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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% |




Contents

Certificate i

Acknowledgements ii

Abstract iv
List of Figures Xiv
List of Tables xxii

1 Introduction 1

1.1 The dawn of quantum materials: beyond conventional electronics . . . . . . . . 1

1.2 Valleytronics . . . . . . . . . . i e e e 2

1.3 Hall effect and its analogues . . . . . . . . . ... ... ... ... ... . 7

1.3.1 Anomalous Halleffect . . . . . ... ... ... ... ........ 8

1.3.2 ValleyHall Effect . . . . . ... ... ... .. ... ... ..... 8

1.4 TheBerrycurvature . . . . . . . . . . ... L 9

1.5 The quantum Hall effect . . . .. ... ... ... ... ... ... ..... 11

1.6 The quantum spin Hall effect . . . . . .. ... ... ... ... ........ 13

1.7 Topology . . . . . . . e 15

1.8 Bulk boundary correspondance . . . . . ... ... ... oL 16

1.9 Topological Insulators . . . . . . . . . ... ... .. . 18

1.9.1 2D Topological Insulators . . . . ... ... ... ... ........ 20

1.9.2  Z, classification of topological insulator . . . . . ... ... ... ... 21

1.9.3 3D Topological insulators . . . . . ... ... ... .......... 23

1.10 A shortoverview . . . . . . . . . . . . e 26



Contents Xi

2 Theoretical methodology 29
2.1 Computer simulation . . . . . . . . . . . ... 29
2.2 First-principles calculation . . . . . .. ... L oL 31
2.3 Introduction to theoretical framework . . . . . .. .. ... ... 32
24 Wavefunction . . . . ... ... 34
2.5 Time-independent many-body Schrédinger equation . . . . . . . ... ... .. 35
2.6 Born-Oppenheimer approximation . . . . . . . . . . .. ... ... ...... 36
2.7 The Hartree approximation . . . . . . . . . . . . . .o v v 38
2.8 The Hartree-Fock approximation . . . . . . ... ... ... .......... 41
29 Functional . . . . . . ... L 44
2.10 Density Functional Theory . . . . . . .. ... .. ... .. .. .. ... ... 45

2.10.1 The Thomas-Fermi Model . . . . ... ... ... .. ......... 45
2.10.2 Hohenberg and Kohn Theorem . . . . . . ... ... ... ... .... 46
2.10.2.1 Kohn-Shamequations . . . . . .. ... .. ... ...... 48

2.10.3 Exchange and correlationenergy . . . . . . . . .. .. .. ... .. .. 51

211 DFT+U . .o e e 56
2.11.1 Mott Insulators and the Hubbard Model . . . . . . .. ... ... ... 57

202 BasiSSet . . . . o .o e e e e e e 59
2.12.1 The Plane wave basisset . . . . . . . . . .. ... .. .. ... 59
2.12.2 Plane wave pseudopotential method . . . . . . .. ... ... ... .. 62
2.12.3 Norm-conserving pseudopotential . . . . . .. .. ... ... ... .. 63
2.12.4 Ultrasoft pseudopotential . . . . . . .. ... ... ... .. ...... 64
2.12.5 Projector augmented-wave method (PAW) . . . . . . ... .. ... .. 65

2.13 Tight-Binding Method and the Linear Combination of Atomic Orbitals (LCAO) 67

2.14 Wannier Functions and Maximally Localized Wannier Functions . . . . . . . . 69
2.14.1 Maximally Localized Wannier Functions . . . . .. .. ... ... .. 70
2.14.1.1 Reciprocal-Space Formulation . . . .. ... .. ... ... 71

3 Reversible switching of anomalous valley Hall effect to quasi-half-valley metal

state in 2D magnetic MXenes: A case study of Cr,CSF 73
3.1 Introduction . . . . . . . . . . .. e e 73
3.2 Methodology . . . . . . . . . 75

3.3 Results and DiSCusSions . . . . . . . . . ... 75



Contents Xii

3.3.1 Structure and magnetism . . . . . .. ... ... 75
3.3.2 Electronic properties . . . . . . . . . . .ot e e 81
3.3.3 SOC Hamiltonianmodel . . . . .. ... ... ... ... ....... 83
334  Effectofstrain . . .. .. .. .. ... ... 87
34 Conclusion . . . . .. 88

4 Inducing spin splitting and anomalous valley Hall effect in A-Type AFM Fe, C(OH),

through electric field and Janus engineering 89
4.1 Introduction . . . . . . . . . . . L e 89
4.2 Methodology . . . . . . . . . 90
43 Resultsand Discussions . . . . . . . . ... .. Lo 91
4.3.1 Crystal structure and magnetic ground state . . . . . . . ... ... .. 91
4.3.2 Valley spitting and Berry curvature . . . . ... ... ... L. 92
4.3.3 Spin spitting caused by electricfield . . . . ... ... ... ... 98
4.3.4 Spin spitting caused by Janus structure . . . .. ... ... L. 101
4.4 Conclusion . . . . . . .. e 104

5 Unlocking reversible and nonvolatile anomalous valley Hall control through mul-

tiferroic van der Waals heterostructures 105
5.1 Introduction . . . . . . . . L 105
5.2 Methodology . . . . . . . . . e 106
5.3 Resultsand Discussions . . . . . . . . . .. L L e 107
5.3.1 Crystal structure and magnetic ground state . . . . . . ... ... ... 107
5.3.2 Valley spitting and Berry curvature . . . . ... ... ... ... ... 111
5.3.3 Valleytronic memory device . . . . . ... ... ... ... ...... 114
54 Conclusion . . . . . .. L 115

6 Exploring strong and weak topological states on isostructural substitutions in TIBiSe, 117

6.1 Introduction . . . . . . . . ... 117
6.2 Methodology . . . . . . . . .. 119
6.3 Resultsand Discussions . . . . . . . . . ... L L Lo 120
6.3.1 Bulk electronic structure and band inversion . . . . . ... ... .. .. 120
6.3.2 Topological surface states and Z, invariant . . . . . .. .. ... ... 127

6.4 Conclusion . . . . . . . . . s, 130



Contents Xiii

7 Strain-driven topological quantum phase transition in (pseudo) cubic (mixed)-

Cs/MA/FA halide perovskites 132

7.1 Introduction . . . . . ... 132
7.2 Methodology . . . . . . . . . 134

7.3 Resultsand Discussions . . . . . . . . . . ... L e 135
7.3.1 Electronic Structure of FAPbl; . . . . . . . . . ... ... ....... 135

7.3.2 Tight-BindingModel . . . . . .. ... ... ... L. 139

7.3.3  Surface Electronic Structure . . . . . . .. ..o 143

7.3.4 TPT in Mixed Cation Perovskites . . . . ... ... ... ....... 146

7.4 Conclusion . . . . . ... L 149

8 Epilogue and outlook 151
List of Publications 186

Author’s Biodata 187



List of Figures

1.1

1.2

1.3

1.4

1.5

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

Methods for the control of the valley state are, (a) optical, (b) magnetic [2, 3],

(c)electrostatiC. . . . . . . . .. e

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 Figureis [4]. . . . . . . . .. .. ... ... ...

(a) In an effectively spinless one-dimensional system, transport involves a for-
ward 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 schemat-
ically 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

=242 e

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. . . . . . . .

X1V



List of Figures

XV

1.6

1.7

1.8

2.1

2.2
2.3
24

2.5
2.6

2.7

(a) Conventional insulators feature valence electrons tightly bound to atoms,
resulting in a continuous energy gap across all momentum values. (b) In con-
trast, the quantum Hall effect, induced by a magnetic field, creates an energy
gap and supports current-carrying edge states within that gap. (c) The quan-
tum 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. . . . . . . . . ... Lo,

Electronic band structure of a graphene nanoribbon calculated along the longi-
tudinal momentum 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 correspond to oppositely prop-
agating 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]. . . . . . . . . .. . .

First-principles derived surface electronic dispersions along the (111) surface
for (a) SbySes, (b) SbyTes, (c) BisSes, and (d) BiyTes. The projected bulk
continuum is shown in red, whereas the bulk band gap is highlighted in blue.

The source of this Figureis [6]. . . . .. ... .. ... ... ... ......

Steps involved in creating a computer model and interaction between theory,

simulation, and experiment. . . . . . . . .. ... L.
Multi-scale simulation in various length and time scales. . . . . . ... .. ..
Flowchart of the Hartree method for many electron framework. . . . . . . . ..

Schematic flowchart Hartree-Fock method for the solution of many electron

SYSEEIM. . . . L L e e e e e e e e e e e e e e
Hohenberg-Kohn approachin DFT. . . . . .. ... ... ... ... .....

Schematic representation of interacting and non-interacting many-electron sys-

tem having the same ground-state electron density. . . . . .. ... ... ...

Schematic diagram of Jacob’s ladder of density functional theory with different

approximations for exchange-correlation energy. . . . . . .. ... ... ...



List of Figures XVi

2.8

2.9

3.1

3.2

33

3.4
3.5
3.6

3.7

3.8
39

3.10
3.11

Schematic illustration of self-consistent loop for the solution of the Kohn-Sham
EQUALIONS. . . v v v v v e e e e e e e e e e e e e e e e e e e 55
Representation of the pseudopotential approximation. The solid and dashed

lines represent the all-electron and pseudo-wavefunctions, respectively [7].. . . 62

Crystal structure of (a) Type I, (b) Type I, (c) Type I11, and (d) Type IV Cr,CSX
X=FO,H,CL,Br,DMXene. . . . . ... ... ... ... ........ 76
(a) Side and top views of CryCSF (Here c-direction represents out-of-plane
direction, and a-b plane represents in-plane direction). (b) Hexagonal 2D Bril-
louin zone. (c) Electron localization function map of CroCSF, which is renor-
malized to values between 0 for charge depletion and 1 for charge accumulation. 78
(a) Phonon dispersion map of Cr,CSF. (b) Spin-polarized charge densities on
CroCSF MXene, where spin-up density is shown in yellow. (¢) The predicted
occupations of d orbitals of Crg and Crgatoms. . . . . .. ... ... ..... 79
Crystal structure of (a) one FM and (b), (c), (d) three AFM states of Cr,C MXene. 79

Dependence of specific heat capacity on the temperature. . . . . . ... .. .. 81

Band structure of CroCSF (a) without SOC, (b) with SOC for out-of-plane mag-
netization (inset is showing the valley splitting in conduction band). (c) Orbital
projected band structure for Cr atom. (d) Band structure for in-plane magneti-
zation with SOC. . . . . . . . .. 82
Band structure of (a) CryCSH, (b) CryCSO, (c) CryCSCl, (d) CryCSBr, (e)
Cr,CSI MXene in presence of SOC. . . . . . . .. .. ... ... ... ..., 83
Visual representation of polar anglesfand ¢. . . . . . ... ... ....... 84
(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. . . . . . .. .. ... ... ..., 85
The anomalous Hall conductivity as a functionof Ep . . . . . ... ... ... 86
(a) Band structure of CroCSF under uniaxial strain of 3.5% showing QHVM
phase. (b) Berry curvature of CroCSF along the high symmetry path. (c)

Schematic of hole-electron charge carriers separation on application of in-plane

electric field. . . . . . . . L 87



List of Figures XVvii

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

(a) Front and top views of Fe;C(OH), (Here, x-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 7T symmetry showing combined
PT symmetry. . . . . . . . . .. e 92
Crystal structures of (a) FM, (b) AFMI, (c) AFM2, and (d) AFM3 magnetic
configurations for FeoC(OH); MXene. . . . . . . . .. ... ... ... .. .. 93

The electronic band structure of (a) Fe;,CF, showing well defined valleys at
+K and —K points in the conduction band, (b) Fe,CCl,, (c) FeoCO,, and (d)

Fe,CS, showing that there are no well defined valleys at high symmetry points. 94

The electronic band structure of FeoCF,; MXene with SOC showing valley po-

The energy band structures of FeoC(OH), (a) without SOC with blue colour
showing the contribution of spin-down states only, with SOC (b) for out-of-
plane magnetization (i.e. along the positive z-direction) showing valley po-
larization, (c¢) with opposite out-of-plane magnetization (along the negative z-
direction), and (d) for in-plane magnetization, showing absence of valley po-

larization. . . . . . . . . e e e e e 95

The distribution of (a) total, (b) spin-up, and (c) spin-down Berry curvatures for
Fe,C(OH),. (d) A schematic of valley layer-spin Hall effect under the appli-
cation of a longitudinal in-plane electric field and appropriate electron doping.

The left and right planes represent the top and bottom Fe layers, respectively. . 96
(a) Representation of polar angles. (b) Orbital projected band structure of
Fe,C(OH); in the presence of SOC. . . . . . . . . ... ... ... ...... 97
For Fe;,C(OH)s, (a) the energy difference between FM/AFM2/AFM3 and AFM 1
magnetic orderings as a function of electric field, and (b) the variation of MAE

as a function of electric field. . . . . . . . . . . . ... ... 98

For Fe;,C(OH),, 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, and S_gx
at +K and —K valleys, respectively) in the conduction band as a function of

electric field. . . . . . . . L 99



List of Figures XViii

4.10

4.11

4.12

4.13

4.14

5.1

5.2

5.3

5.4

5.5

5.6

Band structure of Fe,C(OH), under an electric field (a) E = 0.02 V/A, ©E=
0.04 V/A, (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. . . . . . 100

Reversal of the spin order of spin splitting on reversing the direction of electric

The distribution of (a) spin-up, and (b) spin-down Berry curvatures for Fe,C(OH),
under an electric field of 0.10 V/A. (¢), (d) The in-plane electric field and elec-

tron doping produce layer-locked AVHE. The top and bottom planes represent

the top and bottom Fe layers, respectively. . . . . . .. ... ... ... .. .. 102
(a) The top and (b) side views of the crystal structure of Janus monolayer
Fe;C(OH)FE. The energy band structure (c) without SOC with red (blue) cir-

cles (squares) representing the spin-up (spin-down) states, and (d) with SOC

for magnetization direction along the positive z-direction. . . . . . . . . .. .. 103

The distribution of (a) spin-up, and (b) spin-down Berry curvatures for Feo,C(OH)F. 103

(a) Crystal structures of monolayer VSSe. (b) Band structures of monolayer
VSSe without SOC. (¢) Band structures of monolayer VSSe with SOC. The
Fermi level issettozero. . . . . . . . . . . . . . .. 108
(a), (b) Crystal structures of monolayer Al,S3 from side views with differ-
ent ferroelectric polarization. (c) Band structures of monolayer Al,S3 without
SOC. (d) Band structures of monolayer Al,S3 with SOC. The Fermi level is set
EOZEIO. . . . o o e e e e e e e e e 109
Design principle based on multiferroic heterostructure. Diagrams of band struc-
tures around the +/ and — K valleys and FE-controlled AVH effect under in-
plane electric field. . . . . . . . ... ... .. 110
Crystal structures of different stacking configurations of the VSSe/Al;S3 het-
erostructures with (a), (c), (e), (g), (1), (k) Py, and (b), (d), (f), (h), (), (1) Pg,
polarization. . . . . . . .. ... 110

Structure of (a-d) type-I P, and (e-h) type-I P4, with FM and AFM configura-

Band structures of (a) type-1P,, and (c) type-I P, 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. 112



List of Figures Xix

5.7

5.8

6.1

6.2

6.3

6.4

6.5

6.6
6.7

6.8

6.9

6.10

7.1

Spin projected band structures of (a) type-I P, and (c) type-I P4, configura-
tions without SOC. Red and blue symbols show spin-up and spin-down charge
carriers, respectively. . . . . . . L. L. 113
Contour maps of the Berry curvatures across the 2D Brillouin zone for the (a)
type-I P, and (b) type-1 P4, configurations. (c) Schematic of the AVH effect

and memory device in (c) type-I P, and (d) type-I P4, configurations. . . . . . 115

(a) Primitive crystal structure of TIBiSe,, (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 T1, Bi, Se
and TI, Bi sites simultaneously. . . . . . . . ... ... L oo, 120
Band structure of T1BiSe, calculated using (a) PBE+SOC (b) GoW,@PBE+SOC.121
The band structures for TIBiSe,, GaBiSe, and PbBiSe, without SOC are shown
in (a), (¢), (e) and with SOC are shown in (b), (d), (f), respectively. Insets show
band inversion at respective high symmetry points. . . . . .. ... ... ... 122
The band structures for SnBiSe,, SbBiSe, and BisSe, without SOC are shown
in (a), (c), (e) and with SOC are shown in (b), (d), (f), respectively. . . . . . . . 124
The band structures for TISnSe, and PbSbSe, without SOC are shown in (a),
(c) and with SOC are shown in (b), (d), respectively. . . . ... ... ... .. 125
Phonon band structures of (a) GaBiSe, and (b) PbBiSe,. . . . . . . .. .. .. 126
Phonon band structures of (a) SnBiSes, (b) SbBiSes, (¢) BisSe,, (d) TISnSe,
and (e) PbSbSes. . . . .. e 126
Surface states for the left surface of TIBiSes, GaBiSe; and PbBiSe, 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. . . . . . .. ... ... ... 128
Surface states for the left surface of SnBiSe,, SbBiSe, and BiySes are shown
in (a), (c), (e) and for the right surface are shown in (b), (d), (f), respectively. . 129
Surface states for the left surface of TISnSe; and PbSbSes are shown in (a), (c)

and for the right surface are shown in (b), (d), respectively. . . . . . ... ... 130

Schematic showing (a) continuous and (b) discontinuous topological phase

transition. . . . . . . . . . e 133



List of Figures XX

7.2 Crystal structure of (a) cubic and (b) pseudocubic FAPbI;. (c) 3D BZ along
with the projected 2D BZ. (d) The molecular orbital picture for FAPbl;. Bulk
band structure of FAPbI; in the (e) absence of SOC and (f) presence of SOC. . 136

7.3 Partial denisty of states for FAPbI3 showing I-p, Pb-s and Pb-p states in green,

blue and red colours, respectively. . . . . ... ... oL 137
7.4 Band structure of FAPbI; calculated using (a) PBE+SOC and (b) GyW,@HSE06+SOC.137

7.5 Orbital resolved band structure in presence of SOC for cubic and pseudocubic
FAPbI; (a), (d) without compression, and (b), (e) at critical compression -y
= 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
FAPbI; showing its continuous nature, and (f) pseudocubic FAPbI; showing a

discontinuity at the critical value of strain. . . . . . .. ... ... .. ..... 138

7.6 Orbital resolved HSE06+SOC band structure for cubic and pseudocubic FAPbI;
(a), (d) without compression, and (b), (e) at critical compression v = 0.76, and

v=0.73,respectively. . . . . ... Lo 139

7.7 Radial distribution function using NVT ensemble for different phases of FAPbI3
namely (a) cubic, (b) strained cubic (7 = 0.76), (¢) pseudocubic and (d) strained
pseudocubic (y=0.73)at T=0Kand T=300K. . . . . ... ... ... ... 140

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

without compression, (d) at critical compressiony=0.73. . . ... ... ... 144

7.9 (a) Crystal structure of FAPbI3 showing a different orientation of FA cation and

(b) topological surface states at critical strain value. . . . . . . ... ... ... 145

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

Orientation of FA is different in all the configurations. . . . . . . ... ... .. 146
7.11 Crytsal structure of (a) Csg.75s MA 5Pbls, (b) Csg s MA 5Pbl; and (¢) Csg o5 MA( 75Pbls. 146

7.12 Radial distribution function at T = 0 K and T = 300 K for unstrained and
strained (’7 = 074), (a), (b) CSO.5MAO.5Pb13, (C), (d) CSQ~75MAO.25Pb13, (e) and
(f) Csp.25sMA( 75Pbls, respectively. . . . .. .. . ..o oL 148



List of Figures XX

7.13 Orbital resolved band structure in presence of SOC for Csys;MA( 5Pbls (a)
without compression, (b) at critical compression v = 0.74. Surface band struc-

ture for Csy s MA, ;Pbl; (a) without compression, (b) at critical compression -y



List of Tables

3.1

32

33

3.4

4.1

5.1

5.2

6.1
6.2
6.3
6.4

7.1

Four types of functionalization adsorption sites on Cro,CSX MXenes. The most
stable type has been set up to zero for each MXene (in units of eV). . . . . .. 77
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). . . . . 77
Energies of different types of magnetic configurations of CroCSF MXene (1 x2x 1
supercell) using HSEO6 functional. The most stable type has been set up to zero

(inunitsof €V). . . . . . . . e 80

Coupling constants J;, Jo and J3 (in units of meV) along with the Curie temper-

ature (in K). . . . . . e 81

Energy of different magnetic configurations of FeoC(OH), MXene using HSEO6
exchange functional. The energy of most stable configuration has been set to

zero (inunitsofmeV). . . . . . . .. ... e 93

Energy of different stacking configurations of VSSe/Al,S3 heterostructure in

units of €V. . . . L 111

Energy of different magnetic configurations of VSSe/Al,S3 heterostructure in

unitsof €V. . ..o 111
Band gap (in meV) of T1BiSe, using different ¢, functionals. . . . . . . .. .. 121
Band gap (in meV) of different materials using GyW,@PBE+SOC. . . . . .. 123

Optimized lattice parameters for SnBiSe,, SbBiSe,, BisSes, TISnSe, and PbSbSe,. 123

Calculated Z, invariants for different materials. . . . . . . ... ... ... .. 130

Interaction parameters and SOC strength for FAPbI; from thirteen band Hamil-

tonian at zero and critical compression strength in units ofeV. . . . .. .. .. 142

xXxii



List of Tables XX1il

7.2 Interaction parameters and SOC strength for FAPbI; from four band hamilto-
nian at zero and critical compression strength in units ofeV. . . . . .. .. .. 143
7.3 Interaction parameters and SOC strength for Csy s M A 5Pbl; from thirteen band

hamiltonian at zero and critical compression strength in units of eV. . . . . . . 149



