternative to conven-
tional magnetic approaches, which are typically energy-intensive and less practical for device
applications. Importantly, the sign and magnitude of the transverse Hall voltage are directly
modulated by the ferroelectric polarization, enabling a reliable and damage-free mechanism
for data readout. The tunable AVH effect realized in this multiferroic heterostructure opens a
promising avenue for the design of all-electric, low-power, and nonvolatile valleytronic mem-

ory and logic devices.

The thesis then delved into the electronic structure of topological materials belonging to
the R3m space group. By employing advanced computational techniques, including PBE,
HSEO06, and many-body perturbation theory (G,WW;), we systematically studied a series of
isostructural substitutions, driven by the intriguing mechanism of SOC-induced parity inversion
in the band structure. Specifically, we identified GaBiSe, as a strong topological insulator,
characterized by a single Dirac cone at the I" point on its surface. Furthermore, we demonstrated
that PbBiSe,, SnBiSes, SbBiSes, BisSe,, TISnSes, and PbSbSe, exhibit the characteristics of
weak topological insulators, hosting an even number of surface states within the bulk band gap.
Dynamical stability was confirmed through phonon band structure analysis, and the calculated

Z topological invariants corroborated their predicted topological classification. These findings
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contribute to the growing library of topological materials and provide a solid foundation for
future experimental investigations into quantum phenomena, such as the quantum spin Hall
effect and related topological properties. The precise control over the number and type of
topological surface states, achieved through isostructural substitution, opens exciting avenues

for tailoring material functionalities for specific applications.

Finally, shifting our focus to halide perovskites, we investigated the influence of strain engi-
neering on their electronic properties. While strain-free lead halide perovskites typically behave
as trivial band insulators, we demonstrated that a topological phase transition can be induced
through the application of strain. Our first-principles calculations revealed that FAPbIs, upon
structural optimization, adopts a noncentrosymmetric structure, a crucial factor in determining
its electronic properties. In centrosymmetric FAPbI3, the application of strain leads to a con-
tinuous phase transition. However, the breaking of inversion symmetry dramatically alters the
nature of this transition. At a critical strain value (y = 0.73), pseudocubic FAPbI; undergoes
a first-order TPT, characterized by a discontinuity in the band gap and a change in the nature
of the surface states. A four-band tight-binding model, capturing the essential physics near
the Fermi level, highlighted the dominant role of Pb-Pb second-neighbor interactions, particu-
larly the ppo interactions, in driving the TPT. Furthermore, we demonstrated that mixed cation
perovskites, such as Csg75MAg 25Pbls, CsgsMA 5Pbls, and Csg o5 MA( 75Pbls, exhibit struc-
tural and thermodynamic stability, and that Csy s MA( 5Pbl3 undergoes a TPT at a compressive
strain of v = 0.74. These findings underscore the potential of strain engineering to manipulate
the electronic and toplogical properties of halide perovskites and pave the way for novel topo-
logical devices. The structural stability of these materials under strain further strengthens the

possibility of experimentally realizing these predicted phase transitions.

In conclusion, this thesis explore and predict novel valleytronic and spintronic phenomena
in a variety of materials. From MXenes with spontaneous valley polarization to AFM mono-
layers with tunable valley Hall effects, to electric field switchable valley polarization, and from
topological insulators with tailored surface states to strain-engineered perovskites exhibiting
topological phase transitions, the materials studied in this thesis offer a rich playground for
exploring fundamental physics and developing next-generation spintronic and valleytronic de-
vices. The insights gained from these computational studies provide a strong foundation for
future experimental investigations and pave the way for realizing the full potential of these

materials in advanced technologies.
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Overall, these studies contribute to a deeper understanding of fundamental physical phe-
nomena and pave the way for the development of future technologies based on spin and valley

degrees of freedom.
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