THEORETICAL INSIGHTS TO
SYMMETRY-INDUCED SPIN SPLITTINGS
AND TEXTURES IN (NON-)MAGNETIC
MATERIALS

SAJJAN

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI
FEBRUARY 2024



(©) Indian Institute of Technology Delhi (IITD), New Delhi, 2024



THEORETICAL INSIGHTS TO
SYMMETRY-INDUCED SPIN SPLITTINGS
AND TEXTURES IN (NON-)MAGNETIC
MATERIALS

by
SAJJAN

Department of Physics

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

FEBRUARY 2024



Dedicated to my father



Certificate

This is to certify that the thesis entitled “Theoretical Insights to Symmetry-Induced Spin
Splittings and Textures in (Non-)Magnetic Materials” being submitted by Sajjan, to the
Indian Institute of Technology Delhi, for the award of the degree of Doctor of Philosophy in
Physics is a record of bonafide research work carried out by him under my supervision and
guidance. He has fulfilled the requirements for the submission of the thesis, which to the best
of my knowledge has reached the required standard. The material contained in the thesis has
not been submitted in part or full to any other University or Institute for the award of any degree

or diploma.

Prof. Saswata Bhattacharya

Thesis Supervisor

Department of Physics,

Indian Institute of Technology Delhi,
Hauz Khas, New Delhi 110016, India.

Place: New Delhi



Acknowledgments

I extend my deepest gratitude to my Ph.D. supervisor, Prof. Saswata Bhattacharya. Every in-
teraction with him has been a learning experience, contributing significantly to my professional
and personal development. His expertise, encouragement, and constructive feedback have been
instrumental in shaping the direction of this thesis. His invaluable advice, insightful comments,
novel ideas, and dedicated research guidance have served as the cornerstone of my development
as both a student and an independent research scholar. Thank you Sir!

I am thankful to members of my student research committee: Prof. Hemant K Kashyap,
Prof. Sankalpa Ghosh, and Prof. Rohit Narula for their expertise and thoughtful insights that
have significantly enriched the quality of my research. I am deeply grateful to my M.Sc. project
supervisor, Prof. Ravinder R. Puri, for initially sparking my interest in theoretical physics and
cultivating my critical thinking skills.

A special acknowledgment goes to my DISCERE group members: Dr. Sikha Saini, Dr.
Pooja Basera, Dr. Manish Kumar, Dr. Arunima Singh, Dr. Deepika Gill, Dr. Manjari Jain,
Dr. Preeti Bhumla, Ankita Phutela, Sanchi Monga, Ruman Moulik, Riya Gupta, Shantanu
Pathak, and Divyanshi Tyagi. Your collaborative spirit, diverse perspectives, and intellectually
stimulating environment have positively impacted this research.

I want to thank our collaborators at IIT Mandi: Prof. Venkata Krishnan, Dr. Ashish Kumar,
and Devendra Sharma for great discussions on the catalysis project.

I am deeply thankful to IIT Delhi and CSIR for providing me the facilities and funding
to carry out this research and present it at international conferences. I am truly indebted to
Navodaya Vidyalaya Samiti for supporting my education up to the senior secondary.

Finally, I thank my parents, family, and friends who have always been there for me. Their

contributions extend far beyond the scope of this thesis.

Sajjan Sheoran

il



Abstract

Spin splittings and associated spin textures play a pivotal role in spintronics application (e.g.,
charge-to-spin conversion). The role of crystal symmetries in determining spin polarization
through spin-orbit coupling (SOC) is established in pioneer works by Dresselhaus and Rashba.
Nevertheless, the practical use of these materials in spin transport is constrained by the SOC-
induced spin dephasing mechanisms. In addition, the toxicity, rarity, and instabilities of mate-
rials containing heavy atoms are also challenging. The materials with uniform spin configura-
tions in the momentum space, termed as persistent spin texture (PST), provide nondephasing
spin transport. However, PSTs observed in the regime of linear (in k) splitting and exist locally

in Brillouin zone (BZ).

Here, we report first-principles density functional theory simulation and symmetry-based
k-p analysis to obtain novel spin-splitting mechanisms with nontrivial spin textures in magnetic
and nonmagnetic crystalline materials. We demonstrate full-plane PSTs in the regime of purely
cubic spin splitting protected by the in-plane mirror and threefold rotation symmetries. A large
class of experimentally synthesized bulk materials shows cubic-ordered PSTs with D3j, and Cy),
point group symmetries. Moreover, o, symmetry enforces the spin textures of two-dimensional
(2D) materials to the out-of-plane direction in the entire BZ. Our calculations demonstrate that

it is local site symmetries that determine the nature of spin splittings and PSTs.

Structural symmetry can be varied using external perturbations, i.e., electric and strain
fields, to modulate the spin and valley physics in 2D materials. By performing DFT calculations
on monolayer MSi;N, (M=Mo, W), a prototypical septuple atomic layered two-dimensional
material, we demonstrated that Rashba splitting can be induced by breaking the o}, through an
out-of-plane external electric field and chemical substitution of elements (Janusization). The
low energy electron and hole valleys drift far off the K/K’ point under uniaxial strains. The
direction and strength of valley drift strongly depend on the nature of the charge carrier and

uniaxial strain with a more substantial response along the zigzag path. The changing geometric
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properties of Bloch states affect the Berry curvatures and circular dichroism. Specifically, Berry
curvature dipole is significantly enhanced under the tensile strain along armchair and zigzag di-
rections. Meanwhile, the particle-hole asymmetry arising from nonequivalent electron and hole
valley drifts relaxes the selection rules, thus reducing the degree of circular polarization up to
~0.98. Therefore, strain engineering of valley physics in the monolayer MSi;Ny is of prime
importance for valleytronics.

Recently, antiferromagnetic (AFM) materials have emerged as viable substitutes for non-
magnetic and ferromagnetic materials, benefiting from resilience towards stray fields, ultra-
fast dynamics, magnetotransport effects, and lack of susceptibility to magnetic perturbations.
Centrosymmetric antiferromagnetic semiconductors, although abundant in nature, appear less
favorable in spintronics owing to the lack of inherent spin polarization and magnetization. We
unveil hidden Zeeman-type nonrelativistic spin splitting (NRSS) in layered centrosymmetric
antiferromagnets with asymmetric sublayer structures through first-principles simulations and
symmetry analysis. In addition, we demonstrate a paradigm to harness NRSS by twisting the
bilayer of centrosymmetric antiferromagnets with commensurate twist angles. We observe
spin-momentum locking by first-principles simulations and symmetry analysis on prototypi-
cal MnPSe; and MnSe antiferromagnets. The strength of NRSS (up to 80 meVA) induced by
twisting is comparable to SOC-induced linear Rashba-Dresselhaus effects. The results also
demonstrate how applying biaxial strain and a vertical electric field tune the NRSS. The design
principle to obtain Zeeman-type splitting in centrosymmetric antiferromagnets established here

expands the range of materials to look for spintronics.
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o fRafd sik Tefdra fue dauard, srufd Hifen wiM H U ufeRIsoIe Aoy o faarur,
eI ST (3T, ATol-¢- R wiast) H He@yul YHewT fAurd | | fhea gafifaat
B YT, foeT ey fRuA-siffde Hi@i (soc) & Arerd ¥ fya tiarigeeq &1 FuRur s
o8, 38 SUEIY 3R =1 GRT U 7T Y il § WM 81 778 8 | BTetiich, 1 AT b1
iforfoe IuanT Ry uitgss § fRuA-3iffde BRiT (soc) & SR gF arat R Sl
gfsrarelt I W g, srufd uferge-arbe fm Rae iR s a-Ra fae s
2P SAET, HRY URATY] SULS{i &1 WM B are AR St [qoraddr, gavdT, 3R
SfRRarsTt &t gefaar f 1 Ated I # U 9wy R4 9= &1 §91e 3@ areft
gl S fRR f9 TR (PST) 8T 9T 3, FRR f-3fiey A%fisH & Aregw 3
AHBRY BRI (T Sa-ThTd UaH SRl ¢ | ST, 36 A 31T B T8 SHABIY PSTs Bl
kﬁWﬁﬁWﬂW%hW%ﬁ?ﬁWﬁWﬁ@ﬁ%%W
R Y ¥ 3f&TadH 8 9rdl & el 83 (B2) &1

TgT, 89 Ugq-Rigid Rmaz ik RAd-snulka k. p fazdwor &1 IugiT w=d g dife
GBI 3R TR THHM! B SRR R TRTa™ o 91y -7¢ fA-fRafe A -em ura
fu ST 9 | 89 T-dd PSTs &1 UHA Bt RUIE IR € S had agfah & fafdr ax o
T dRE q TN W1 3R ©, RO 39-WH FRR (03,) 3R -t 997 () g1 Uaiedt fobam i 31
TP 53 Jult BT TIRTRITE G s Rl | D), 3R ¢, Tog THg guffaar i g
YD AT, o}, GHATT G- (2D) FHR BT fH Cogad &1 g8t Bz # argd-wid fawn
A 3feg PRl 8 1 gARI UMY fevareh € b e =g =i gafhifeet § i R Rafe ¢k
PSTs @1 Uhfd o1 FuRor et €1

TS gaiafa & fafte s1iie uyial &1 I w1 & T sear &1 I g,
ISR & R, TAfGReS 3R TG &1 BT IUANT B35 2D TR} § R ok et 4t
D gHEIfed B & Il | HFIER MSiaNy (M=Mo, W) TR U9 HIaHD RIGId (DFT) TS
PP, U IAIEUIY IR HUIfdh TR 1 2D AR, g, Pl b Hoh I8 SAldedh bice
3R a<al & = & IuTT ¥ I=MET Rafe 9Ra forar S T g1 HH SHolf gaae i 3R 8
It fox i WA & dgd K/K fig & agsient ga1d & ded g aal Irdl ¢ | dait ga &1
fa=m SR drerd &1 ufdgd ST Ry & A1y 31fie RR ufafesar & Ay, smuia g1 gAR
e, gfere wer amer ok Jufifa St &t Aeaynl Uit &1 velRia od 81 ==
RUfaT Bt Fead! TuRET O} Haoy 3R TPHeR SEehIgeH B THTAd Bl ¢ | IRy w0 9,
THRR SR formenT femmsii & a1y a-ra RUfY & d8d a1 daoR Sreuld Il & JURT
ST 81 9% o, TRYFY 3aaed 3R B dell Ia- ¥ I0d YRTYd rqafifa Famt ot
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efR-¢fR =i el B, o Ryt & fexn & IrseeRk tieRisoH &t i &Y ~0.98 dh
HH T & | STFIY, AR MSi;N4 B aait et & I-1a BT SAARIT BT delie - &

forT g Hewagut B

smé}fr TS (AFM) IHRET IRYSHIT 3R TRTfesw Jmft & fe
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TR gaeR TS & dregd ¥ 30 shaF-geR & TR idure f&m f&afdr (Nrss)
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& fafen ot ard (~90 meVA) FUA-a1-a1fd fRufa &1 gamn & g1 afkomy g8 +ft feeara §
% q-dfcwd a9 iR uw dieht faggd &5 @ #%A ¥ NRSS & AHT &) W& B DI
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CHAPTER 1

Introduction

1.1 Materials

Shaping material properties to meet various requirements has been a fundamental aspect of
human civilization, with the evolution of materials serving as a historical timeline for Earth [6].
For instance, the Stone-Age culture relied on locally available rocks, while the Bronze Age
introduced the smelting and casting of metals, marking the inception of reshaping native metals
for tools and weapons. The 4th millennium BC witnessed the first production of alloy bronze,

contributing to the gradual evolution of the world as we know it today.

A significant milestone emerged with the advent of quantum mechanics, initially applied
to understand atoms and later extended to comprehend crystalline compounds. This under-
standing of the electronic properties of solids directly led to the development of transistors in
1947. The subsequent introduction of junction transistors, replacing vacuum tubes, heralded
the microchip revolution. In 1953, Morris Tanenbaum at Bell Laboratories successfully uti-
lized Silicon as a transistor material, subsequently dominating the semiconductor industry and

defining the current era as the Silicon Age.

In 1965, Gordon E. Moore, Intel’s co-founder, predicted that the number of transistors in
a dense integrated circuit would double approximately every two years—a foresight that held
true for over 45 years and became known as "Moore’s Law." However, Moore’s Law is now
encountering challenges [7]. As devices shrink in size, approaching the quantum regime, new
issues such as tunneling effects need attention. Consequently, researchers and manufacturers
are actively seeking novel materials to address these challenges and enhance device function-

ality.
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1.2 Spintronics

Conventional electronics, which primarily rely on silicon-based integrated circuits, have been
highly successful in powering modern technology. However, they do have some drawbacks
like high power consumption due to Joule’s heating, large size, speed limitations, vulnerability
to external factors, and limited functionality integration. Electrons possess also spin degrees
of freedom (DOF), but traditionally, charges and spins have been treated independently. In
conventional electronics, electric fields manipulate charges while spins are disregarded. Spin-
tronics constitutes a multidisciplinary field dedicated to actively controlling spin DOF in mate-
rials [8, 9]. In this context, “spin” refers to either the individual electron’s spin (s), detectable
through its magnetic moment or the net magnetization generated by the group of electrons.
Manipulating spin involves controlling the population and phase of spin or performing spin op-
erations on a single or a few-spin system. The overarching goal of spintronics is to comprehend
the interplay between particle spin and crystal potential, ultimately leveraging this understand-
ing to fabricate functional devices. Such a broader definition of spintronics leads to a wide array
of subjects. On one end of the spectrum, researchers investigate the manipulation of individual
localized spins found on singular atomic sites within crystals, such as NV centers in diamond
or semiconductor quantum dots. These entities are recognized as spin qubits, offering potential
for solid-state quantum computation. On the opposite end, researchers delve into the study of
spin transport and dynamics in large-scale systems, exploring diverse connections between spin

transport and spin dynamics.

The quest for effective methods to polarize a spin system is central to spintronics inves-
tigations. Spin current in nonmagnetic (NM) materials can be generated through numerous
techniques, including spin injection through a ferromagnetic (FM) source, introduction to a
magnetic field, electric field, and electromagnetic waves, Zeeman band splitting, spin motive
force, thermal gradient, and mechanical rotation (see Figure 1.1). A widely employed approach
involves spin injection from half-metallic and metallic FM materials through the ohmic con-
tacts or tunneling the barriers. Electromagnetic waves, including circularly polarized light,
can excite spin-polarized electrons in superconductors based on selection rules. Conversely,
this phenomenon results in circularly polarized light emission with a spin-polarized electron
current. Moreover, spin generation through electromagnetic waves, such as spin pumping and

high-frequency spin induction, extends these capabilities. Additionally, a thermal gradient has
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Figure 1.1: Graphical abstract for spins and related effects. This Figure is taken from Ref. [1].

been identified as a means to produce spin-polarized carrier flow through the spin Seebeck and

Nernst effects, offering potential applications in energy harvesting.
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Figure 1.2: Splitting of d orbitals under octahedral and tetragonal crystal fields.

1.3 Symmetries in condensed matter

Symmetry operations play an crucial role in governing the splitting of atomic energy bands in
crystals. This can be understood from the simplest case, i.e., an atom with angular momen-
tum [ = 2 in a crystalline field. Without any crystal field (under spherical symmetry), the d

orbitals are five-fold degenerate [see Fig. 1.2]. If a atom is positioned in a cubic crystal (octa-
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hedral symmetry), the five-fold degenerate levels split into two-fold degenerate and three-fold
degenerate energy levels. If the symmetry is further reduced, i.e., by applying strain to reduce
octahedral symmetry to tetragonal symmetry, the energy levels further split into three nonde-
generate energy levels and a two-fold degenerate energy level. Thus, transformations of orbitals
under symmetry operations play a crucial role in determining the energy degeneracy. Note that
symmetry operations and group theory can only provide a qualitative picture of energy levels
and energy degeneracy; however, it is insufficient in determining actual positions.

Periodic potentials exhibit translation symmetry, i.e., V(r) = V(r + R), where R,, de-
notes an arbitrary lattice translation vector. Therefore, the electronic wavefunctions Wy (r)
(also known as Bloch functions) transform following the irreducible representation labeled by
K in the translation group. Wy (r) follows the transformation 7, Uy, (1) = Wp(r+7) = 70,
where 7’ represents the translation in real space by the vector 7. Here, k denotes the crys-
tal momentum, and the continuous energy eigenvalues F, (k) are generally referred to as the

energy bands.

1.4 Spin splittings

The energy bands with momentum-dependent spin splitting are crucial for designing spintron-
ics applications, specifically charge-to-spin conversion [10, 11]. While nonmagnetic solids,
without a magnetic field, typically exhibit degenerate electron energy bands with up and down
spins. Systems breaking spatial inversion symmetry introduce spin-orbit coupling (SOC). SOC
generates spin-orbit field [2(k) « E x k], where electric field (E) is induced by the in-
version asymmetry [!2]. This SOF couples with the spin degree of freedom (o), leading to
k-dependent spin splitting at generic k, even without a magnetic field. Dresselhaus demon-
strated that in acentric nonpolar crystals, SOC induces cubic (in k?) spin-splitting [13], while
Rashba elucidated terms linear in k in crystals with a polar axis [14] [see Figs. 1.3(a) and
1.3(b)]. Addressing a surface exposed to a vertical electric field £ = E,Z, the Rashba-SOC

can be expressed as [15, 16]
Hp = oagr(o x k) -2=ag(o,ky —o,k,). (1.1)

Linear splitting in k can also be observed in nonpolar structures, belonging to gyrotropic point

groups like Dy;, wherein the spin-momentum locking is described by the linear Dresselhaus
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SOC [17] [see also Figs. 1.3(c)]

Hp = ap(ok, — oyky). (1.2)
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N ag(ogk,—ok)  ap(ok,—ok) ack,

Figure 1.3: (a) Linearly dispersed bands and associated spin configurations in momentum space

for (b) linear Rashba, (c¢) linear Dresselhaus, and (d) persistent spin texture cases.

The momentum-dependent spin splittings are well explained by linear Rashba (LR), linear
Dresselhaus (LD) or some unique combination of LR and LD [18, 19, 20, 21, 22, 23]. In
linear spin splitting including LR or LD, energy bands are dispersed with k having the relation
Fyx = ok® & 7k, where o and 7 are the effective mass and linear splitting terms, respectively.
However, SOF leads to Elliott-Yafet and Dyakonov-Perel spin-dephasing mechanism, limiting
the experimental realization of spin currents. The persistent spin texture (PST), where spin
configurations become independent of the crystal momentum (k), overcome spin dephasing and
provides dissipationless transport [2 1, 24, 25, 26, 27]. In the regime of linear splitting, PST can
be obtained by tuning the strength of LR and LD effects, such that they compensate each other
(g = ap). In addition, PST with linear spin splitting can also be enforced by nonsymmorphic
space group symmetry of the crystal and, therefore, not easily broken [21]. In recent times,
cubic Rashba (CR) and cubic Dresselhaus (CD) effects have started to gain scrutiny owing to
their unique benefits to spin transport like larger spin Hall conductivity as compared to linear
spin splitting effects [28, 29, 30, 31, 32, 33, 34]. The purely cubic effects (CR or CD) can be
distinguished from linear effects (LR or LD) by dispersion curve F; = ak?® + nk®. The CR
and CD effects are described by the SOC Hamiltonians given by, Hor = (k, — z'ky)S(aw +
ioy) — (kp + iky)* (0, — ioy) and Hop = (kok? — kokl)og + (kykZ — kyk2)oy, + (k.E —
k.k?)o., respectively. The crucial experimental discoveries related to CR contain SrTiO3(001)
surface [29], asymmetric oxide heterostructure LaAlO3/SrTiO3/LaAlOs [32], strained-Ge/SiGe

quantum well [28] and surfaces of antiferromagnets GdIr,Sis and TbRh,Sis [35, 36].
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1.5 Spin-valley coupling
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Figure 1.4: Schematic illustration of spin-valley coupling in 2D hexagonal materials. The spin

+> e

polarization at the time-reversal conjugate points K and K’ is opposite in nature.

The presence of well-separated multiple energy extremal points in momentum-space, gener-
ally referred to as valleys, constitutes a binary index for low energy carriers [37]. Valleytronics
is an emerging field of study within condensed matter physics and electronics that explores the
unique electronic properties associated with the manipulation of electron valleys in materials.
In analogy to electron spintronics, which exploits the intrinsic spin of electrons, valleytronics
harnesses the valley degree of freedom in materials with multiple equivalent energy valleys in
their electronic band structure. Valley index is robust to the scattering by smooth deforma-
tions and long-wavelength phonons. One of the key features of valleytronics is to selectively
populate or depopulate these valleys using external fields, such as electric or magnetic fields.
This manipulation can be achieved through a variety of mechanisms, including the quantum-
confined Stark effect and the valley Zeeman effect. Moreover, the valley index can serve as a
binary information carrier, analogous to the spin in spintronics.

The 2D materials have potential for realizing physical properties desirable in spintronics
and valleytronics [38, 39]. Inversion and TRS together force the double degeneracy throughout
the Brillouin zone (BZ). The coupling of inversion symmetry breaking with SOC lifts the band
degeneracy mainly through Rashba and Dresselhaus effects. However, if TRS breaks along
with inversion symmetry breaking, the spin-valley effects are induced [see Fig. 1.4]. Therefore,
it can be exploited for information processing and encoding. The lifting of band degeneracy
results in non-trivial momentum-dependent spin textures, which are mainly governed by the
type of splitting. Analogous to charge, utilizing the spin and valley DOF through the non-
dissipative spin transport is a vital ingredient of spintronics and valleytronics.

Several intriguing phenomena are experimentally accomplished, such as the valley Hall
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effect [40, 41, 42, 43], valley excitons [44, 45], valley Zeeman and AC Stark effects [46]. The
valley effects are experimentally and theoretically observed in graphene and transition metal
dichalcogenides. For a long period, monolayer MoS; has been regarded as a promising material
for the valleytronic applications. However, the limited growth size and low carrier mobility of
MoS; hinder their potential applications. Undoubtedly, centimeter-scale monolayer MoSisNy
family of septuple layered materials is emerged as an alternative to monolayer MoS; owing to
its advantages in practical applications. Monolayer MoSi,N, have excellent ambient stability,
large synthesis size (upto 15mmx15mm) [47]. The monolayer MoSioN, has pair of Dirac
valleys at corners of the BZ connected through TRS and constitutes a binary index for low
energy carriers [48, 49, 50, 51, 52, 53]. The breaking of inversion symmetry and high SOC
leads to valley contrasting features in the spin splitting, berry curvatures, and optical circular
dichroism [50]. Thus, valley polarization can be controlled by optical, transport, and magnetic
interactions. Theoretical calculations predict the high electron/hole mobility up to 270/1200
cm?V~1s~! for monolayer MoSisN,, which is nearly six times larger than that of monolayer
MoS; predicted [47]. The excellent stability, carrier mobility, suitable band gap, and protection
of capped SiN layer from environmental disturbance promise an advantage over MoS; in valley
transport properties, especially valley filtering, valley Hall effect, and valley-coupled spin Hall
effect [47, 55].

The potential advantages of valleytronics lie in its ability to complement and enhance exist-
ing electronic technologies. Valleytronics may offer new avenues for faster and more energy-
efficient information processing, as well as improved quantum computing capabilities. Ongo-
ing research in this field focuses on understanding the fundamental physics of valley-dependent
processes, exploring new materials, and developing practical valleytronic devices for future

technological applications.

1.6 Nonrelativistic spin-moment coupling in antiferromag-

nets

SOC induced Rashba-Dresselhaus [13, 56, 15, 57] in nonmagnetic and Zeeman effects in ferro-
magnetic (FM) materials create spin splittings under certain crystalline (i.e., inversion [P]) and
TRS (1) breaking [58], respectively. SOC-induced spin splitting and resulting spin polarization

engender spin-orbit torques [59, 8]. However, the SOC effect introduces spin dephasing mech-
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anisms, limiting the practical application. Four significant mechanisms identified in metals
and semiconductors are Elliott-Yafet [60, 61], D’yakonov-Perel’ [62], Bir-Aronov-Pikus [63],
and hyperfine interaction mechanisms. In the Elliott-Yafet process, the spins undergo relax-
ation because the electron wavefunctions associated with a specific spin contain a mixture of
opposite-spin states and SOC leads to spin relaxation by coupling spin-up and spin-down states.
The D’yakonov-Perel” mechanism elucidates spin dephasing in materials lacking a center of
symmetry. Spin dephasing results from an effective magnetic field experienced by electrons,
arising from the absence of inversion symmetry and SOC, which changes direction randomly
upon electron scattering to different momentum states. In addition, materials with heavy el-
ements having significant SOC imparts additional challenges, including scarcity, toxicity, and
instability. For example, SOC increases with increasing atomic number (~Z4), however bond
strength decreases with increasing atomic number resulting into instabilities. Therefore, SOC-

independent spin splitting is an important avenue to pursue.

In 1964, Pekar and Rashba proposed a phenomenological theory regarding magnetic spin
splitting [64]. Their proposal suggested that the existence of a spatially varying intrinsic mag-
netic field, denoted as h(r), which exhibits periodicity corresponding to the crystal period in
magnetic compounds, couples with o. This leads to the SOC-like coupling with nonrelativistic
origin [H ~ o.h(r)]. Consequently, this coupling could give rise to a magnetically-driven
k-dependent spin splitting even without SOC. Therefore, SOC-independent spin splittings can
be seen the ferromagnetic and antiferromagnetic materials. Ferromagnetic materials have un-
dergone extensive investigation and have been extensively utilized in the field of spintronics
for many years [65, 66, 67, 68]. These materials possess inherent capabilities to facilitate spin-
polarized currents through controllable spin splittings, which are essential for various transport
phenomena like giant magnetoresistance (GMR) [69] and spin-transfer torque (STT) [70] in
magnetic tunnel junctions. These phenomena play a important part in the electrical writing and

reading of magnetic state. [68].

Antiferromagnets have recently emerged as a viable substitute for nonmagnetic and ferro-
magnetic materials in spintronic applications [71, 72, 2, 73, 74]. Because of their resilience
against magnetic disruptions, absence of stray fields, and ability to exhibit exceptionally rapid
spin dynamics, antiferromagnets possess the potential to outperform ferromagnets. Recent
research focused on investigating spin splittings within various magnetic space groups, en-

compassing antiferromagnets [75, 76]. PT and U symmetries combined with 7 may trans-
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Consequences of
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Figure 1.5: This Figure is taken from Ref. [2] © Copyright 2021 American Physical Society.

Classification of spin splittings prototypes (SSTs) based on the magnetic ordering and present
symmetries. Here, 6, I, and T represent time-reversal, inversion and translation operation,
respectively. Note that the notation we followed may differ from the one used in this Figure

and will be specified whenever required.

form spin-up eigenstate to spin-down eigenstate, enforcing spin degeneracy throughout the
BZ. Therefore, numerous efforts have been undertaken to investigate spin splittings in AFM
materials by breaking combined PT# and/or U? symmetries, where U and 7 are spinor and
translation symmetry, respectively [77, 78, 79, 2, 80, 81, 75]. L. D. Yuan et al. [?] classified the
spin splittings in different prototypes depending on the magnetic order, presents symmetries
within, spin splittings will be present with or without SOC [see Fig. 1.5]. Centrosymmetric (in
four-dimensional spacetime) antiferromagnetic (AFM) semiconductors [SST-1 and SST-2 in
Fig. 1.5], which lack polarization and magnetization, pose challenges in generating substantial
and controllable spin splitting using magnetic or electric fields [82, 83, 84]. As a result, despite
their abundance in nature, centrosymmetric AFM semiconductors do not appear promising for

practical applications in spintronics.
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1.7 Motivation of this thesis

This thesis mainly consists of understanding spin splitting and, consequently, their spin po-
larization. We have thoroughly studied the role of symmetries, i.e., point group and space
group symmetry, in perovskite and perovskite-inspired materials. First, within the framework
of state-of-the-art density functional theory and symmetry analysis, we have studied the sta-
bility of various perovskites with different space groups. All the calculations are validated
in the best possible way, ensuring that the findings are not just an artifact of the choice of
functional. After that, we analyzed the electronic structure regarding spin splitting and tex-
tures. Following this, we qualitatively verified the strength and nature of spin splittings using
a symmetry-adapted model Hamiltonian. After that, we obtained the mechanism to tune spin
splitting in perovskites using biaxial strain. Finally, we have shown that these spin textures can

be reversed by changing the polarization direction.

On the other hand, spin splittings of higher order are promising for spin transport. In addi-
tion, persistent spin textures associated with spin splittings provide a route to nondephasing spin
transport. Therefore, based on the symmetry operation, we have performed high-throughput
screening of hexagonal materials with persistent spin textures with cubic order. Symmetry-
enforced PSTs sustain over a larger part of the BZ, i.e., the full plane in bulk materials and
the full BZ in 2D materials. We find a large class of experimentally synthesized bulk materials
having D3, and C'3;, point symmetries hosting full-plane persistent spin textures. Furthermore,
we have shown that it is actually local site symmetries (not global symmetry) that determine
the spin polarization associated with the states segregated on these specific sites. Furthermore,
we have understood the coupling of spin DOF with other DOF associated with the electron, i.e.,
valley, orbital, layer, and sublattice. We have understood the role reduced symmetry plays in
coupled spin-valley physics in septuple-layered 2D materials, including MoSio N, and WSiyNy.
We have applied an external electrical field and uniaxial strain to modulate the spin-valley
physics.

In addition, we have also introduced SOC-independent spin-splitting in PT—symmetric
AFM 2D materials by following two ways: (i) a global pT—symmetric layer with asymmet-
ric site symmetries and (ii) two layers with a relative twist in between. Mechanisms introduced
here generated Zeeman-type and Rashba-Dresselhaus-type spin splittings even without SOC.

These AFM-induced spin splittings support nondephasing spin transport in materials, even with
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low-Z elements.

1.8 Organization of this thesis

The organization of proposed thesis in the form of different chapters is discussed below:

Chapter 2: In this chapter, we discuss the methods used to obtain electronic structures
of materials. A brief overview of first-principles-based DFT and first-order k.p perturbation
theory is presented here. Readers are encouraged to Refer [115, 5, ] for more detailed
discussion.

Chapter 3: In this chapter, we have explored the Rashba and Dresselhaus effects in per-
ovskites and perovskites-inspired materials. We have discussed R3m and R3c phases of FE
oxide KIO3 and C'mc2; and C'mem phases of SnySbXs15 (X =S, Se) for potential spintronics
applications. Firstly, we have determined the FE polarization in both phases. Subsequently,
the crucial contribution of SOC has been shown in the band structures. The Rashba spin split-
ting energy and offset momentum have been determined from the splitting at the VBM and
CBM. Furthermore, plotting the spin texture has characterized the splitting type. The Rashba
and Dresselhaus parameters are determined after fitting the &£.p model Hamiltonian to the DFT
band structure. Finally, the effect of polarization on the parameters mentioned above has been
investigated. The Chapter 3 is adapted from the published work of the author in Refs. [85, 86].

Chapter 4: In this chapter, using DFT calculations, duly supplemented with the effective
model Hamiltonian obtained from the symmetry invariants method, we reveal the PCS in a large
family of materials with D3, point-group symmetry. The in-plane mirror and threefold rotation
symmetry lead to the PCS around I' and A points in the BZ. In addition, the PSTs are ob-
served in a larger region and preserved in whole I'-M-K plane. More importantly, K3 TazB2O14
manifests large spin splitting of conduction bands around the I', M, and A points. The spin
splitting can be further tuned with the application of uniaxial strain preserving the full-plane
PST. Additionally, we have also shown that the 2D materials with D3, point group exhibit per-
sistent spin textures in the full BZ. By taking the example of WSi,N, 2D materials, we observe
full-zone persistent spin texture (FZPST) protected by in-plane mirror symmetry. In addition to
spin-valley locked splitting at the corners of BZ, we observe cubic splitting around the center

of the BZ. Significant splitting around the M point is linear in k, which is found to be comple-
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mentary to the linear Rashba and Dresselhaus effects. It is a well-known fact that SIS hinders
the conventional linear Rashba spin splitting, which is later observed under the application of
an vertical electric field. The k.p analysis shows that persistent spin textures along the M-K
path are robust to external electric fields. It is generally expected that the inversion symmetry
in the bulk WSi,N, causes the spin splitting and polarization to vanish. However, our calcu-
lations show 100% spin polarization of doubly degenerate bands in centrosymmetric bulk and
even layered WSi;Ny, which are spatially segregated. We demonstrate that such hidden spin
polarization arises from the inversion-asymmetric site point group of the W atom. Thus, the
WA,Z, family broadens the horizons of materials in the fields of spintronics and valleytronics.

The Chapter 4 discusses the results reported in Refs. [87, 54].

Chapter 5: This chapter demonstrates strain-induced electron and hole valley drifts and
their effects in monolayer MoSi;N,. We theoretically apply in-plane lattice deformation up
to 10% alongthree crystallographic nonequivalent directions, i.e., armchair (AC), intermediate
(IM), and zigzag (ZZ). The energy valley drifts are responsive to the strain directions. For
example, drifts are more pronounced for the strain along ZZ direction than IM and AC direc-
tions. Additionally, electron valleys are more sensitive to the deformation when compared to
the hole valleys. The group theoretical perspective and microscopic orbital contribution explain
the underlying mechanism behind the asymmetric nature of valley drifts. Afterward, we pro-
vide the effect of asymmetric valley drifts on Berry curvature distribution and optical circular

dichroism.

Additionally, we have investigated the effect of stacking of layers to modulate the elec-
tronic properties, focusing on their spintronics and valleytronics aspects. We have taken the
unexplored Janus WSiGeZ, as an example to study these effects. The valleys show contrasting
physics, i.e., spin polarization, optical circular dichroism and Berry curvature. The broken sur-
face inversion symmetry induces Rashba effect at the center of the BZ. The findings imply that
symmetry control enhances Berry curvature by more than 300%. Furthermore, Rashba splitting
increases significantly by modifying the out-of-plane asymmetry. The underlying mechanism
behind the unconventional enhancement is duly investigated through microscopic orbital con-
tribution and macroscopic charge transfer. This method is more effective compared to the
strain and electric field, in modulating the Berry curvature and Rashba effect. The high car-
rier mobilities and tunable electronic properties suggest their great potential in spintronics and

valleytronics. This Chapter summarizes the results from published works [88, 89].
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Chapter 6: This chapters examines the hidden Zeeman-type spin splitting (HZSS) in PT-
symmetric AFM 2D materials originating from specific local sites asymmetries. We perform
symmetry analysis and DFT simulations on prototypical layered MnSe to show that doubly de-
generate states with opposite spin polarization are segregated on different sublayers connected
through PT symmetry. The specific states from a single layer are locally Zeeman-split, ex-
hibiting a unique spin-sublayer locking effect. In addition, the mirror plane (M,,) enforces the
spins to be k-independent. Strikingly, a tiny electric field splits the otherwise doubly degenerate
bands, preserving the spin configurations. Switching the electric field can reverse the electronic
spin magnetization connected to the energy level splitting.

Additionally, we aims to generate nonrelativistic spin splitting (NRSS) from PT-symmetric
AFM monolayers vdW stacked with a twist angle between the layers. We extensively per-
formed first-principles DFT simulations on twisted bilayer (tb-) MnPSes; and MnSe as prototyp-
ical candidates. Further calculation demonstrated that Rashba-Dresselhaus (RD) and Zeeman-
like momentum-dependent spin splittings arise along certain crystallographic k-paths. Based
on the symmetry analysis, we find that the strengths of RD and Zeeman-like spin splittings
are comparable to the conventional SOC-induced counterparts. Moreover, external perturba-
tions (i.e., electric and strain fields) provide exceptional tunability to NRSS in tb-MnPSe3 and
tb-MnSe. The Chapter 6 is based on the published work [20] and the preprint [91].

Chapter 7: This chapter sums up the important conclusions of the present thesis. The

future scope of the present work is also suggested in this chapter.



CHAPTER 2
Modeling electronic structure: Density functional and

k.p perturbation theory

2.1 Background

Electrons, the elementary subatomic particles, act as “quantum glue” responsible for binding
atomic nuclei within matter. A comprehensive comprehension of material behavior hinges sig-
nificantly on understanding its electronic configuration. Frequently, the initial step in gaining
insights into a material’s electronic characteristics involves the computation of its band struc-
ture. This task crucially relies on efficiently determining the energy levels of each band in
reciprocal space, invariably accomplished through the solution of a ‘Schrodinger-like equa-
tion.” The method and complexity of this process may vary depending on the specific material
properties of interest and scalability. In this chapter, we will briefly discuss density functional
theory (DFT), a widely utilized and adaptable tool designed for this purpose. At its core, DFT’s
fundamental concept involves considering the total particle density as the primary parameter
from which various system properties can be computed. The domain of density functional the-
ory is vast and thoroughly established. The ensuing discourse provides only a concise glimpse
into the foundational principles of this methodology. For a more comprehensive exploration, I

recommend referring to standard textbooks [92, 93].

2.2 Many-body physics: A theoretical framework

The initial step is computing the energies of multi-electron systems subject to various external
potentials involves the time-independent Schrodinger equation, which represents the eigenvalue
equation for the energy operator. In case of electrons within a solid, the Schrodinger equation

are formulated in terms of the many-body wavefunction U (7rq, 7, ..., 7N, R, R, ..., Ry)

14
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as

A

H\IJ(’I"l,'f’Q, ce ,'l"N,Rl,RQ, .. ,RM) = E\If('f'l,’l"g, ce ,'rN,Rl,RQ, e ,RM), (21)

where F represents the system’s energy and H signifies the system’s Hamiltonian. The Hamil-

tonian comprises five distinct components:
ﬁ:TN+Te+‘7ee+‘7eN+VNN; (2.2)

the kinetic energy of the nuclei (T) and the electrons (7,), the internal repulsive potential
energy among the electrons (V..), the potential energy stemming from the electrons’ interaction
with the nuclei (V,y), and the potential energy arising from the interaction between nuclei

(Viyn). These individual terms can be explicitly expressed as follows:
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Here, V%i represents the Laplacian operator applied to the i** nucleus positioned at R;, with
a mass of M; and a nuclear charge of Z;. N corresponds to the overall count of nuclei, while
N, denotes the total number of electrons. Additionally, Vzi stands for the Laplacian operator
pertaining to the i*" electron located at r;. Due to the large difference in mass between the
nucleus and the electron (M, >> M,), we can make the approximation that the nucleus re-
mains stationary when addressing the electronic movement, known as the Born-Oppenheimer
approximation. Hence, the wavefunctions for both electrons and nuclei can be separated and

represented as follows:

\Dtotal = welectrom'c X wnuclear

lIf('l"l,’l"g, ce ,’I"Ne,Rl,Rg, .. .,RN)

= ¢(7’1,T'2, oo Ry, Ry, -,RN) X ¢(R1,R27 e 7RN)

(2.8)
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The energy components associated with the nuclei, such as the kinetic energy of nuclei and
the repulsion energy between nuclei, can be incorporated later, subsequent to solving for the
electron-related aspects. Thus, the nuclear and electronic motions can be treated independently,

leading to the Hamiltonian for electronic structure theory:
H =T+ Veat + Vine (2.9)

In atomic units, the kinetic energy operator for electrons (T") can be expressed as:

! \ (2.10)

A NE
-y
i=1

N |

The Vm is interaction between electrons and nuclei, and is given by:

R Ne N
Vet = > Vi(lri — Ryl) (2.11)

i=11=1

Additionally, the electron-electron interaction, th, is defined as:

~ 1 1
Vit = = R SE— 2.12
i=1 j#i J

Even with the Born-Oppenheimer approximation in place, solving the Schrédinger equation
with the electronic Hamiltonian remains a challenging task for 3N, variables. Therefore, fur-
ther approximations are necessary to tackle the Schrodinger equation. Hartree’s initial assump-

tion posits that we can represent the many-electron wavefunction in the following manner:

\II (rl, To,... ,’I"N) = (bl (7’1) ¢2 (T’Q) e (bN (’I"N> (213)

In this equation, each r; encompasses both the spatial coordinates and a spin coordinate for the
i' electron, while ¢; (r;) signifies the single-electron spin-orbital. Equation 2.13 implies that
the electrons are considered as if they are uncorrelated, behaving independently and interacting
solely with the average electron density. This assumption serves as a fundamental basis for
subsequent advancements in the methodologies employed to address many-electron systems.
Nonetheless, it’s crucial to recognize a significant shortcoming of the Hartree approxima-
tion: it does not meet the inherent antisymmetry requirement in electronic wavefunctions. This
failure to satisfy the antisymmetry constraint leads to a violation of the Pauli exclusion princi-
ple, resulting in an incomplete description of the electronic component. This is precisely where
the Hartree-Fock (HF) approximation becomes essential. In the HF, the variational wavefunc-

tion assumes the form of a Slater determinant, ensuring strict adherence to the antisymmetry
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condition. As a direct consequence, the Pauli exclusion principle is upheld, establishing that
two fermions cannot simultaneously occupy the same orbital.

The Slater determinant for /N, orbitals is expressed as follows:

¢1(r1)  Pa(r) -+ b (T1)
1 | ¢i(re)  da(r2) -+ on, (T2)

(2.14)

¢1(rn,) ¢2(rn.) -+ on. (TN.)

In this representation, r; contains both the spatial coordinates and a spin coordinate for the
i'" electron, while ¢; (r;) denotes the i*" single-electron spin orbital. Hartree-Fock takes care
of the exact exchange, but it lacks electronic correlation, which is pivotal in processes like
bond breaking and formation. Furthermore, there exist many wavefunctions that satisfy the
antisymmetric nature but cannot be described by the single Slater determinant form, making
them unattainable within the Hartree-Fock approximation. To account for these correlation
effects, one must turn to correlated methods that deal with multi-determinant wavefunctions.
However, these post-Hartree-Fock methods are computationally intensive, and their demands
escalate with the system’s size.

Alternatively, density functional theory (DFT) offers a conceptually straightforward and

computationally feasible strategy that encompasses both exchange and correlation effects.

2.3 Density functional theory

Within the framework of DFT, the primary focus is on the electron density, a scalar function
dependent on position. This approach diverges from the conventional wavefunction approach

utilized for solving the Schrédinger equation. The electron density n(r) can be written as

Ne

n(r) =3 (|6 (r —r)|v) = N, ///yw (71,72, .. N[0 (7 — 11) drydrg . .. dre,

- (2.15)
The n(r) is three-dimensional, i.e., it does not change the dimension on increasing the number
of electrons. This facilitates the DFT to be used for a large number of atoms with reason-
able computational cost. Therefore, DFT is widely used to tackle the many-electron systems,
specifically, atoms, molecules and solids. Therefore, one would like to express energy in term

of electron density n(r). Initially models for energy and n(r) relationship were made by
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Thomas, Fermi, and Dirac in 1927 to 1930, known as Thomas-Fermi-Dirac approximation.
This model is insufficient for accurately predicting the electronic structure since it relies on
crude approximations and lacks the fundamental physics, specifically the effects of electron
correlation. That leads to the foundation of modern density functional theory based on the

theorems proposed by the Hohenberg and Kohn in 1964 [94].

2.3.1 Hohenberg-Kohn formalism

Theorem I: “For any system of interacting electrons in an external potential V., (), the po-
tential V. (7) is determined uniquely, apart from a trivial additive constant, by the electronic
ground-state density n (r).”’

Proof: Assuming the existence of two distinct potentials, denoted as V.., () and V!, (r),
which yield the same ground-state electron density 7 (7 ), and two distinct Hamiltonians, H and
H’. Solving the Schrédinger equation yields distinct wavefunctions, ¥ and W', corresponding
to these Hamiltonians. Consequently, the ground-state energies for ¥ and W’ are determined as

E = (V|H|¥) and E' = (¥'|H'|V’). Applying the variational principle to estimate F and F’

(r)] dr

ext

B < (WH|W) = (W) + (V|H — H|¥) = B+ [ 0(0) Vet (7) = V!
(2.16)

E' < (WH'|W) = (V|H|V) + (V[H - H|V) = E + /n("") Vear (1) = Vewr (v)] dr
2.17)

Summing up Equations 2.16 and 2.17 leads to:
E+FE <E+F (2.18)

This inequality is self-contradictory, thereby disproving our initial assumption, and establishing
that the ground-state density uniquely determines the potential.

This analysis primarily considers the non-degenerate case, but the proof of the Hohenberg-
Kohn (HK) theorem can be extended to the degenerate case as well (Martin, 2004).
Theorem II: “A universal energy functional E[n| using density n (r) can be defined, valid for
any number of particles and any external potential V., (). For a given potential V., (1), the
E[n] equals the correct ground-state energy of the system which is the global minimum value
for the correct ground-state density n (r).”
Proof: We confine the space of admissible densities to those that can be represented by a

potential, referred to as V-representable. Notably, it is possible to establish these principles
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without this constraint, as detailed in Ref [95]. Since any physical properties of a many-electron

system are derivable from the n(7), we can express the energy functional as follows:
En [n] = T [n] + Eumt [0] + / Ve () 10 () drr = Fyge [n] + / Vit (r) 0 () drr - (2.19)

Here, Fy [n] incorporates the kinetic energy of electrons and electron-electron interaction
energy, making it the universal functional of n (). Given that V.., (7) is contingent on nuclear
coordinates, its contribution is system-specific. Now, let’s consider the ground-state density of

a system as ny (7), corresponding to potential V!

ext

(r). The energy is then computed as the

expectation value of the Hamiltonian

Where W, being the ground state wavefunction. Let us assume an alternative wavefunction W,

with different density n, (r), the variational principle tells us:

Hence, the HK functional, derived from the true ground-state density, yields the lowest energy
when compared to any other arbitrary density. This implies that if we know the functional of
the density, we can determine the energy and density of ground state through minimizing it
concerning variations in the density. Importantly, this functional exclusively provides access to
the ground state, offering no insight into excited states.

While these theorems establish the existence of a universal functional Fy [n], they do
not specify how to ascertain it. The Kohn-Sham (KS) equations, however, offer a practical

framework for solving many-electron systems.

2.3.2 Kohn-Sham ansatz

Minimizing the energy functional can be challenging in actual systems. Kohn and Sham [96]
introduced an efficient DFT calculation method, mapping the interacting real system to a fic-
titious non-interacting system where electrons respond to an effective single-particle potential,
Viks(r). A schematic illustration of the same is shown in Figure 2.1. The auxiliary Hamilto-
nian consists of standard kinetic energy operator and a localized potential, V% ;(7), acting on

the electron with spin o at position 7:

aux

AO’ 1 (2
A = 5V 4 Vi (r) (2.22)
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Figure 2.1: The mapping of interacting system’s to a auxiliary non-interacting system with the

same ground-state electron density.

Here, )7 (1) represents the eigenstates (known as KS orbitals) with the lowest eigenvalues €7
derived from this Hamiltonian. The density of this fictitious system is expressed as:

n(r)=>Y n(r,o) =Y > [¢7(r) (2.23)

o o i=1
The kinetic energy, denoted as 7T, for this independent-electron auxiliary system, is given as a
functional of the KS orbitals:

ZZ / Ve () 2dr (2.24)

o =1
The classical Coulomb interaction energy of the electron density n(r) interacting with itself is
represented as:

1 rn(r)n(r
Etartree[n] = B / Mdrdr’ (2.25)

Consequently, the total energy in the KS formulation is
EKS + / ‘/ext dr + EHartree[ ] + ECCC[n] (226)

In this equation, all many-body interactions related are encapsulated within the £, which is
expressed as
Exc[n] - FHK [n] - (Ts [n] + EHartree [TL]) (227)

Or

A A

Exc[n] - <T> - Ts[n] + < mt> - EHa'rtree[n]' (228)

Here, <T ) is the kinetic energy, and (th) is the internal interaction energy of the original
many-body interacting system. E,.[n] is responsible for the binding of atoms into molecules

and solids. Consequently, the KS equations can be formulated as:

Hysi (r) = 747 (r) (2.29)
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Where
1
H%o(r) = —§V2 + VZg(r) (2.30)
And

6EHa7"t7“ee 5Earc

Vis(r) = Vea(r) + on(r, o) * on(r,o)

= Veut(P) + VHartree(r) + Vi (7) (2.31)

These equations are solved self-consistently, as depicted in Figure 2.2. However, the precise
functional dependence of E,.[n] on the density n remains unknown and certain approximations

are utilized.

Initial Guess
n(r)

»
P

Calculate Effective Potential
VIgS (r) = Vext(r) + Vhartree (r) + Viz (r)

Solve Kohn—S"ham Equation
1

|57 + v vr@ = eevr
Calculate New Density
n) = > > WImP

Self-Consistent?

No

lYes

Output
Energy, Forces,...

Figure 2.2: Self-consistent scheme to solve the KS equations.
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2.3.3 Exchange and correlation Energy

Since the precise form of E,.[n| remains unknown, approximations are necessary for practical
calculations. As exchange and correlation energy, F.,.[n], is inherently non-local, we introduce
eze([n], ) as the E,. per electron, assuming a degree of locality. The most commonly used
approximation in this context is the local-density approximation (LDA) [97]. Within the LDA,
E,[n] can be written as

ELPA[) = / drelPA (n(r))n(r) (2.32)

We can further break down the £,.[n] into distinct exchange and correlation energies, denoted

as €,[n] and e.[n], respectively

LDA

Ezeln] = eEPA[n] + 2P 4n) (2.33)

Within the LDA, the exchange part is analytically known, as we treat KS electrons as free
electrons in a uniform positive background. It can be derived as follows:

3n(r)

T

LDA

eLDAR] = —e%( /3 (2.34)

While the correlation part lacks an exact known form, precise Quantum Monte Carlo calcula-
tions conducted by Ceperley and Alder have been parameterized by multiple researchers and
are now integrated into the majority of DFT software packages.

Alternative approximations for the F,.[n] could be better suited for different materials and
type of information. One such used approximation is the Generalized Gradient Approximation
(GGA) [98]. GGA posits that the E,.([n]r) is influenced gradient of electronic density Vn(r)

in addition to n(7). Analytically, we can say that
B n] = [ dreS n(r), [Vn(r) n(r) (2.35)

In 1968, Ma and Bruekner introduced the gradient expansion (GE) [99]

ECP[n] = / n(r)e ™ (n(r))dr + / Byln) = . (2.36)
In this expression, the coefficient B,.[n| is determined through an approximate calculation.
B,c[n] consists of an exchange component that is independent of the electron density n and
a correlation component that has a weak dependence on n. While the GE is exact for slowly

changing electron densities up to order |Vn/|?, it exhibits significant inaccuracies when applied
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to real systems composed of atoms. This is primarily due to the substantial errors in the cor-
relation part for real systems. Consequently, the gradient expansion needs to be applied more
cautiously while preserving all relevant contributions to the desired order and adhering to the
essential constraints dictated by exchange and correlation holes.

To address these limitations, modified versions of the gradient expansion, known as general-
ized gradient approximations (GGAs), have been developed. One notable GGA, introduced by
Perdew, Burke, and Ernzerhof (PBE) in 1996 [100], is particularly well-regarded. In the PBE
GGA, all parameters are derived from fundamental constants and it has gained widespread ac-
ceptance. Binding energies and bond lengths of atoms are improved by GGA over LDA. Also,
the bond lengths are improved. The GGA has certain limitations in the accuracy because non-
local effect of exchange term is not taken into account completely, and self-interaction error is
not fully recovered.

The concept of hybrid functionals was introduced by Becke in 1993 [101]. It involves
blending a fraction of exact exchange (Hartree-Fock exchange, denoted as HF exchange) with
exchange and correlation from generalized gradient approximation (GGA). The hybrid func-

tional’s mathematical representation is as follows:
EMP = oEHF 4 (1 — )EY94 4 EEOA (2.37)

where the coefficient « can either be empirically determined or theoretically estimated. Hybrid
functionals are known for their high level of accuracy and their ability to account for non-
local effects. However, computationally evaluating the HF exchange, particularly for extended

systems, can be a challenging task.

2.3.4 Spin-Polarized DFT

Although the preceding discussion of DFT is applicable to nonmagnetic systems, an expansion
of the approach is necessary to accommodate complex magnetic structures. In this regard, the
magnetization density is represented by m(r) = n4(r) —n (r), where n.(r) and n4(r) denote
the electron densities for different spin components. The m(r) is the addition variable other
than n(r) to be obtained using the self-consistent method using HK theorem [102]. Conse-

quently, the variational method can be generalized to the spin-polarized scenario as follows:

En(r),m(r)] > E[no(r), my(r)] (2.38)



2.3. Density functional theory 24

The KS orbitals now adopt the structure of two-component Pauli spinors to the spin-polarized

scenario as follows:

T
Pi(r) = %fr) (2.39)
Vi (r)
The electron and magnetization density are expressed as

N
n(r) =3 Wi (r)(r) (2.40)

Ne
m(r) = > Ui (r)o(r) (2.41)

with o being the Pauli matrices vector. Similar to the nonmagnetic scenario, the application of
the variational principle leads to KS equations, which now take the form of Schrodinger-Pauli

equations as follows:

;EJQVQ@/%(T) + Vis(r)i(r) + o - Bgs(r)vi(r) = Eii(r). (2.42)

2m

Here, Vs (r) is the effective potential, which includes the already familiar term from Equa-

tion 2.29, and an additional effective magnetic field comprising two components appears as:
Bis(r) = By (1) + Byo(r). (2.43)

The first component represents magnetic field from external source, while the second compo-

nent is the variation of exchange-correlation energy concerning magnetization density:

SE [n(r), m(r)] '

Bue(r) = dm(r)

(2.44)

An alternative yet entirely equivalent approach to describe spin-polarized systems within Den-
sity Functional Theory involves the density matrix, which is particularly useful for handling

non-collinear magnetism. The density matrix is defined as:
1
n(r) = §n(r)12 +o-m(r), (2.45)
where [, represents the (2 x 2) identity matrix. Similarly, potential are represented as:
V(r) =V(r)l; + pgo - B(r) (2.46)

In the case of collinear magnetism, such as ferromagnetic or antiferromagnetic alignment, the
magnetization is oriented along a specific direction, typically chosen as the z-axis without any

loss of generality. Consequently, the off-diagonal terms of the potential matrix (as described
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in Equation 2.46) become zero, decoupling the two parts in Equation 2.39. This allows the
spin-up and spin-down problems to be addressed independently, much like the nonmagnetic
scenario, using the potentials V;, = V + upB, and V| = V — upB,. This approach offers
the advantage of significantly reduced computational requirements compared to dealing with

non-collinear magnetic configurations.

2.3.5 SOCin DFT

Electrons that move in the proximity of atomic nuclei experience a significant impact due to the
steep potential gradient, leading to a high speed. This requires the consideration of relativistic
effects to accurately describe their electron’s behavior. In the context of relativistic DFT, the
KS one-particle Hamiltonian, under the influence of an electromagnetic field, is expressed as
follows [103]:

HD:ca-p+(6—l4)m02+;thB-E-B—eVQ. (2.47)

Here, V signifies the effective Coulomb potential experienced by the electron due to its inter-
actions with both the atomic nuclei and other electrons. The symbols ¢ and /3 represent the

Dirac matrices, defined as:
1
o= , p= , XM= (2.48)
0

with o being the Pauli spin matrices. These matrices act on the wavefunction represented by

four-component Dirac bispinor

bi(r) = Al (2.49)

Xi(r)

which consists of both a large and a small component, denoted as ¢;(r) and x;(r), respectively.
B characterizes an effective magnetic field arising from the exchange interaction among elec-
trons and any potential external fields. e represents the absolute value of the electric charge, p
stands for the momentum operator, and /5 and [, represent the (2x2) and (4x4) identity matri-
ces, respectively. Due to the coupling between the large and small components of the spinor,
as indicated in Equation 2.49, solving the relativistic KS equations proves to be significantly
more complex compared to the non-relativistic case. However, in situations where the velocity

of valence electrons (v) is much smaller than the speed of light (¢), i.e., Z—z < 1, the Dirac

operator (as described in Equation 2.47) are expressed into a power series based on Z—i This
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results into Pauli operator acting on the larger component of the bispinor and takes the form as

2 4 9

H _p ch p eh eh
auli = —eV+ —o-B— + V-E+——0c-(F . 2.50
Padi = o € 2mce 8m3c?  8m?2c? 4m?2c? (E xp). (2.50)

The first two nonrelativistic terms describe kinetic and electrostatic potential energies, respec-

tively. The third term represents the interaction of magnetic moment,

eh
p=—5 0= —guBS, (2.51)
me

with the effective magnetic field. The fourth and fifth spin-independent terms are scalar-
relativistic approximation [104]. Particularly, the fourth term in Equation 2.50 serves as a
relativistic correction stemming from kinematic mass enhancement. The fifth term is the Dar-
win term, coming from the rapid oscillatory motions of the electron on the order of the Compton
wavelength (A\¢ = %). As aresult, the position operator does not have well-defined eigenfunc-
tions; rather, the electron extends over a length of A and thus exhibits heightened sensitivity
to electric fields.

The last term within the Pauli Hamiltonian in Equation 2.50 describes the SOC, Hgoc. This
term describes the coupling between the electronic spin and the Lorentz-transformed magnetic
field (also known as spin-orbit field) induced by the circular orbital motion of the electron.
Since this orbital motion is linked to the crystal lattice through the electric potential of the ions,
it results in a coupling between the spin space and the crystal lattice, giving rise to magnetocrys-
talline anisotropy. The contribution of SOC becomes pronounced in the vicinity of the nuclei,
where electron’s kinetic energy and potential gradient are most significant. When approxi-
mating the potential as spherical, V' (r) ~ V(r), the corresponding electric field is expressed
as:
dVir)r, (2.52)

dr r

E(r)=-VV(r)=—

Incorporating this relationship into the SOC Hamiltonian, specifically the last term of Equa-

tion 2.50, results in the following:

eh? 1dV(r)
H. - _ — . = L-S. 2.
so¢ 2 dr © (rxp)=&mlL-S (2.53)

In this equation, L signifies the angular momentum operator, while £(7) represents the SOC
constant as a function of the radial distance (7) from the nucleus’s position. In many models,
an effective or averaged coupling strength (&) suffices. In the context of electron eigenfunc-

tions within a spherical region surrounding the nucleus, the anticipation of the SOC operator’s
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expected value can be dissected into two components: a matrix element pertaining to position
and a (2x2) spin space element. The radial aspect of the position space matrix element, which
characterizes the intensity of the SOC, can be approximated based on scalar-relativistic consid-
erations. Assuming a Coulomb potential of the form V' (r) = —% and non-relativistic radial
functions R,,;(r) oc r!, with [ representing the angular momentum quantum number, the SOC
constant can be expressed as:

&l X ajj;l?’ (2.54)

where ap is the Bohr radius, Z is the atomic number, and n is the principal quantum number.
It is evident that the strength of the SOC exhibits a fourth-order dependence on the atomic
number Z. In the case of 3d transition metals (TM) like Mn and Fe, which have relatively low

atomic numbers, the SOC constant (,,;) typically falls in the range of ~50 meV [105].

2.3.6 Basis set

The previous section provided an overview of fundamental concepts in Density Functional
Theory (DFT), with a specific focus on the KS equations. These equations serve to simplify
the intricate many-body problem by modeling the behavior of non-interacting electrons in an
effective potential, thereby transforming it into a more manageable single-particle problem.
Here, we will delve into computational approaches for solving these KS equations. Particularly,
we will explore the fundamental principles of the projector augmented wave method, which
serves as the core of the VASP code. For more comprehensive information regarding these
methods and the general solution of KS equations, you can refer to Refs. [ 106, , , 1.

In the realm of DFT-based electronic structure methods, categorization is based on how the
density, potential, and, most crucially, the KS orbitals are represented. It’s essential to make an
appropriate choice to strike a balance between computational efficiency and accuracy. Mostly,
the KS equations are solved using basis set expansion of single-particle orbitals. These orbitals

are expressed as a linear combination:

hi(r) =) Ciada(r), (2.55)

where ;(r) are KS orbitals, ¢;(7) represents the respective basis functions, and c¢;, are the
expansion coefficients. Once the basis set is selected, the task primarily involves determining
these coefficients for the occupied orbitals in a manner that minimizes the total energy. By

inserting Equation 2.55 into the eigenvalue problem described in Equation 2.22, we derive a
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matrix eigenvalue equation:

where the matrix H encapsulates the KS Hamiltonian within the chosen basis, and S represents
the overlap matrix, arising due to the non-orthogonality of basis functions from different atoms.
Equation 2.56 serves as a generalized eigenvalue problem, necessitating the solution of the KS

equations through diagonalization of the matrix [H — ¢;S].

Bloch theorem

The Bloch’s theorem states that the eigenstates of single-particle Schrédinger equation in a

periodic crystal V (r + T') = V (r), expressed in terms of plane waves, can be written as:
Y(r+T) = *Ty(r) (2.57)

for every translation 7" in the Bravais lattice. Here, k is the wave vector. The values of k are
typically confined to the reciprocal unit cell, conventionally chosen as the first Brillouin zone
(BZ). For a given k, different independent eigenstates exist, which can be labeled with a band
index n.

An alternative statement of Bloch’s theorem specifies that all eigenfunctions ¢, of the
single-particle Schrodinger equation with a periodic potential can be represented as a plane

wave multiplied by a function wu,,;, with the periodicity of the Bravais lattice [110]:

Uk (1) = € upe(r) (2.58)

where

Ui (1 + T') = wuni(r) (2.59)

for all T in the Bravais lattice.

This allows calculations of eigenfunctions to be confined within one unit cell, with eigen-
functions in other unit cells determined using Equation 2.58. It is convenient to normalize the

eigenfunctions with respect to a single unit cell:

/Q () dr = 1 (2.60)
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Choice of suitable basis set

Since the functions w,(r) are periodic, they can be expanded as a set of plane waves. There-

fore, Equation 2.58 can be expressed as:
() = Y (GO 2.61)
G

where ¢, (G) are the Fourier coefficients. The KS equations, in the notation of Bloch states,

can be written as:

1
(=5 V2 Ven(r) ) in(r) = ete(r) (2.62)
where
‘/eff('r) - ‘/ext('r> + VHartree [n] + ‘/xc[n] (263)
and
Qc 2
n(r) =2 o %: /B () O(Br — )k (2.64)

Here, to differentiate between electron density and band index, we use n for electron density
and j for the band index. The factor of two in Equation 2.64 accounts for electron spin. ©
is the step function, which is one for positive arguments and zero for negative arguments. Fp

represents the Fermi energy up to which the single-particle states need to be occupied.

BZ Sampling

Applying Bloch’s theorem allows one to determine a finite number of eigenstates for wave
vectors k within the first BZ, instead of calculating an infinite number of electronic states
extended over the entire solid. While this may seem like a minor improvement, fine sampling
of the BZ is required for accurate calculations. However, since the lattice-periodic part ()
depends weakly on k, a relatively small number of k-points is sufficient to sample the BZ[111].
Therefore, the integral over the BZ can be replaced by a discrete sum over a chosen k-point

mesh of Ny, k-points:

Qc
(2r)?

1
/BZ -+ OEBr — ek = 5 Ek:fjk (2.65)

where f;;, are occupation numbers, either one or zero. Various methods have been proposed in
the literature to construct k-point meshes [112, , ]. In this thesis work, the Monkhorst-
Pack scheme is used to sample the BZ. The error due to replacing the integral with a finite

sum over k-points can be reduced by using a denser k-point mesh. For larger supercells,
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a coarser k-point mesh is needed to obtain converged results, as the BZ of the supercell is
smaller. Additionally, insulators typically require a coarser k-point mesh, while metals require

a denser one to accurately sample the Fermi surface.

Fourier representation of the Kohn-Sham equation

The Fourier representation of the KS equation simplifies the form when the wavefunction is
expanded in plane waves. Upon substituting Equation 2.61 into Equation 2.62 and performing
some mathematical manipulations, the resulting matrix eigenvalue equation is obtained [ 1 15]:

1 , | |
3 (2|kz + G20+ Vigy (G — G)) &% = ik (2.66)
G

Practically, the Fourier expansion of the wavefunction given by Equation 2.61 is truncated by

considering only plane waves with kinetic energy lower than a given cutoff value E:
1 2

Consequently, convergence of the relevant quantity is achieved by systematically increasing the
value of Ey.

The Fourier representation of electron density is expressed as:

@) =52 fe S (el ) s (2.68)
pt

As electron density n oc [1|?, Fourier components extending twice in each directionm com-

pared to those needed for the .

Calculating all Fourier components using Equation 2.68 involves a double sum scaling as
NZ, where Ng is the number of required G vectors. This becomes computationally expen-
sive for large systems. Alternatively, if Bloch states are identified at a grid comprising Np
points within real space, computing the electron density becomes feasible through Ny oper-
ations. Employing the fast Fourier transform (FFT) enables the transition between spaces in
NInN operations, where N = Np = Ng [115]. Consequently, working with plane waves is

advantageous as expressions can be efficiently evaluated using FFT.

2.3.7 Pseudopotentials

The solution of the KS equations poses computational challenges, requiring determination of

wavefunctions for N electrons. Additionally, a large number of plane waves is needed to
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expand tightly bound core orbitals and capture rapid oscillations of valence electron wavefunc-
tions in the core region [116]. The pseudopotential approach addresses this by allowing the
expansion of electronic wavefunctions with a smaller number of plane waves.

Valence electrons significantly influence material properties, prompting the pseudopotential
approximation to replace core electrons and the strong ionic potential with a weaker pseudopo-
tential acting on pseudo wavefunctions. This approach is illustrated in Figure 2.3. Pseudopo-
tentials are constructed to match valence wavefunctions with those from all-electron calcula-
tions outside a cutoff radius r.. Pseudopotentials with larger . are softer but less transferable,
while smaller r. yields harder pseudopotentials that require more plane waves for convergence.
The use of pseudopotentials also allows the inclusion of relativistic effects on valence electrons

treated non-relativistically.

Figure 2.3: Schematic illustration of pseudopotential approach. The all-electron wavefunction
associated with Coulomb potential is shown by red lines. The pseudo wavefunction consistent

with pseudopotential is shown by blue dashes.

Norm-conserving pseudopotentials

Hamann, Schliiter, and Chiang [! 15, ] introduced energy-independent norm-conserving

pseudopotentials in 1979. These pseudopotentials satisfy four criteria:
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1. Equality of all-electron (AE) and pseudo (PS) valence eigenvalues for a given atomic
configuration.

AE — S (2.69)

nl nl

2. Equality of AE and PS valence wavefunctions beyond a chosen core radius .

Ay =y (r) for r>r, (2.70)

nl nl

3. Norm conservation: equality of integrals of charge densities inside the core region.
" AE2, 2 s |2, 2
[ enErnar = [Tlernar @7

4. Equality of logarithmic derivatives and the first energy derivative of the logarithmic

derivatives of AE and PS wavefunctions at r..
2.d d
(e ()" g met )

Norm-conserving pseudopotentials are advantageous for electronic structure calculations, of-

-|Como) famazo)  em

Tec Tec

fering accuracy, transferability, and computational efficiency.

Ultrasoft pseudopotentials

The effectiveness of norm-conserving pseudopotentials is constrained when applied to sys-
tems featuring highly localized valence orbitals like 2p and 3d. This limitation arises from the
challenge of accurately representing the pseudo wavefunction within a plane wave basis set.
Ultrasoft pseudopotentials address this limitation by relaxing the norm-conserving constraint,
resulting in a reduced requirement for plane waves. These ultrasoft pseudopotentials are inher-
ently fully nonlocal but transition to a local nature outside the core region [ 1 18]. The nonlocal
character of ultrasoft pseudopotentials depends self-consistently on the charge density, enhanc-
ing their transferability. Optimization of the smoothness of the pseudo wavefunction occurs
as the norm-conserving condition is lifted. The pseudo wavefunction is partitioned into two
components: (i) the ultrasoft valence wavefunction, which does not adhere to the norm con-
servation constraint, and (ii) the core augmentation charge, representing the charge deficit in
the core region. The reduction in the plane wave energy cutoff is significant due to the former
feature. However, the latter aspect introduces additional terms in the KS formalism, adding
complexity and necessitating a greater number of operations per computational cycle. Despite
the increased computational efforts, the overall reduction in computational cost achieved by

lowering the plane wave energy cutoff predominates in many cases.
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2.3.8 Projector augmented-wave method

In 1994, Bl"ochl [119] introduced the projector augmented-wave (PAW) method, a synthesis
of concepts from both the pseudopotential approach and the linearized augmented plane wave
(LAPW) method [ 120, 121]. The core idea is to correlate the KS all-electron wavefunction |¢°)
for state s with a smooth pseudo wavefunction |¢3§> and associated correction terms to restore
oscillatory behavior in the core region.

The mapping of |¢?) is achieved through a linear transformation 7°:
o) = T16L) (2.73)

Considering the oscillatory nature of |¢Y) near the core region and its smoothness beyond a
certain distance, the LAPW method categorizes space into two regions: (i) the augmentation
region around the nuclei €),, where a is an atom index, and (ii) an interstitial region €2; [122].
The €2, region is defined by a cutoff radius r¢ to prevent overlap of augmentation spheres.
Since the pseudo wavefunction should align with the all-electron wavefunction outside €2,, the
linear transformation 7’ modifies |#°) solely in the augmentation region. Consequently, T is
expressed as:

T=1+) 1" (2.74)

Here, the atom-centered contribution 7 transforms |#°) within Q,, enclosing the atom.
The transformation operator is derived by defining the all-electron partial waves ¢} and pseudo

partial waves ¢} inside the augmentation region:

T=14 23 (1) - 12) 7] (2.75)

Here, [$) represents smooth projector functions. Within the augmentation sphere, these
projector functions are orthonormal to the pseudo partial waves. Applying this to the all-

electron wavefunction equation 2.73, one obtains the following expression:
49) = |62) +ZZ(I% 185)) (75169 (2.76)

The following conditions hold inside the augmentation region, i.e., for r € {2,:

¢2(r) = ¢2(r) §U(r) = ¢ (r) (2.77)

And outside the augmentation region, i.e., for r € €);:

P2(r) = U(r) ¢(r) = P2 (r) (2.78)
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Here, ¢°(r) and ¢%(r) are expanded as follows:
r) =@ (r)(B5160) ¢ Z (B5162) (2.79)
J

The pseudo wavefunctions are expanded in a plane waves basis set, with a lower energy
cutoff due to smoothness. The partial waves and the projectors are calculated as radial func-
tions multiplied by spherical harmonics. The PAW method proves computationally efficient in

electronic structure calculations.

2.3.9 Computational methods

In this thesis work, we have employed the relativistic first-principles simulations based on
DFT as implemented in Vienna ab initio Simulation Package (VASP) [123]. The simulations
are done using plane-wave basis set and projector augmented wave method [124]. We have
used the Perdew-Burke-Ernzerhof (PBE) as the exchange-correlation (e,.) functional [125] and
set plane-wave cut off energy to 1.5 times the cutoff energy. To get a more accurate band
gap, calculations are also benchmarked using non-local Heyd-Scuseria-Ernzerhof (HSEQ6) €.
functional [126]. Initially, experimental lattice parameters and atomic positions are taken as
a starting point. In structural optimization, the change in total energy between two electronic
steps is set to 107% eV and are converged until Hellmann-Feynman forces are smaller than 1
meVA~! without including spin-orbit coupling. The Brillouin zone was sampled in k-space
with Monkhorst-Pack [127] scheme with a k-mesh of spacing less than 0.02A~'. After the
structure optimization, we have also confirmed the dynamical stability using density functional
perturbation theory (DFPT) as implemented in PHONOPY code [128]. The spin textures from
DFT are calculated using a dense k-mesh of 31x31 around high-symmetry-point in &k, — k,
plane. The model band structures and spin textures are calculated by parameterizing the models

using minimization of the summation

S = Z > f(k)|Det[H (k) — E'(k)I]? (2.80)

over i'" energy eigenvalues (E°(k)) as training sets, where f(k) is the weight attached to k-

point. Here, H, “Det" and I represent model Hamiltonian, determinant and identity matrix,
respectively. We have used normal distribution for f(k) to get a better fit near high-symmetry-
point as used in Ref[ 1 29]. We have conducted symmetry analysis using Bilbao crystallographic

server [ 130, ], SEEK-PATH software [132] and FINDSYM [133]. The Mathematica [134]
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and PyProcar [135] are used to plot spin textures, band structures and parameterize the models.
In case of nonmagnetic materials, the final spin configurations are obtained from the electronic
self-consistent loop without initializing spin configurations. Tight-binding models and Berry
curvatures are obtained from the maximally localized Wannier functions as implemented in the
Wannier90 [136]. The Wannier representations were obtained by projecting the Bloch states
from first principles calculations on orbitals contributing to the low energy states [137]. FE
properties are calculated within the framework of berry phase theory for polarization [ 138, ,

]. The few other DFT packages, such as Quantum ESPRESSO [141] and FHI-aims [142],

are also used with similar settings and are greatly acknowledged.

2.4 k.p perturbation theory with SOC

The symmetry properties of a specific crystal can draw significant conclusions about the form
of energy bands. The group of wave vector demonstrates the fundamental questions like band
“degeneracy” and “connectivity” can be addressed solely through group theory. There is no
imperative need to explicitly solve Schrodinger’s equation to determine “degeneracies” and
“connectivity” relations for electronic band F,, (k). Utilizing interpolation/extrapolation tech-
niques using the crystal symmetries can yield the functional form of F,, (k) without the need
for directly solving Schrodinger’s equation. This approach serves as a valuable interpolation
method for experimental data and facilitates band calculations, conducted meticulously at a
few k-points in the BZ. The k.p perturbation theory finds straightforward application in the
two-band model, representing one of its simplest uses. These models prove effective in char-
acterizing the electronic band dispersion F, (k) around a specific point (kq). These bands
exhibit strong coupling between each other while maintaining weak connections to all other
bands. The set characterized by strong coupling is termed the nearly degenerate set (NDS).
Following the resolution of the strongly interacting bands, the weakly coupled bands can be
conveniently addressed using perturbation theory if necessary. The two-band model can be ex-
tended to easily adapted scenarios involving three strongly coupled bands, such as the valence
band in semiconductors like silicon and germanium [ 143]. Moreover, the model can be further
extended to address situations involving four strongly coupled bands, as observed in materials
like graphite [144].

The method considered in this thesis is first-order degenerate k.p perturbation theory and
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two-band model. An electron subjected to a periodic potential including SOC follows the one-

electron Hamiltonian:

(F Vi + (VY xp) o) = B)ia(r) 28D

2m 4m?2c? ’ ’

o represents the spin operator [S = (h/2)o]. The first two terms in Eq. 2.81 represent the
kinetic energy and periodic potential of the one-electron Hamiltonian reflecting the crystal
symmetry. The third term signifies the SOC. The incorporation of the spin operator o in the
spin—orbit term Hgo requires the use of spin-dependent wavefunctions with double-group sym-
metry designations for energy bands. Given that the strength of the SOC effect is comparable to
band gaps in many materials, it becomes essential in such cases to explicitly consider the SOC

when considering electronic bands. Bloch functions 1,,x() become two-component spinors

Ykt (1) and ¢, (7). These spinor basis functions can be expressed as

Ukt (1) = €7 Pppy (1) (2.82)
Ve (1) = €7 ey (1) (2.83)

The arrow in the subscript of ¢,.+(r) indicates that the state is generally spin up, or the ex-
pectation value of o, in this state is positive. Conversely, the down arrow implies a negative

expectation value for o, so that

(Unkt |02 Ynky) > 0 (2.84)
(Unky |02] nry) <0 (2.85)

The Bloch states are purely spin-up or spin-down in the limiting case when SOC is zero or week
(as in altermagnets). Note that here k is measured from high-symmetry point ky. Therefore,
Gnk(r) should satisfy boundary condition ¢, (r + T') = e*-T¢, (), where T being the lat-
tice translation. The substitution of 1, (7) into Schrodinger’s equation results into eigenvalue

equation for the periodic function ¢, (7):
Ho + Hy, o (r) = En (k) b (r). (2.86)

Here unperturbed Hamiltonian H, and perturbed Hamiltonian H;, , are

2
= P h .
Hy = 577 +V(r)+ i (VV xp)-o (2.87)

and

A h
Hyp=""(p+ 550 xVV) (2.88)

4m?2c?
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where &,(k) = E,(k) — h; 7122' In accordance with the k.p method, it is assumed that F, (k) is
known at a specific point k = k, either from experimental data or through the direct solution
of Schrédinger’s equation for some model potential V(7). Initially, we observe that due to
the independence of the spin in Hj, the solutions of Equation 2.87 maintain degeneracy in
spin space. The presence of time reversal symmetry T Hy (k)T = Ho(—k) with T = ¢*
immediately implies that &(—k) = &y(k) and ¢°, = ¢)", where the phase of ¢} has been
arbitrarily fixed. It is evident that a polynomial representation of (k) only includes even
powers, with the first nontrivial (second-order) terms being related to the effective masses.
Further relationships can be established through point-group symmetry. Let Gy, be the small
group of ky, denoted by gky = ko + K for any g € G,, where K represents an appropriate
reciprocal-lattice vector. Using the standard definition for the action of a symmetry operation
(go f)(r) = f(g~'r) and the symmetry of the Hamilton operator g o Hy(k) = Hy(gk), it can
be derived that &y(gk) = &y(k) and g 0 ¢y = Py

2.4.1 Method of invariants

Taking H k.p & a perturbation and ¢y, x s with x, being spin eigenfunctions (s = i%) as unper-
turbed wavefunctions, first-order degenerate perturbation theory is applied. The SOC Hamilto-

nian Hso (k) is defined as the corresponding 2 X 2 matrix,
ﬁgo(k)) = Oé(ki) - g,

where general functional form of the nth-order polynomial «; (k) can be written o, (ky, ky, k.) =
Sy CitmKLEy TRZTIT™  (for i = x,y, 2). Here, non-zero coefficients ¢y, can be determined
using symmetry invariance conditions. The matrix elements of the perturbed Hamiltonian are
Hj; = (¢i|H, k.p|®j). Note that the Hamiltonian H 1.p transforms like vector, since it is directly
proportional to the vector k, representing the electronic system. The parameter k is treated as
an external variable unrelated to the system. In context of k.p perturbation theory, the vec-
tor k dictates the point group symmetry employed for the classification of wavefunctions and
eigenvalues associated with [ kop- (¢i|H k.pl®j) is allowed by symmetry of it transform like
fully symmetric representation according to the group of wave vector of Gy, .

First, let’s consider the simplest case, i.e., the space group P1 with the point group C}.
The point group C has only the symmetry element identity operation (E). Additionally, the

time-reversal operation (T) is also an operation (Tk;o = —ky + K). Therefore, all coefficients
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Table 2.1: The transformations of the k and (o) Pauli matrices under the operations belonging

to (', point group. The symbol K represents complex conjugation.

Operation (kg by, k) (04,04,0) Symmetry Invariants

T = ioy K | (—ky, —ky, —k,) | (=04, —0y, —0>) kio; (i,j =x,y,2)

A

CQz = Z.Uz (_k:w_kyakz) (—(Tx,—Uy,O'z kzazakxaxakzo—wkyaxakya—y

)
M,, = ioy (ky, —ky, k) (—0y, 0y, —02) kyoy, k.oy, kyoy, kyo,
)

~

Myz — iam (_kma ky7 kz) (Uxa —0y, =0,

/{Z$O'y, kzaza kyo-z, /{320'1

ciim are allowed using symmetry. Consequently, the H o Hamiltonian can be expressed as
Hey= Y. Khkeos (i=0,2,4..).
a,Br=t,y,z
Suppose the point group has an inversion operation (I) in addition to 7", where I transforms
k and o as follows: (ky, ky, k,) — (—ks, —k,, —k.) and (04, 0y,0.) = (04, 04,0,). In this
case, all the coefficients ¢;,,, are forbidden by symmetry. In summary, we can assert that (k)
should contain only odd terms if T is the only operation and contain only even terms if I is the

only operation. When both T and [ symmetries exist, it imposes a condition on
Tlgnkt = Tk = dr,

transforming the spin-up eigenstate to a spin-down eigenstate at arbitrary k, leading to spin-
degeneracy throughout the BZ. Therefore, among T and I, one symmetry should be broken
to eliminate spin-degeneracy. For example, nonmagnetic materials with noncentrosymmetric
point groups lack I symmetry. Therefore, Rashba and Dresselhaus-like effects arise around
time-reversal-invariant momenta. On the other hand, when 7' symmetry is broken, as in ferro-
magnetic cases, spin-degeneracy is broken even in centrosymmetric (in real space) materials.
Now, let’s consider the case of the most common point group in materials, C5,, which in-
cludes the symmetry operations E, égz, sz, and Myz. Here, égz represents a two-fold rotation
around the z-axis, and Mij denotes the mirror plane in the 7 — j plane. The transformation rules
for (k,, ky, k.) and (0, 0, 0.) for symmetry operations belonging to C5, and the time-reversal
operation (T)) are provided in Table 2.1. By collecting all the invariant terms, the corresponding

SOC Hamiltonian can be expressed as

]:IC% = ak,oy + Bkyo,.
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Here, o and (8 are the splitting coefficients determining the strength of spin splitting. It is
important to note that symmetry operations provide qualitative insights into the splitting, not
quantitative values. Therefore, o and 3 can be determined by fitting the band dispersion ob-
tained from Density Functional Theory (DFT) or angle-resolved photoemission spectroscopy
(ARPES) measurements.

It is worth emphasizing that a similar procedure can be extended to magnetic structures
where the concept of a magnetic point group becomes important (see Chapter 6). In magnetic
point groups, in addition to the positions of atoms, the direction of magnetic moments also
plays a crucial role. For magnetic point groups, consideration of the time-reversal operation

(T) is essential in addition to spatial operations.



CHAPTER 3

Linear Rashba-Dresselhaus effects in perovskite

oxides and chalcohalides

3.1 Introduction

Ferroelectric Rashba semiconductors (FERSC) have recently created a huge sensation in the
field of spintronics owing to their robust spontaneous electrical polarization [ 145, , ,

, , ]. These materials find applications in spin field effect transistors, ferroelectric
tunnel junctions, storage and memory devices [I151, , , , , ]. The long-
range order dipoles aligned in same direction induce polarization in ferroelectric materials,
leading to inversion asymmetry. Ferroelectric Rashba semiconductors interlink the phenomena
of Rashba-type splitting and ferroelectricity, enabling the electric control of electron’s spin. In
ferroelectric Rashba semiconductors, Rashba parameters can be enhanced with the application

of ferroelectric (FE) polarization.

Ferroelectric materials, because of their robust spontaneous electrical polarization, are widely
used in various applications. Interestingly, the spins can be reversed by inverting the direction
of electric polarization using external electric field [22]. Electrical control of spins makes them
suitable for spintronic devices. Some well known examples of ferroelectric Rashba semicon-
ductors are KTaOs [157], BiAlO3 [22], LiZnSb [158] and FASnl; (FA=Formamidinium) [159].
GeTe was the first ferroelectric material, in which Rashba effect was predicted theoretically [20]
and observed experimentally [160]. However, it has a tendency to form Ge vacancy [161],
which leads to p-type semiconducting behavior. This in turn poses a challenge to electric con-
trol of the spin as it leads to a p-degenerate semiconducting behavior. This means that GeTe has
a high concentration of holes (positive charge carriers) due to the missing germanium atoms.

The excess carriers increase the conductivity of the material, making it difficult to control the

40
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ferroelectric state through an applied electric field. The switching of the ferroelectric state is
crucial for controlling the spin texture in FERSCs, and the high conductivity of GeTe due to Ge
vacancies hinders this process. Additionally, GeTe has a small band gap of around 0.5 eV. A
small band gap implies that electrons can easily be excited from the valence band to the conduc-
tion band, even at room temperature. This can lead to leakage currents when an electric field
is applied, further complicating the experimental realization of spin texture control in GeTe. In
this context, ferroelectric oxide perovskites such as KIO3; (KIO) show excellent piezoelectric,
pyroelectric and non-linear optical properties [162, ]. KIO, in particular, is experimentally
synthesized at high temperature in non-centrosymmetric rhombohedral phase with R3m space
group symmetry [164]. A thermodynamically favorable rhombohedral R3c phase was also the-
oretically predicted [165, , ]. In both phases, distortion of octahedra centered at [-atom
induces spontaneous FE polarization. Furthermore, the presence of heavy element (I), con-
tributing to significant SOC and inversion asymmetric nature may induce interesting Rashba-

and Dresselhaus-type band splitting.

Note that SOC and broken inversion symmetry play a pivotal role for the materials to ex-
hibit Rashba and Dresselhaus (RD) effect [156, , , ]. In crystals, lacking inversion
symmetry, a relativistically moving electron experiences a Lorentz-transformed magnetic field
due to a finite potential gradient. This results in spin-based splitting of degenerate bands at
non-time-reversal-invariant k-points, which lifts the Kramer’s degeneracy leading to RD split-
ting. The spin-orientation is determined by the momentum dependent spin-orbit field. For
acentric non-polar crystals, Dresselhaus was the first to show band splitting, which has a cubic
dependence on momentum space for zincblende-type crystal structures [169]. For gyrotropic
point group symmetries, linear Dresselhaus-type spin splitting can also be realized. In polar
crystals and 2D electron gas, linear splitting terms are allowed as shown by Rashba and By-
chkov [170, ]. The SOC Hamiltonian Hgoy = €2(k).o describes these effects, where o is
Pauli matrices vector and €2(k) is spin-orbit field. The latter is odd in momentum space (i.e.
Q(—k) = —Q(k)) to preserve the time-reversal symmetry of Hgo. Q(k) depends on the spatial
symmetry of the system. For simplest case, Cy, point group symmetry, {2(k) can be written
as vector sum of linear Rashba (Qp = ar(k,, —k,,0)) and Dresselhaus (2p = ap(ky, k;,0))
spin-orbit fields [10]. Here, g and ap are the RD coefficients, respectively. Energy eigen-
values corresponding to linear Rashba Hamiltonian are given by E. (k) = h?k?/2m =+ ark.

RD effects lead to the same type of band splitting. However, type of splitting can be character-
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ized by projecting spin-orientation in Fourier space, usually referred as spin texture [17]. The
strength of the spin-orbit coupling (SOC) is determined by the atomic masses of the constituent
elements in the material. Heavier elements generally exhibit stronger SOC due to the larger
nuclear charge and the resulting stronger electric field experienced by the electrons. The sym-
metry of the crystal also plays a crucial role in determining the specific form of the spin-orbit
coupling. For instance presence of inversion symmetry leads to the vanishing spin splitting.
Different crystal symmetries breaking allow for different types of spin-orbit interactions, such
as the Rashba (breaking mirror symmetry) and Dresselhaus effects (breaking inversion symme-
try). Therefore, magnitude of spin splitting coefficients effects are controlled by the strength of

SOC and crystal symmetry [19].

Figure 3.1: Crystal structure of KIOj3 in the (a)-(b) R3m phase and (c)-(d) R3c phase. The

violet, orange and red balls denote the K, I and O ions, respectively.

3.2 Rashab spin splitting in bulk perovskite KIO;

In this section, we have studied the RD effects in R3m and R3c phases of FE oxide KIO using
state-of-the-art DFT and symmetry adapted two-band k.p model Hamiltonian. Firstly, we have
determined the FE polarization in both the phases. Subsequently, the crucial effect of SOC has
been shown in the band structures. The Rashba spin splitting energy and offset momentum have
been determined from the splitting at the CBM and VBM. Furthermore, the type of splitting

has been characterized by plotting the spin texture. The RD parameters are determined after
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fitting the k.p model Hamiltonian to the DFT band structure. Finally, the effect of polarization

on the aforementioned parameters has been investigated.

3.2.1 Structural and ferroelectric properties

KIO mainly exists in Pm3m, R3m and R3c space group symmetries. The Pm3m phase is
centrosymmetric that contains an inversion center and therefore, does not show the Rashba-
type splitting. Hence, we have studied the non-centrosymmetric rhombohedral phases R3m
and R3c in detail for RD properties. The R3m phase is symmorphic as all generating symmetry
operations leave one common point fixed, apart from the lattice translations. On the contrary,
R3c phase is non-symmorphic containing the glide planes. Figure 3.1 shows the conventional
hexagonal unit cells of 3m and [23c phase of KIO. The lattice parameters of both phases are
given in Table 3.1. The atomic positions were optimized without including spin-orbit coupling
(SOC), but test calculations showed no significant changes when SOC was considered. This
suggests that the effect of SOC on the forces acting on the atoms during relaxation is negligible.
The reason for this is that SOC primarily affects the electronic structure, leading to energy shifts
and spin splitting of the bands. However, the overall potential energy landscape experienced
by the ions is mainly determined by the electrostatic interactions between the nuclei and the
electron charge density, which are not significantly altered by SOC. The lattice parameters
of the R3m phase of KIO3 were computed with and without SOC. The parameters agree to
within +1%. The calculated lattice parameters of R3m phase are in well agreement with
experimental values (a= 6.34 A, c= 7.94 A) [164]. The lattice parameters of R3c phase
coincide with crystal structure already reported using DFT (a= 6.37 A, c=15.92 A) [165]. At
equilibrium (without considering the strain), the formation energy of the R3c phase is lowest.
Our calculated formation energy of the R3c phase is 18 meV/f.u. lower than that for the R3m
phase. For R3m phase, we have calculated change in ferroelectric polarization i.e., dipole
moment per unit volume ({>) with respect to centrosymmetric structure, of 41 pC/cm? along
the [0001] direction in hexagonal setting (along the [111] direction in rhombohedral setting).
However, in R3c phase, we have found slightly smaller polarization of 29 C/cm? along the
[0001] direction in hexagonal setting. In previous studies on BiFeOs thin films, it has been
shown that FE polarization can be enhanced to as large as 150 uC/cm? using the strain [172,

, ]. In view of this, we have also verified the enhancement in FE polarization of KIO

on the application of strain. The FE polarization increases (decreases) under the application
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Table 3.1: Lattice parameters and polarization for rhombohedral phases of KIO calculated

using PBE ¢, functional.

Space group a(A) c(A) V(A?) P(uClecm?)
R3c 6.37 1591 558.6 29
R3m 6.29 8.11 278.1 41

of tensile (compressive) strain and direction remains the same. The FE polarization has varied
from 21 to 35 uC/cm? and 29 to 50 C/cm? in R3m and R3c phases, respectively, on applying

strain in the range of —5% to +5%.

3.2.2 Electronic properties and spin splitting effects
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Figure 3.2: Band structure and PDOS for R3m phase calculated using PBE (a) without SOC
and (b) with SOC. Here, inset shows the first BZ for the hexagonal phase.

Figure 3.2(a) shows the simulated electronic structure of the R3m phase without SOC along

the HSP in the first BZ[see Fig. 3.2(a) inset for HSP]. A direct band gap of 2.51 eV is observed
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at k-point A. Since the PBE [175] exchange-correlation (e,.) functional is known to underesti-
mate the band gap, it is also calculated using non-local HSE06 [176] €, functional. A larger
direct band gap of 3.50 eV is observed at the k-point A. The uppermost valence band (VB) has
a width of about 2.5 eV and the electronic states are mainly derived from O-2p orbitals [see
partial density of states (PDOS) in Fig. 3.2]. The lowest conduction band (CB) has a width
of nearly 4 eV and the electronic states are mainly derived from equal contribution of I-5p
and O-2p orbitals. Figure 3.2(b) shows the calculated band structure and PDOS with inclusion
of SOC. The VBM and CBM shift from k-point A towards L, which is known as the offset
momentum (0k). The energy difference between the k-point A and extremum is known as the
Rashba spin splitting energy (6 F). A slightly indirect band gap of 2.24 and 3.27 eV is observed
using PBE+SOC and HSE06+SOC, respectively. Despite the underestimation of the band gap
by PBE, the band dispersion around the HSP is known to be similar to HSE06 [20]. We have
compared the band structures obtained using PBE+SOC and HSE06+SOC and found that they
are resulting in similar Rashba parameters. Therefore, all the calculations are performed using
PBE, since it is more cost effective. The presence of large SOC is attributed to the heavy ele-
ments like I. A dominant spin splitting can be seen in the plane k.=%, which is perpendicular to
the polarization axis [see Figs. 3.3(a) and 3.3(b)]. In contrast, splitting is completely absent in
direction I'-A, which is parallel to the polarization axis [0001]. It is consistent with the Rashba
model, where splitting occurs in direction perpendicular to the polarization axis. The JE for
CB and VB is 27.3 and 18.1 meV, respectively. The 6k for CB and VB is 0.047 and 0.054 A1,
respectively. Within the linear approximation, these values lead to ap (z(gs—kE) of 1.16 and 0.67
eVA, respectively. We have observed comparatively larger Rashba splitting at the CBM than
VBM due to the higher contribution of I-5p orbitals at the CBM (see Fig. 3.2).

In order to have better understanding of the spin splitting nature, spin texture is plotted near the
VBM and CBM around k-point A. The 2D spin texture is calculated by projecting expectation
values of o, 0, and o, in Fourier plane (k,-k,). Figures 3.3[(c)-(d)] and 3.3[(e)-(f)] show the
calculated x-, y- and z-component of spin texture near the VBM and CBM, respectively. The
spin textures obtained using PBE and HSEQ6 are in close agreement. Thus, we have further
used PBE for computing spin textures. The in-plane spin components (S, S,) show helical
nature with inner and outer bands having opposite orientation. This confirms the existence of
Rashba-type splitting. A significant S, component can also be seen for the CBM, which is ab-

sent for the VBM. The S, has three-fold symmetry, which is in agreement with the three-fold
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Figure 3.3: (a) VBs and (b) CBs of KIO for 23m phase with SOC along A-L line (energy vs
k.). Here black solid lines and red dashed lines are obtained by DFT and parametrization of the
model, respectively. (c)-(d) Spin textures of two upper most VBs and (e)-(f) two lowest CBs.
The arrows and color projection represent the in-plane (z, y) and out-of-plane (z) components

of texture with respect to the (k,-k,) plane.

rotation symmetry of the crystal. Splittings and textures can be explained by two-band effective
Hamiltonian including only spin DOF. The little group associated with A point is C',,, consist-
ing of three-fold rotations C'3, one reflection through vertical plane containing z-axis (o) and
two reflections through diagonal planes (Mg1, Mgo) [177, ] (besides trivial identity opera-
tion). Band dispersion relation and spin texture around k-point A in plane orthogonal to polar
axis can be derived using all the symmetry-allowed terms such that OTH (k)O = H (k), where
O is the symmetry operation of little group [22]. The constructed two-band k.p Hamiltonian
including linear and cubic Rashba terms satisfying the C's,, symmetry near k-point A takes the

form [179]

Hy (k) = Ho(k) + Hso (3.1
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where,

Hso = aoyky + Bogky + 0. [(k3 + k) — 3(kok] + kyk2)] (3.2)

and H,(k) is free particle Hamiltonian. «, § are the coefficients of linear terms and + is the
coefficient of cubic term in SOC Hamiltonian. The two energy eigenvalues of Hamiltonian are
ﬁ2 kQ ﬁ2 ]{32

= Y+ F 3.3
o, + om, 10 (3.3)

E(k)*

where, m, and m, represent the effective masses in = and y directions, respectively. Fgo is

the energy eigenvalue of SOC Hamiltonian given by Fgo(k) = \/ a?k2 + B2k2 + 2 f2 (ke ky)s
where f(ky, ky) = (k3+k})—3(k k] +k,k2). Normalized spinor wavefunctions corresponding

to energy eigenvalues are given by

ik.r _ doks—fky
\I/I:{t — € vf(kasky)FEso (3.4)
2m(pl + 1) 1
2 a2k2+B2k2 . . .
where p; = MW The expectation values of spin operators are given by
1
{54, 8y, 8. 1" = = {Bky, bz, 1 f (ks )} (3.5)

In-plane spin components are reproduced using « and 3, whereas v reproduces out of plane
spin component. For a specific k-point, in-plane spin component is small as compared to out-
of-plane if v f (k,, k) is much larger than ok, and Sk, and vice versa. Spin textures calculated
using DFT satisfies the model Hamiltonian predictions. Three-fold degeneracy of z-component
of spin is the consequence of cubic nature of f(k, k).

Figures 3.3(a) and 3.3(b) show the comparison between the DFT and k.p model predicted
electronic bands calculated using Eq. 3.1 near the VBM and CBM, respectively, in the vicinity
of k-point A. The k.p model produces band structure, which is in close agreement with the DFT
band structure. Near the k-point A, cubic terms have smaller energy contribution as compared
to the linear terms in band structure calculations. In the range |k;| < 0.125 A = z,v),
contribution coming from cubic term is within 0.01 times contribution coming from linear
terms (note that ratio of different contributions is function of k). The energy eigenvalues of the

Hamiltonian are given by F(k)* = ij@i\/a?k? + B2k2 + 2 f?(k,, k), which estimate
g y 2my, T y 7 xy vy )s

2my
only the magnitude of «, 5 and . The signs of «, 5 and 7 are determined by the orientation of

a8
2 2

For CB, a=1.12 eVA, f=—1.12 eVA and v=—21.70 eVA? reproduce the DFT band structure.

spins in Fourier space. RD coefficients are defined as ap = a—;ﬂ and ap = respectively.
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Figure 3.4: Band structure and PDOS for R3c phase calculated using PBE (a) without SOC
and (b) with SOC.

These parameters lead to ap=1.12 eVA and ap=0 eVA, confirming the splitting is coming
mainly from linear Rashba effect. For VB, a=0.63 eVA, £5=—0.63 eVA and v=—1.10 eVA3
reproduce the DFT band structure leading to purely Rashba with avp=0.63 eVA apart from
negligible cubic contribution. The Rashba coefficients calculated using the k.p model are fairly

close to the DFT predictions.
Figures 3.4(a) and 3.4(b) show the band structures and PDOS for R3¢ phase without and

with inclusion of SOC, respectively. It has a direct band gap of 2.86 eV at k-point I without

including SOC, which is 0.41 eV larger than for the R3m phase. The contribution of atomic

Table 3.2: Rashba parameters for band-splitting at k-point A for R3m phase (note that f=—«

in each case).

Position m* Q@ ¥ oF ok QR

(m.) (eVA) (eVA3®) (meV) (A1) (eVA)
VBM -0.72 063 -01.10 18.10 0.054 0.67
CBM 034 1.12 -2170 2730 0.047 1.16
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Figure 3.5: (a) VBs and (b) CBs of KIO for [?3c phase with SOC along I'-M line (energy vs
k). (c) Lowest four CBs around the k-point A with the full model given in Eq. 3.6 and (d) with
modified model excluding the terms containing the orbital DOF (obtained usingn=£§=A=A
= K = p=01n Eq. 3.6). Here, black solid lines and red dashed lines are obtained by DFT and
parametrization of the models, respectively. Spin textures of (e)-(f) two lowest CBs, (g)-(h)
two uppermost VBs around k-point I" and (i)-(1) lowest four CBs around k-point A. The arrows
and color projection represent the (.S, S,) and S, components of spin texture with respect to
the (k,-k,) plane. Our spin textures are prepared using convention [(i)-(1) as examples] that if
at (k;, k,) point, energy eigenvalues associated with (i), (j), (k) and (1) are ey, ear, €3k, €4,

respectively, then ey, <eqr < ez < ey

orbitals in PDOS near the VBM and CBM for the R3c phase are nearly similar to the R3m
phase. With the inclusion of SOC, the VBM and CBM shift towards k-point K. A slightly
indirect band gap of 2.65 eV on including SOC confirms the importance of SOC in the calcu-
lations. A larger band gap calculated to be 3.80 eV using HSE0O6+SOC. Spin splitting can be

seen throughout the BZ except for I'-A, which again confirms the polarization direction parallel
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to I'-A [see Fig. 3.4b]. A dominant spin splitting can be seen along the path I'-M, I'-K, A-L
and A-H [see Figs. 3.4 and 3.5(a)-3.5(d)]. Figures 3.5(e)-3.5(h) show the plotted spin textures
near the CBM and VBM, respectively, around k-point I'. Figures 3.5(i)-3.5(1) show the plot-
ted spin textures for lowest four CBs, around k-point A. Near k-point I', in-plane spin textures
form helical-type spin texture with different orientation for inner and outer bands, confirming
the Rashba-type splitting of degenerate levels. A significant S, component contribution can be
seen near CBM, which is absent near the VBM. Near k-point A, the spin splitting leads to novel
spin textures, which are beyond the superposition of linear RD terms. These spin textures are
completely different from those obtained using two-band k.p model. These spin textures are
a result of coupling of spin DOF to the orbital DOF [ 180, ]. The splitting near k-point I'
can be explained by two-band effective Hamiltonian, whereas four-band Hamiltonian becomes
important to understand the splitting near k-point A. The little group of k-point I' and A is
same, which is Cj3,. The model Hamiltonian given by Eq. 3.1 can explain the band properties
of the VBM and CBM near k-point I'. Figures 3.5(a) and 3.5(b) show that DFT and k.p model
predicted band structures near the k-point I' are comparable. Rashba spin splitting energy of
6.3 and 16.5 meV is obtained for VB and CB, respectively. The ¢k for CB and VB is 0.042
and 0.031 A‘l, respectively. From DFT, the value of ag is found to be 0.79 and 0.41 eVA
for CB and VB, respectively. For CB, fitted parameters of Hgo are a=0.78 eVA, £5=—0.78
eVA and v=—13.3 eVA3. These parameters lead to ag=0.78 eVA and o p=0 eVA. The corre-
sponding parameters for VB are estimated as =0.40 eVA, 3=—0.40 eVA and y=—0.55 eVA3
leading to purely linear Rashba effect with az=0.40 eVA with negligible cubic contribution.
The Rashba coefficients calculated using k.p model are fairly close to the DFT predictions. For
splitting near k-point A, we have used the four-band model derived using method of invariants

satisfying the C's, point group symmetry [181]
Ha(k) = okl + K2) + B(k2 + k))* + 0(k2 + k2)°
(k7 = ky)ve + 2hakyye] + (A + AR+ ky) + K (B + ky)*|y0
5+ (kS + kD] (kaoy — kyou) + Mo (k2 — 3K2) 0,

+£kx(ka2c - 37%3)% + pl(keve — kyVZ)Uw - ((ky%c - k172)0y>]

where both «; and o; are the Pauli matrices, denoting the orbital and spin DOF, respectively.

(3.6)

Here, 7;0; represents the Kronecker delta product of matrices 7; and o;. 7; and o; denote ;0
and v,0;, where v; and o, are the identity matrices of dimension 2x2. Figure 3.5(c) shows

the comparison between DFT and model predicted band structures for lowest four CBs around
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Figure 3.6: (a) Band gap (E,), (b) Rashba spin splitting energy(d ) and (c) Rashba coefficients
() as a function of strain (¢). The A' and A? show the information about splitting around
k-point A in R3m phase around the CBM and VBM, respectively. In the same manner, I'! and

"2 show splitting in R3¢ phase around k-point T".

Table 3.3: Rashba parameters for band-splitting at k-point I' for R3c phase.

*

Position m Q@ ¥ oE ok QR

(m.) (eVA) (eVA®) (meV) (A™') (eVA)
VBM -059 040 -055 630 0.031 041
CBM 041 078 -1327 1650 0.042 0.79

k-point A. Figure 3.5(d) shows the DFT [same as Fig. 3.5(c)] and modified model of Eq. 3.6
excluding the terms containing orbital DOF predicted band structures. The modified model
band structure largely deviates from the DFT band structures. This confirms the significance of
orbital DOF and four-band k.p Hamiltonian over usual two-band k.p Hamiltonian to completely
understand the spin splitting near k-point A. We have observed the linear splitting of ~0.64 and
~0.45 eVA for the bands around k-point A (calculated using the expression £ = Ey + \ok +
b(6k)?). The CBM and VBM are in the vicinity of k-point A, which can be brought to k-point
A using strain for possible applications of these novel spin textures.

The experimental observations show that the electronic structure, ferroelectricity, spin splitting
in oxide perovskites are tunable using the strain [182]. The polarization and Rashba splitting
are sensitive to uniaxial strain in oxide perovskites such as BiAlOg [22], KTaO3 [183] and
PbTiO3 [184]. In view of this, we have studied the strain dependence of dF, 6k and oy in
both the phases of KIO. We have considered the effect of strain within (0001) plane on spin

splitting and energy levels for both the phases around the VBM and CBM. Such strain can
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be obtained by growing KIO films on top of hexagonal (0001) or cubic (111) substrates [185].
The polarization direction remains along the [0001] direction throughout the full range of strain.
Figure 3.6 shows the change in the band gaps, 0 F and ag on application of strain. Band gap
increases (decreases) under tensile (compressive) strain for R3m and R3c phases. J F/ decreases
(increases) using tensile (compressive) strain for conduction and VBs. Linear trend is observed
for spin splitting at the CBM and VBM in both phases. The amplitude of spin splitting can
be tuned from 0.8 to 1.2 eVA for the CBM in R3m phase. It should be noted here that a
more detailed analysis would be necessary to see if other states can be stabilized under the
uniaxial strain. This can be done by calculating the total formation energy of structures with
different space groups as a function of strain to know which one is the most stable at a particular

strain. [180]

The spin degeneracy can be restored when the structure is brought back to the parent
centrosymmetric structure. The parent space group of R3m is R3m, which is generated by
the symmetry elements of R3m followed by an inversion. The polarization, P, along the c-
direction breaks the inversion symmetry. Thus, R3m phase is centrosymmetric and band split-
ting is absent. It is well known that in FERSC, switching the direction of polarization leads
to reversal of spin texture. The full reversal of spin texture on reversing the direction of polar-
ization is also observed in KIO. To switch the direction of polarization, transition state R3m
has to be crossed, which defines the potential barrier. The parent centrosymmetric structure
is generated using the program PSEUDO [187]. The calculated potential barrier to switch the
polarization through R3m phase is 135 meV/f.u. for R3m. Similarly, the potential barrier for
R3c phase is found to be 112 meV/f.u. The calculated potential barrier is comparable to 110
meV/f.u. of LaWNj3 [181] and smaller than 130 meV/f.u. of LiNbO;3 [188]. The Rashba pa-
rameters are larger for KIO than BAO, despite a significantly larger ferroelectric polarization
in BAO. Therefore, we infer that larger ferroelectric polarization does not directly imply the

larger splitting. A thorough analysis of symmetry and electronic structure is always required.

3.3 Rashba-Dresselhaus spin splittings in chalcohalides

In recent years, lead-based inorganic-organic hybrid halide perovskite solar cells have shown
an unprecedented rise in power conversion efficiency from 3.8% to 25.7% [189, ]. This

is attributed to their exceptional properties for a solar cell absorber, such as a high absorption
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coefficient of ~10° cm™! in the visible wavelength range, small exciton binding energies of
~20 meV, long charge carrier diffusion length of up to ~100 pum, excellent charge carrier
mobilities, tunable band gap, and high defect tolerance [191, ]. Moreover, these can be
fabricated via simple solution deposition, resulting in low-cost manufacturing. However, their
commercialization is impeded by several factors: (i) the efficiency decreases with increasing
size of the thin films of lead halide perovskites (LHPs), (ii) the material becomes unstable
upon exposure to humidity, heat, or light, and (iii) poisonous lead can harm the environment
and living organisms [193]. The thermal stability of hybrid LHPs could be improved by the
utilization of an inorganic cation at A site instead of an organic one, but all inorganic LHPs
still suffer from long-term instability under operational conditions, especially against moisture
stress [194]. These challenges, alongside the high performance of LHPs, stimulate the research

in lead-free and stable perovskite-inspired materials (PIMs) [195].

The presence of n.s? lone-pair electrons on the Pb cation can be crucial in fostering excep-
tional optoelectronic performance in LHPs [196]. In combination with halide anion, this lone-
pair cation leads to small effective masses for electrons and holes, defect tolerance, and strong
dielectric screening [197, ]. A wide range of compounds comprising Pb**, Sn?*, Ge**,
Sb3*, and Bi** cations containing ns? electronic configurations are currently of interest as light
harvesters [199]. Among them, chalcohalide PIMs have emerged as a promising material hav-
ing ns? electronic configuration as well as cation-halide combination [200), , ]. Recently,
Nie et al. [200] have synthesized the solar cell based on tin-antimony sulfoiodide (SnsSbSsI53)
using a single-step, solution-based chemical deposition process, exhibiting a power conversion
efficiency of 4.04%. They have also demonstrated its stability against air, moisture, and light
illumination. The accomplishment of a power conversion efficiency surpassing the initially re-
ported value for methylammonium lead-iodide [189] has significant potential. SnySbSsI3 has
long been known [202, 4], but the recent surge of interest in it stems from its considerable po-
tential in various optoelectronic applications [200), , ]. In view of this, we aim to provide
an in-depth theoretical study of chalcohalide PIMs (SnaSbXslIs, X = S, Se) to investigate the
atomistic origins of its appealing optoelectronic properties that may act as valuable guidance

for further development of this emerging material class.

Note that the presence of heavy elements in PIMs, such as Sb and I, imparts a strong SOC,
playing a significant role in determining the electronic properties. When the SOC is combined

with the crystal’s broken inversion symmetry, it results in Rashba band splitting. The Rashba



3.3. Rashba-Dresselhaus spin splittings in chalcohalides 54

effect is considered to be a possible cause for reduced recombination rate and longer carrier
lifetimes in LHPs [205, ]. Nonetheless, it has been demonstrated [207] that employing a
Rashba Hamiltonian within a tight-binding model [205] can result in an inaccurate depiction
of spin orientations at the band extrema. Therefore, the Rashba effect must be carefully de-
termined to find the right implications. In the case of organic-inorganic LHPs, the mismatch
of crystal momentum between the VBM and CBM due to the Rashba effect may be the cause
of the reduction in the recombination rate [208]. Moreover, the Rashba effect opens up the
possibility for these materials to be used in spintronics. We, therefore, attempt to study the
Rashba effect in chalcohalide PIMs, which generally enhances the efficiency of optoelectronic
devices and potentially expedites their usage in spintronic devices. In this section, we analyze
the RD effects in chalcohalide PIMs (SnaSbXs15, X =S, Se) using DFT [209, 96] calculations

and symmetry adapted k-p model Hamiltonian.

3.3.1 Crystal and electronic Structures

Recently, Kavanagh et al.[ 1 98] have reported that the C'mc2; phase of SnySbS»I3 is more stable
than the C'mcem phase and the experimental C'mcm phase is the result of macroscopic averag-
ing over local C'mc2; configurations. This kind of polymorphism is also found in LHPs and
goes undetected by X-ray diffraction (XRD) due to long coherence length [210, 21 1]. Its impact
is evident in determining thermodynamic stability and optoelectronic properties. Therefore, in
this work, we consider both phases (C'mc2; and C'mem) of SnaSbS,l3 and C'me2; phase of
SnySbSesl; [see Figs. 3.7(a) and 3.7(b)]. The initial orthorhombic geometries of SnySbXs13
(X =S, Se) were obtained from Materials Project repository [212]. The lattice parameters
of the optimized structures calculated using optB86b-vdW [213] exchange-correlation (ex.)
functional are given in Table 3.4. These are in close agreement with previous experimen-
tal [202, 4, ] and theoretical [198] results. The C'mcem phase consists of (SnySsls),, chains
along the a direction, forming a layered structure in ab plane, having I and Sb in-between the
layers [see Fig. 3.7(b)]. Whereas in the C'mc2; phase, there is a small displacement of I, re-
sulting in (SnySbSs13),, chains along the a direction [see Fig. 3.7(a)]. The lattice parameters
of both phases are similar along a and b, with the largest difference along the ¢ direction [see

Table 3.4]. More details about bond lengths and bond angles can be seen in Table S1.



Chapter 3. Linear Rashba-Dresselhaus effects in perovskite oxides and chalcohalides 55

Table 3.4: Calculated lattice parameters of SnoSbXsI3 (X =S, Se). The experimental values

are provided from Ref. [4] for comparison.

configurations phase a(A) b (A) c (A) c/a

SnySbSsI5 Cmc2, 427 14.16 1640 3.84
Cmcem 426 1393 1595 3.74

experiment 4.25 1399 1638 3.85

SnySbSesls Cme2, 432 1445 17.09 3.96

experiment 4.30 14.08 17.22 4.00
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Figure 3.7: Schematic crystal structure of orthorhombic Sny,SbXsI3 (X =S, Se) in (a) C'mc2,
phase and (b) C'mcm phase. Electronic band structure and partial density of states (pDOS) of
(c) SnySbSyI3 in C'me2; phase, (d) SnaSbS,13 in C'mem phase, and (e) SnySbSesls in C'me2,
phase using PBE+SOC.

3.3.2 Spin splitting analysis

The calculated electronic band structure and partial density of states (pDOS) using PBE ¢,

functional with the inclusion of SOC are shown in Figs. 3.7(c)-3.7(e). From pDOS, we observe
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that the VBM is dominated by S/Se (p), I (p), and Sn (s) orbitals, whereas the CBM is domi-
nated by Sb (p) and I (p) orbitals. The C'mc2; phase of SnySbS,13 has a direct band gap of 0.68
eV at Y point without including SOC. In the presence of SOC, the band gap is reduced to 0.55
eV. Therefore, the role of SOC is significant in these chalcohalide PIMs and duly considered
in all the calculations. We observe that the bands are spin-degenerate throughout the BZ in the
C'mem phase of SnySbS,I5 as shown in Fig. 3.7(d). This is attributed to the spin degeneracy
(Kramer’s degeneracy) preserved by the time reversal and inversion symmetry [215]. On the
other hand, in the C'mc2, phase, bands associated with CBM and VBM split around the Y
point due to inversion symmetry breaking [see Fig. 3.7(c)]. To clearly visualize the splitting of
bands, we plot the electronic structure around the Y point [see Figs. 3.8(a)-3.8(d)]. Note that
the splitting is absent along the k. direction due to the presence of mirror (M) and glide (M)
planes. The M, and M, planes result in zero polarization along [100] and [010] planes, respec-
tively. In accordance with the previous reports [198], we find the electric polarization along z
with a magnitude of 36 uC/cm?. The spin splitting occurs only in the plane perpendicular to the
polarization direction (k,—k, plane in our case). Furthermore, we have plotted the spin textures
of CBM and VBM around the Y point [see Figs. 3.8(e)-3.8(h)]. The in-plane spin textures are
chiral, with opposite orientations for the inner and outer bands, while out-of-plane spin texture
is zero. The spin texture and splitting around the Y point can be understood in terms of the k-p
Hamiltonian derived using the symmetry considerations [24, 87, 85]. The group of wave vector
associated with Y point includes symmetry operations {2100|OO% 1(Csy), {mloo\OOO}(Mx) and
{m010|00% }(My) (see Bilbao Crystallographic Server [130] for notation). Note that the trans-
formation rules of k under the glide plane and screw axis are the same as that of the associated
mirror and rotation operations, respectively [5]. The transformation rules of (£, k,, k.) and
(04,0y,0.) under Ca,, M, and M, are listed in the Table 3.5. The k-p Hamiltonian charac-
terizing the spin splitting in k£, = 0 plane is obtained by collecting all the symmetry invariant

terms up to cubic in k and expressed as
H = Hy + a(k)k,o, + f(k)kyo, (3.7

where H is the free particle Hamiltonian. «(k) and [3(k) are the splitting coefficients deter-

mining the strength of SOC, given by

a(k) = aqy + ag) (k3 + k) + vkl — k)

B(k) = By + By (K2 + k2) +va(ki — k2)

(3.8)



Chapter 3. Linear Rashba-Dresselhaus effects in perovskite oxides and chalcohalides 57

a) b) c) d)

-0221 ‘ ‘ ‘ -0.22- ‘ : 3 R
% -0.24 i \
L o6 045
= 026
2 -0.28 0.40"
[9]
c -0.30- 1
Yoo ’ L 035

B ‘ ‘ ‘ D027 N 5o - ] [ = |

-0.10-0.05 0.00 0.05 0.10 -0.10-0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
1 -1 -1 -1
ke (A7) ky (A1) ky (A1) ky (A

MODEL
Conduction band

SN

[T N,

’ 1)-0-10-0.05 0.00 0.05 0.10
ky (A71) ke (A71)

-0.10-0.05 0.00 0.05 0.10
ke (371)

h)

Figure 3.8: (a)-(b) VBs and (c)-(d) CBs of Sn,SbS,I; along k, and £, directions. The black
lines and red dots are bands obtained using DFT and k-p model, respectively. Spin textures of
(e),(g) two highest VBs, and (f),(h) two lowest CBs, computed using DFT. (i)-(1) are model-
resulted spin textures, counterparts of (e)-(h). The arrows denote the in-plane (.5;, S,) compo-

nents of spin. The S, component is zero in the considered range.

Table 3.5: The transformation rules of (k, k,, k.) and (0, 0, 0.) under the operations belong-
ing to the group of wave vector of Y point and time reversal operation (7). The k is referenced

from the Y point.

operations (ky, ky, k) (04,04,02) invariants
Cy. (=ko, —ky, k) (=04,—0y,0.)  kioj(i,j = ,y), k.0,
M, (—Fkg, Ky, k) (0, =0y, —02) kpoy, kyoy, k.04
My (kyy —ky, k) (—0g,0y,—02) kyoy, kyoy, k.o,
T (—ky, —ky,—k,) (=04, —0y,—0.)  kioj(i,] =2,y,2)

where «(3) and [3(3) terms take cubic interaction into consideration. <, and g take cubic
anisotropy into consideration. Note that o, terms with linear dependence in k are forbidden by
symmetry, resulting in the vanishing S, component. We have fitted the band structure near the

Y point to parameterize « and 3. The results are shown in Figs. 3.8(a)-3.8(d), and correspond-
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ing splitting parameters are given in Table 3.6. As evident from the Fig. 3.8(a), VBs are almost

Table 3.6: The parameterization of o), a(3), B(1), 5(3)» Vo and 73 for the lowest CBs and top
VBs (around the Y point) of SnySbSsI3 having C'mc2; group symmetry. The k, and k, ranges

considered to fit our models are within 0.125 A~!.

band )y (€VA) ag) (eVA?) 4, (eVA?) By (eVA) Bz (eVA?) 5 (eVAY)

VB 0.005 3.796 1.013 0.065 -3.595 0.508
SHQSbSQIg

CB 0.115 -4.877 0.883 -0.094 5.838 1.002

VB 0.007 5.211 2.132 0.081 -6.592 1.213
Sl’lngSCgIg

CB 0.131 -5.126 0.658 -0.099 4.892 0.995

cubic split along k, direction signifying crucial role of o,(3) and 7y(,) terms in Hamiltonian. The
cubically split bands provide an additional advantage over linear splitting in spintronics, i.e.,
the larger spin Hall conductivity and spin transport in a system with higher spin (spin 1 and
spin 3/2 quasiparticles) [129, 28, ]. In the regime of purely linear splitting, the strength of

linear RD effects is obtained using

&R:amgﬁm
3.9
_ o+ P G2
ozD—#

where o and avp are RD parameters, respectively. For the VB, we find o= 0.030 eVA, and
ap=0.035 eVA. Similarly, we obtain RD parameters aug= 0.105 eVA, and ap=0.010 eVA for
the CB of Sny,SbS,15. Therefore, the linear Rashba effect dominates over the Dresselhaus effect
for the CB splitting. This is also evident from the helical spin textures shown in Fig. 3.8(f).
On the other hand, in the case of spin splitting of VB, the contribution of both linear RD
is significant, with linear Dresselhaus being the dominant one. The higher CB splitting is
attributed to heavier Sb (p) orbitals’ contribution to the CB in comparison to the S (p) and
Sn (s) orbitals’ contribution to the VB [see Fig. 3.7(c)]. Furthermore, we have also plotted
the spin textures of CB and VB using k-p Hamiltonian with parameters given in Table 3.6.
The k-p model-resulted spin textures are in good agreement with the DFT spin textures [see
Figs. 3.8(e)-3.8(1)]. Similar spin splittings and textures are also observed in the C'mc2; phase
of SnySbSesl; (see Table 3.6 for parameters). However, the strength of splitting is slightly

larger in the case of SnaSbSesIs owing to larger SOC coming from the Se atom as compared to
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the S atom. We also note that k-p model spin textures may deviate from the DFT spin textures
far from the Y point since the model is applicable only in the immediate proximity of the Y
point. Interestingly, spin textures for CB and VB are nearly k-independent near k, = +0.1A!
[see dashed regions in Figs. 3.8(e) and 3.8(f)]. Such quasi-persistent spin textures promise
nondephasing spin transport through persistent spin helix mechanism [217, 54]. Additionally,
these spin textures are reversal through polarization switching with an energy barrier of 35

meV/atom.

3.4 Summary and outlook

We have performed the relativistic first-principles DFT calculations to study RD effects in fer-
roelectric rhombohedral phases of KIO with 23m and R3c space group symmetries. Ferroelec-
tric and electronic properties are explored using DFT, which are also supported by symmetry-
adapted k.p Hamiltonian. Near the VBM and CBM, states are mainly derived from I-5p and
O-2p orbitals. A sufficiently wide and slightly indirect band gap is calculated for R3m (2.24
(PBE+SOC), 3.27 eV (HSE06+SOC)) and R3c (2.65 (PBE+SOC), 3.80 eV (HSE06+SOC))
phases. Due to a significant amount of SOC, spin splitting effects are observed at both the
VBM and CBM around k-points A and I' for R3m and R3c phases, respectively. Helical-type
in-plane spin texture confirms that the spin splitting mainly consists of Rashba-type splitting.
Out of plane spin texture shows importance of cubic terms in model Hamiltonian. Two-band
k.p Hamiltonian satisfying C3, symmetry reproduces band structure and spin texture near the
CBM and VBM, that are well in agreement with the DFT results. In R3c phase, the inclu-
sion of four bands in Hamiltonian incorporating orbital DOF becomes important for complete
analysis of spin splitting. Novel spin textures observed in R3c phase are anomalous in sense
that they differ from usual spin textures and can not be treated as linear Rashba, linear Dres-
selhaus or some unique combination of both. The largest Rashba coefficient is found for the
CBM in R3m phase. Furthermore, we have investigated the effect of strain on RD parameters
and found that they increase linearly with strain. Control of spin-based properties using the
external electric field makes it suitable for spintronics applications. The larger Rashba coef-
ficient in comparison to other contemporary materials (viz. BAO and LaWN3) makes KIO a
promising addition into this class of material having Rashba-based applications. We have also

investigated the spin splitting properties of chalcohalide Perovskite-Inspired Materials (PIMs)
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(SnySbXsI3; X =S, Se). We observed that SOC significantly affects the electronic structure in
these chalcohalide PIMs. The calculated effective masses of electrons are found to be small,
suggesting good charge carrier mobility. The C'mc2; phase of SnySbXsI3 (X =S, Se) shows

Rasbha and Dresselhaus effects, with the former being more dominant for CB splitting.



CHAPTER 4

Symmetry-protected persistent spin textures in

full-zone and full-plane with cubic splittings

4.1 Introduction

The momentum dependent spin splittings are well explained by linear Rashba (LLR), linear
Dresselhaus (LD) or some unique combination of LR and LD [19, 21]. In linear spin splitting
including LR or LD, energy levels are dispersed with crystal momentum (k) having the relation
Fyx = ok® &+ 7k, where o and 7 are the effective mass and linear splitting terms, respectively.
The LR and LD can be described by SOC perturbed Hamiltonians, Hyp = ap(o.k, — aykx)
and H,p = ap(o.k, + o,k,), respectively [19]. Here, ag and ap are the constants signifying
the strength of LR and LD effects, respectively, and o; (1 = x,y, z) are the Pauli matrices.
However, the SOF arising from LR or LD will introduce spin dephasing mechanisms, limiting
the experimental realization of spin currents. The persistent spin texture (PST), where spin
configurations become independent of the crystal momentum (k), enables a route to overcome
spin dephasing and provides non-dissipative spin transport [21, 25, 27]. In the regime of linear
splitting, PST can be obtained by tuning the strength of LR and LD effects, such that they
compensate each other (/g = ap). In addition, PST with linear spin splitting can also be
enforced by nonsymmorphic space group symmetry of the crystal and, therefore, not easily
broken [21]. In recent times, cubic Rashba (CR) and cubic Dresselhaus (CD) effects have
started to gain scrutiny owing to their unique benefits to spin transport like larger spin Hall
conductivity as compared to linear spin splitting effects [29]. The purely cubic effects (CR or
CD) can be distinguished from linear effects (LR or LD) by dispersion curve Fy = ok? + nk*
[Fig. 4.1(a)]. The CR and CD effects are described by the SOC Hamiltonians given by, Hop =
(ke — iky)* (0, + i0y) — (ke + iky)* (0. — i0y) and Hop = (kok? — kok})ow + (kK2 —

61
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kyk2)o, + (k. k; — k.k?)o,, respectively. The crucial experimental discoveries related to CR
contain SrTiO3(001) surface [29], asymmetric oxide heterostructure LaAlO3/SrTiO3/LaAlOs,

strained-Ge/SiGe quantum well and surfaces of antiferromagnets GdlIrySi; and TbRh,Sis.

Recently, symmetry enforced purely cubic splitting (PCS) was predicted for bulk materials
by deriving the two-band k.p model of all 21 polar point group symmetries, having Cs;, Dsy,
and T}; (6, 6m2 and 43m in Hermann-Mauguin notation) as the associated point group symme-
tries [ 1 29]. However, splitting in 7 point group corresponds to trivial CD, which can be seen in
zinc-blende type crystal structures. In addition, it was also shown that the crystals with C's;, and
Dsy, point group symmetries show PST with PCS around the I' point [Fig. 4.1(b)]. These types
of PSTs are preserved by the symmetry and thus, are robust to spin-independent impurities and
not easily get destroyed. These findings are reported for Ge3Pbs;0;;, Pb;BryF;5 and Pb;ClyF5
having PG space group symmetry (with C3), associated point group symmetry) [129]. However,
Ge3Pb;0y; is only stable at temperatures above 450 K, and conduction band minima (CBM)
of Pb;BryF;5 and Pb;Cl;F;5 do not lie in the vicinity of I" point [129]. Alongside these limi-
tations, the presence of toxic element Pb is also a concern. Therefore, finding novel materials

which can circumvent these limitations is essential.

4.2 Cubic-ordered full-plane PSTs in hexagonal bulk mate-

rials

In this section, using state-of-the-art first-principles based DFT calculations, duly supplemented
with the effective model Hamiltonian obtained using the k.p invariant approach, we reveal the
PCS in a large family of materials with D3, point group symmetry. We find that the in-plane
mirror and three-fold rotation symmetry of the crystal lead to the PCS around I" and A points in
the BZ. In addition, the PSTs are observed in a larger region and preserved in whole '-M—K
plane [see Figs. 4.1(c)-4.1(d) for the plane]. More importantly, K3TasB,015 shows large spin
splitting of CBs around the I', M, and A points. Our calculations also show that magnitude of
the spin splitting can be tuned with the application of uniaxial strain preserving the full-plane

PST.
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Figure 4.1: (a) Schematic illustration of band structure due to purely cubic spin splitting. Here,
the band energies Fj vary with k in the form, Fj = ak® + nk3. (b) Schematic PST due to
cubic spin splittings. The color represents the out-of-plane (z-) component of spin textures
(note that in-plane (z-, y-) spin components are zero). Here, the red and blue colors denote

the spins in the state |1) and || ), respectively. Here,

1) and |} ) are the eigenstates of o, with
eigenvalues +1 and —1, respectively. O is the angular difference between line separating the
sectors with eigenvalues +1 and —1, and k, = 0. (c) First BZ of the hexagonal structure. Blue
lines highlight the path used for band structure calculation. (d) BZ of the hexagonal structure
within the (k, — k,) plane, where k, and £k, are the cartesian reciprocal lattice vectors. The
lattice vectors are denoted by a and b, whereas the reciprocal ones are represented by a* and
b*, respectively. The symmetry elements (C., M,, and M,) of the Ds;, point group are also
shown. The black solid dot and dashed lines represent the rotation axis and mirror planes,

respectively.

4.2.1 Symmetry analysis and electronic band structures

We have screened lead-free experimentally synthesized non-magnetic materials having band
gap greater than 1.0 eV with space groups P6, P6m2, P62m, P62c and P6¢2, from AFLOW [

and Materials Project [219] data repositories. There is rather a large family of materials which
crystallize in these space groups, and can show PST with PCS. In particular, we are interested
in materials, which are dynamically stable, have suitable band edge positions, wide band gap
and exhibit giant splitting. Therefore, we have particularly focused on K3TazB2O1o (P62m),

KTaGesOq (P6c2) with D3, point group symmetry and Sr;BroHis (P6) with Cs), point group
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Figure 4.2: (a) Calculated phonon dispersion for K3TagB2O15. (b) Spin-resolved band struc-
tures along high-symmetry-path are shown. The color bar indicates the expectation values of
the S, S, and S spin components. (c) The calculated spin-resolved band structure of lower
CBs along the path K—M—TI". (d) Spin texture of lower CB around the M point in k, = 0
plane. Note that there should be two spin-textures associated with two bands. Here, the only
one branch associated with the outer band is shown. The inner branch has an opposite spin ori-
entation with respect to outer branch at every (k,, k,) point. The spin resolved band structures
around (e) I' point (along M—I'-M) and (f) A point (along L—A—L). The k-point (k,, k)

ranges considered to compute the band structure and spin textures around the high symmetry

2 2w

point are indicated in the units of reciprocal lattice vectors (W’ Tl

), where a and b are the real

lattice vectors.
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symmetry. The symmetry elements of Ds;, point group are shown in Fig. 4.1(d). The three-fold
rotation axis along z-direction (C3,), the vertical mirror plane containing the x-axis (M,.,) and
the horizontal mirror plane perpendicular to the z-axis (M, ) generate the D3, point group. The
Cjy, point group is subgroup of Ds;, and contains Cs, and M, as symmetry elements. Our re-
laxed crystal structures are in good agreement with the experimentally synthesized crystal struc-
tures. The calculated lattice parameters (a, c) deviate from experimental ones [220), , ]
by (1.2%, 1.2%), (0.3%, 2.1%) and (1.5%, 1.4%) for K3TazB20;2, KTaGe3Ogy and Sr;BryHj,,
respectively. Subsequently, the dynamical stability of these materials is tested by analyzing
their phonon spectra. Figure 4.2(a) shows the phonon spectrum for K3TazB;0O;5 along the
high-symmetry-path given in Fig. 4.1(c). The absence of negative frequencies in the phonon
dispersion plots confirms the dynamical stability of these structures at low temperature.

After that, we have calculated the band structures using PBEsol ¢, functional with inclu-
sion of SOC. Figure 4.2(b) shows spin projected band structures of K3TazB,0O;5. A band gap
of 2.51 eV is calculated with CBM and valence band maximum (VBM) at I' and A points, re-
spectively. Since PBEsol is known to underestimate the band gap, we have also calculated the
band gap using more sophisticated hybrid €,. functional HSE06. The obtained band gap using
HSEO6 ¢, functional is 4.01 eV. Similarly, we have also calculated band gaps of KTaGe3Oq
and Sr7BroH;5. The HSE06 band gaps come out to be 4.74 eV and 4.84 eV for KTaGe3;Og9 and

Sr7BroHj,, respectively.

4.2.2 Spin splitting and effective k.p Hamiltonian

Inclusion of SOC leads to splitting of bands throughout the BZ. In K3Ta3B,015, splitting is pre-
dominantly present for lower CB along ['-M, A—L directions [Fig. 4.2(b)] and nearly absent
for upper VB. This is due to the fact that lower CB mainly consists of heavier Ta-5d orbitals,
whereas O-2p orbitals contribute to upper VB. Along the path '-M—K-I" (k, = 0 plane),
the band dispersion is entirely specified by the S, component. On the contrary, the in-plane
(Sz,Sy) spin component is almost absent along that path. The observed PST is distinct from
the widely observed PST, which occurs locally around specific k-points or along lines of first
BZ. The in-plane mirror symmetry of crystal ()/,,) enforces spin components to satisfy the
relation (S,, Sy, S;) — (—Sz, =95y, 5.), leading to zero in-plane components. This leads to
out-of-plane SOF, which is considered to be the z-axis. Figures 4.2(c) and 4.2(d) show the CBs

and associated spin textures near the M point, respectively. The split bands are predominantly
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Table 4.1: The transformations of (o, 0y, 0,) and (k,, k,, k.) under the generators of the Cs,,
D3y, and Cy), point group and time-reversal operator (77). The first row shows the point group
operations and the corresponding point group symmetries. The last row shows the symmetry
invariant terms. Note that we have included the terms upto cubic in k and higher order contri-

butions are found to be insignificant.

Operations ~ Cjy, = e~ "™/37= M,, =io, M,, =io, T =i0,K
(D3n> C3p) (Dsp, Cp) (D3ns C3p, Cay)
ke —ke/2 + /3K, /2 k. ke —ky
k, —\/3ky /2 — K, /2 —k, k, —k,
k. k. k. —k, —k,
o —0./2+ \/gay/Q —0, —0y —0y
oy —V30,/2 — 0,/2 oy —oy —0y
o o —0, (o —0
(kyoy — kyoy), kkyoy, k'kyo, k'kyo,, kKo, kio;
Invariants  k,(3k7 — k)0, k'kyoy, kMk.oy, k"k,oy, K"k 0, (1, =x,9,2)

ko(kZ —3k))o.  (i=zy,2m=0,2) (@=uxzy,2m=0,2)

linear in k. For deeper insights, the band dispersion can be deduced by identifying all the sym-
metry allowed terms such that H (k) = O'H (k)O, where O is operations belonging to little
group of high-symmetry-point and time-reversal (7") [223]. The invariant Hamiltonian need to

satisfy the condition given below
Hg(k) = D(O)H(O™'k)D™*(0), YO €G,T 4.1)

where D(O) is the representation of operation O. The little group of M point is Cs,, consisting
of mirror planes M, and M, besides identity operation (£). The k.p Hamiltonian around the

M point, following the transformation rules listed in Table 4.1, is given by [19]
Hey, (k) = H0<k) + f)/kyo-z + 5kzay 4.2)

where Hy(k) is the part of Hamiltonian describing the band dispersion, depending on the pa-
rameter « and [ as:

Hy(k) = Ey + ok? + Sk (4.3)
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« and (3 are connected to the effective masses (m;;, m, ) with expressions |a| = 2’;2 - and
18| = thg -, respectively.  and 0 are the linear SOC splitting coefficients. For dispersion
relation in (k, — k,) plane around M point, Eq. 4.2 takes the form
He,, (k) = Ho(k) + Ykyo 4.4)
The eigenstates corresponding to Eq. 4.4 are given by
" 1
\I/kT =" T (45)
0
and
iky.r 0
% L= + (46)
1
The corresponding eigenvalues are given as
EG, (k) = Ey + ok + Bk, £k, 4.7
The spin textures determined by the expression Sy = 2(Uy; | |o| Wy ) are given as
h
Sy = i§(0, 0,1) (4.8)

Eq. 4.8 shows that only .S, component is present around M point agreeing with DFT spin texture
[Fig. 4.2(d)]. By fitting the DFT band structure and spin texture around the M point, we find
that v = 3.11 eVA. This splitting is significantly larger as compared to other bulk systems such
as in BiTeCl (ap = 1.2 eVA) [224], BiAlO; (ag = 0.74 eVA) [22] and LaWN; (ag = 2.7
eVA) [181, 225].

Figure 4.2(e) shows the splitting around I' point. The spin split bands around I' are purely
cubic in k with only z-component being non-vanishing [see Fig. 4.2(b)]. The splittings around
the I' points can be understood in terms of effective k.p Hamiltonian. Here, the little group of
wave vector of I' point remains the Dsgp,, containing identity (£), (5, and four mirror planes
(Myy,
as (see Table 4.1)

M., M, and M ). The symmetry-adapted Hamiltonian for (k, — k,) can be expressed

Hp,, (k) = Ho(k) 4+ Xk, (3k2 — k2o (4.9)

where, A is the cubic SOC splitting coefficient. The eigenstates corresponding to this Hamilto-

nian are Wy and Wy;. The cubic split eigenvalues of Equation 4.9, are obtained as

Ep,, (k) = Eo+ ak? + k2 £ 3\K2k, F AK? (4.10)
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Figure 4.3: (a) CBs of K3TazgB,O;, around the I' point projected over z-component

of spin direction. (b) Spin (0F) of KsTazB,0;2 (CBM),
KTaGe3;O9 (VBM) and Sr;BroHi;s (VBM). Band structure and 0E are plotted along

splitting energies

(220.14, 270.14)— (0, 0)—(320.14,0) direction of the momentum space, which is along
K(H)—-I'(A)—K(M) direction. The dF defines the energy different between spin-up and

spin-down bands.

The expectation values for the spin operators are the same as given by Equation 4.8, confirming
the unidirectional spin texture around I' point. Note that the Hamiltonian given by Equation 4.9
depends upon the choice of coordinate system and is valid only for space groups P62m and
P62c. The symmetry allowed term for D3, point group associated with P6m2 and P6¢2 is
Cko(k; — 3k2)o. instead of Ak, (3k? — k2)o.. This is particularly due to the fact that mirror
operation present in P6m2 and P6¢2 is M, instead of M,,. Additionally, P6 space group is
linked to the C'3;, point group and at I point, little group remains Cj;,. The effective two-band
Hamiltonian following the transformation rules given in Table 4.1, upto the third order in k in

the (k, — k,) plane is given by [129]

Hey, (k) = Ho(k) + Cho (k2 — 3K2)0. + Mky (32 — k7)o (4.11)
and the corresponding energy eigenvalues with eigenstates (Wi, Wy ) are
E¢,, (k) = Eo + ak? + Bk, + Ck + 3\k2k, F 3Ck Ky F MK, (4.12)

The additional cubic splitting term with coefficient ( arises for C's;, point group, because the
symmetry is reduced as compared to the D3;,. The Bloch states Wy and Wy, are the eigenstates
of o leading to zero in-plane (S, S,) spin polarization around I' and M points. The S, com-
ponent of polarization is non-vanishing, leaving to PST over full '—M—K plane in P6, P6m2,

P62m, P62c and P6¢2 space group materials. The splitting observed around M and T points
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Figure 4.4: Spin textures of the CBs for K3TagB;O;5 around the I' point obtained by DFT
[(a)-(b)] and k.p model [(c)-(d)]. Our spin textures are prepared using the convention [(a)-(d)
as examples] that the energy of the outer branch is smaller or equal as comapred to the energy
of inner branch at any (k,, k,) point in the considered range. (e) Constant energy contours
projected over the spin components having energy of Er + 2.38 eV. Here, the red and blue dots
denote the spins in the state |1) and ||), respectively. (f) The calculated values of © for spin
textures of K3TazB2015, KTaGe30g and Sr;BroHjs.

is linear and cubic in nature, respectively. The k.p model and DFT give the same nature of spin
splitting and textures. It is also worth emphasizing that the above two-band models are also
applicable to the other k-points, whose little group is identical to the I" or M points. In PG,
P6m2, P62m, P62c and P6c2 space groups, the little group of A and L points are same as
for I' and M points, respectively. Here, the PST over entire L—A—H high-symmetry-path with
PCS is also observed [Figs. 4.2(b) and 4.2(f)].

We have compared the band structures and spin textures of K3TazB,Oq5 around I' point
with HSEO6, PBE, PBEsol and PBE+U (here, U is the Hubbard parameter) ¢,. functionals to
validate the choice of functional. The value of U is taken to be 2.5 eV to include the on-site
Coulomb repulsion energy for Ta-5d orbitals, in accordance with previous studies [226]. It
is found that all the spin splitting properties except band gap calculated with HSE06, PBE,

PBE+U are within 5% as compared to PBEsol. Therefore , our calculations are based on
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computationally efficient PBEsol ¢, functional. Firstly, we have calculated the band structure
for the split bands along k, and k, directions. Then, we have fitted the band structure to k.p
model and the results are shown in Fig. 4.3(a) for K3TagB2015. Our model fits the DFT band
structure very well. The observed splitting is found to be highly anisotropic and depends upon
the space group symmetry of the material. The bands are spin split along I'—M direction and
degenerate along ['—K direction. Anisotropic effective mass could lead to the anisotropic split-
ting, but in our case, the effective mass is observed to be isotropic in both I'-K and I'—M
directions. To further analyze the anisotropy, we have plotted the magnitude of the energy
difference (|[0E| = |E(k,T) — E(k,])|) between the split bands [see Fig. 4.3(b)]. The split-
ting is completely absent in I'-K and A—H directions for K3TazB;01, and I'—M direction
for KTaGe3Oy. The splitting for Sr7BroH;, is present along both I'—M and I'—K directions
with different magnitudes. The different contributions coming from the terms with splitting

coefficients ¢ and A lead to anisotropic splitting along I'—M and I'—K directions.

Furthermore, the spin textures around the [" and A point for the considered systems are also
obtained using DFT and k.p models. Figures 4.4(a) and 4.4(b) are the obtained spin textures of
K3TazB5015 around I' point. The spin textures are momentum (k) independent with non-zero
out-of-plane components with a mere in-plane component around I" point in K3TazB2O;,. Fig-
ures 4.4(c) and 4.4(d) show the spin textures calculated using k.p model and are in accordance
with the DFT results. It is interesting to note that the spin textures of considered configurations
are different from each other. The border lines separating the +|s,| and —|s,| sectors vary with
materials under consideration. To understand this, the spin-projected constant energy contours
of inner and outer bands are computed as shown in Fig. 4.4(e). Here, by spin-projected means
expectation values of spin operators are computed for each k-point on constant energy con-
tours. In fact, the border lines are the directions along which the energies of two bands with
opposite spins become equal [Fig. 4.4(e)]. We have introduced the parameter O to distinguish
the spin textures, as shown in Fig. 4.1(b). These directions can be estimated from k.p models

by evaluating the © = tan~*(k,/k,) with k, > 0 and given by

(T RE
—i / i / i /
tan(©) = _% 4+ a \/3)[(C2+/\22>)\1 3(CHADY/3] + (14-2;615‘2;'3/1\22 3 (4.13)
_$y (14iv3)[(C2HA2) /3 (il AD /3 + (1—-iV/3)(¢2422)2/3
A 22 2ACHADT

¢ (CAN2B (AN
A

Figure 4.4(f) shows © for the considered configurations. It is found to be consistent with DFT
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Table 4.2: The materials showing PCS with PST along with their parameters of Equation 4.11.
The splitting is observed for lower CBs (CB) or higher VBs (VB) around the high-symmetry-
points (HSP) I" and A.

Materials CB/VB HSP E,(eV) a (eVA?2) ( (eVA®) ) (eVA?) Ref

BaHfSi30¢ VB r -0.19 3.05 0.65 0.00
BiTa;0q9 VB r 0.00 -3.79 2.35 0.00
BiTa;Oy9 CB r 2.82 -1.20 0.55 0.00
LaTa;049 VB r -0.19 -3.28 0.95 0.00
LaTa;Oq9 CB r 3.56 -1.23 9.55 0.00
KCaP50y VB r -0.15 1.96 0.85 0.00
KMgP50¢ VB r -0.19 2.13 1.00 0.00

KTaGes0Oq VB r -0.35 1.44 8.05 0.00

RbNbGe;0q VB r -0.11 1.26 4.30 0.00

T1TaGe3Og VB r -0.15 1.59 6.35 0.00

T1TaGe3Oq CB r 3.58 1.86 1.52 0.00 This work

K3TazB2019 CB r 2.34 5.04 0.00 6.85

K3TasB2O19 CB A 5.37 5.05 0.00 8.13
K4AugS5 VB r 0.00 -0.95 0.00 5.55
K4AugS5 CB r 1.62 8.07 0.00 2.01

RbS VB r 0.00 -0.91 0.00 1.06
WCClyg CB r 1.04 0.51 0.00 9.10
Sr7ClHy 9 VB r 0.00 -1.13 2.35 1.80
Sr7BroHy, VB r 0.00 -1.07 3.21 2.45

Pb7BryFo CB A 3.43 -3.11 -0.91 -4.36
Pb;ClyFy, CB A 3.63 5.11 1.23 8.18
Pb7BryF CB r 3.76 -1.11 -2.92 -5.04
Pb;ClyFy, CB r 3.98 -2.08 1.75 8.65 [129]

GesPb;04; CB r 2.13 1.27 -5.24 -3.43

results. The angular difference between any two border lines of spin textures is calculated to

be 60°, leading to the threefold rotation symmetry, which is in line with the threefold rotation
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symmetry of the crystal. Our calculations show that there is rather a big class of materials that
support PST with PCS. All of these materials along with the calculated parameters are reported
in Table 4.2. Table 4.2 also includes the already reported parameters of GesPb;01, Pb;ClyF5
and Pb;BryF;5 for comparison. The splitting observed around I" point for K3TazB2O15 (A =
6.85 eVA?®) is larger as compared to GesPbsO1; (x = —5.24 eVA?), Pb;BroFjs (A = —5.04
eVA?®) and comparable to Pb;CL,F;, (A = 8.65 eVA®). The splitting in K3Ta;B>01, around
A point is A = 8.13 eVA3, larger than that around I' point. Note that orbitals contribution
determines whether the PSTs with significant splitting occurs in the VB or CB. Giant splitting
occurs when the heavy atom orbitals contribute for the splitting bands. For example, splitting
of VB is nearly absent as compared to CB in K3Ta3gB505, since the mostly O-2p contribute for
VB. The magnitude of splitting in these materials can be further increased by doping heavier
elements with large SOC [227] and introducing strain [ 84, , 85] to make its experimental

detection more easily accessible (i.e., spin-resolved photoemission spectroscopy).

4.3 Coupled spin-valley physics and full-zone PSTs in 2D
WSibN, family

The advancement in 2D materials also engenders the potential of realizing physical properties
desirable in spintronics and valleytronics. In condensed matter physics, discussion of the sym-
metry in crystalline solids plays a pivotal role in understanding the physical properties. For
instance, inversion and time-reversal symmetry together force the bands to be doubly degener-
ate throughout the BZ. The coupling of inversion symmetry breaking with SOC lifts the band
degeneracy mainly through Rashba and Dresselhaus (RD) effects. However, if time-reversal
symmetry breaks along with inversion symmetry breaking, the spin-valley effects are induced.
The presence of well-separated multiple energy extremal points in momentum-space, generally
referred to as valleys, constitutes a binary index for low energy carriers [37]. Therefore, it can
be exploited for information processing and encoding. The lifting of band degeneracy results
in non-trivial momentum-dependent spin textures, which are mainly governed by the type of
splitting. In general, the SOC introducing these spin splitting effects, also introduces two kinds
of spin dephasing mechanisms, viz. Dyakonov-Perel [229] and Elliot-Yafet [230] mechanisms.
One of the possible ways to overcome these spin dephasing mechanisms is persistent spin tex-

ture (PST), in which spin directions become independent of the crystal momentum (k) [27].
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PST is obtained by trading off the strength of the linear RD effects in heterostructures and sur-
faces. It has also been shown that non-symmorphic space group symmetry could be exploited
to obtain PST around specific high symmetry points and paths [21]. Also, cubic spin splittings
can lead to symmetry-protected PST around the zone center in bulk materials [129]. Analogous
to charge, utilizing the spin and valley DOF through the non-dissipative spin transport is a vital

ingredient of spintronics and valleytronics.

The 2D MoSisN,, WSi;N, and MoSisAsy, host massive Dirac fermions with strong spin
valley coupling near the corners of BZ. Additionally, the valley fermions manifest valley-
contrasting Berry curvature, and valley-selective optical circular dichroism [50, 49, 53]. This
can be attributed to the intrinsic broken inversion symmetry coupled with large SOC arising
from d-orbitals of transition metal. Under an in-plane electric field, carriers in different val-
leys drift in opposite directions, leading to the valley Hall effect. MoSi,N,4 shows exceptional
piezoelectricity, photocatalytic water splitting and high carrier mobility of 270-1200 cm?/Vs,
which is better than widely used TMDs [231]. Stacking of MoSi,N4 monolayers generates dy-
namically stable bilayer and bulk materials with thickness-dependent properties [52]. Most of
the studies focus on the valley splitting in monolayers around the corners of the BZ. However,

the complete analysis of SOC induced spin splitting is still unclear.

This section reports fully relativistic calculations within the framework of DFT on the
SOC-driven spin splitting in WAsZ, (A=Si, Ge; Z=N, P, As) family. Our calculations are
supplemented by the effective k.p model derived from the method of invariants. The calcu-
lations reveal the PST in the whole region of BZ in a single layer of these materials. The
full zone persistent spin texture (FZPST) is protected by the surface inversion symmetry (SIS)
{(x,y,2)—(x,y,-z)}. In addition to spin-valley locked splitting around the corners of BZ, we
observe a cubic splitting around the center of BZ. Significant splitting around the M point is
linear in k, which is found to be complementary to the linear RD effects. It is a well-known
fact that SIS hinders the conventional linear Rashba spin splitting which is later observed under
the application of out-of-plane electric field. The k.p analysis shows that PST along M-K path
is robust to the external electric field. It is generally expected that the presence of inversion
symmetry in the bulk WSisN,, causes the spin splitting and polarization to vanish. However,
our calculations show the 100% spin polarization of doubly degenerate bands in centrosym-
metric bulk and even layered WSi;N,, which are spatially segregated. We demonstrate that

such hidden spin polarization arises by the inversion asymmetric site point group of W atom.
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Thus, WA5Z, family broaden the pool of promising materials in the fields of spintronics and

valleytronics.
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Figure 4.5: Crystal structures of (a) ar;-WAsZ,4 and (b) a-WA5Z, monolayers with symmetry
operations highlighted using red dashed line. The solid black lines indicate the corresponding
unit cell. (c) The first BZ and k-points (I', M, K and K’) are shown using red circles. (d) The
phonon band dispersions of ay-WSisN4 monolayer. (e) Variation of total energy and tempera-
ture for ao-WSi,N,4 monolayer during AIMD simulation for 3 ps at 300 K. (f) Planar average

of the electrostatic potential energy of the a,-WSi,N, monolayer as a function of out-of-plane

axis.

4.3.1 Crystal structures and stability

The optimized crystal structure of WAsZ, monolayers are shown in Figs. 4.5(a) and 4.5(b),
which can be viewed as the WZ, layer sandwiched between two A-Z bilayers. Depending on
the stacking of A-Z bilayers, different types of crystal structures are possible. Many layered
materials are influenced by these stacking effects [232]. In our work, we have considered the

two most stable phases i.e., oy and s, which differ by the position of N atoms. These two
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phases share the same hexagonal lattice structure with space group P6m2. The associated
point group symmetry is D3j, containing identity operation (F), three-fold rotation (Cj,) hav-
ing z as the principal axis, mirror operations perpendicular to principal axis (), ) and parallel
to principal axis (M,,) [Fig. 4.5(a)]. The optimized lattice constants of WA,Z, monolayers
are provided in Table 4.3. As expected, the lattice constants increase with increasing atomic
number of the group IV and V atoms. Thus, WSi;N, and WGe;As, exhibit the smallest and
largest lattice constants i.e., 2.88 A and 3.63 A, respectively. The same coordination environ-
ment in «; and a4 structures leads to slightly different lattice constants (within 0.5%). Our
lattice constants are in well agreement with already reported experimental and theoretical stud-

ies [47, 48, 49, , 921

a
@ sy
—~ - fl
E 2 W dz.® pe e
a dxy+dx2_y2. s 1
§ 0k dy, +dy, ® g
S \//\/\//\
21 ]
2
r M K r K M
(d) 4
3 2
<S> <S> <S> 0.0
§ 0 |
&3] VAR ~ | 04
2
-0.8
M K r K M K r K M K r K M

Figure 4.6: (a) Orbital-resolved electronic band structure of as-WSiyN, monolayer without
including SOC. Symbol size is proportional to the particular orbital weightage. The constant
energy contours of (b) topmost VB and (c) lowest CB in the momentum-space. The white
hexagon is the first BZ. (d) Spin-resolved electronic band structure of as-WSi,N4 monolayer.

The color bar shows the x-, y- and z- components of spin polarization.

To confirm the energy feasibility of WAsZ, monolayers, the formation energy per atom

(Etor) 1s calculated as follows

Efor == {Etot - (nWEW + nAEA + anZ)}/(nW + na + nZ) (414)

where FEj; is the total ground state energy of WA,Z, monolayer. FEy,, E4 and Ey are the
chemical potentials of isolated W, A and Z atoms, respectively. ny,, n4 and ny are the total

number of W, A and Z atoms in the unit cell, respectively. As seen from Table 4.3, the neg-
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Table 4.3: Optimized lattice constant (¢ = b) of the unitcell of WA,Z, monolayers. The
calculated formation energy per atom (Ef,,), dipole moment per unit cell (F,), band gaps
without and with SOC using PBE (Ef"F, EFPPS0C) and HSE06 (E}55+50C, ElISE+SOC) - The
calculated band gaps using GoW performed on top of PBE functional with inclusion of SOC
(ES™).

Phase a Efor Py Egl;BE EgBE"'SOC E;ISE E;ISE+SOC EgGW

A V) (@A) V) (V) €V) (V) eV)

WSisNy o 2.881 -0.746 1.77 2.33 2.32 3.11 3.09 3.78
Qi 2.894 -0.772 1.80 2.08 2.06 2.69 2.64 3.36
WGe,N, oy 2976 -0.532 1.82 1.68 1.64 2.13 2.05 2.76
o 2988 -0.543 1.83 1.33 1.31 1.76 1.71 2.38

WSisPy o 3413 -0.265 2.03 0.94 0.69 1.22 0.85 1.37
Q9 3423 -0.252 2.04 0.55 0.32 0.87 0.76 0.93

WGe,P, oy 3.486 -0.292 231 0.70 0.45 0.94 0.56 1.02
o 3498 -0.273 232 047 0.23 0.74  0.38 0.73
WSi,Asy oy 3.561 -0.079 2.11 0.78 0.52 1.03 0.60 1.02
Q9 3.575 -0.060 2.13 0.50 0.22 0.77 0.39 0.67
WGesAsy o 3.624 -0.019 2.39 0.60 0.33 0.85 0.38 0.79
Qo 3.632 -0.017 240 0.45 0.16 0.70 0.37 0.63

ative value of E',,. shows the energy feasibility of WA,Z, monolayers. The WA;N, is most
stable in a, phase, while «; phase has the lowest energy in the case of WA;P, and WA,As,,
which is consistent with the previous reports [48]. However, some previous studies concern
only the as-phase for WA,P, and WAsAs, [49, , 52]. Therefore, the complete analysis of
both phases is more realistic approach. Further, to examine the dynamical stability, we have
plotted the phonon dispersion plots for the concerned compounds [see Fig. 4.5(d)]. The unit
cell of WA,Z, monolayer consists of seven atoms [see Fig. 4.5(b)]. As a consequence, phonon
plots show three acoustic and eighteen optical branches. As the general property of 2D materi-
als, quadratic dispersion is found in out-of-plane ZA mode around the I" point. The absence of
imaginary frequencies in phonon plots confirms the dynamical stability of the WA5Z, mono-

layers. To further check the room temperature stability, ab initio molecular dynamics (AIMD)
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simulations are performed at 300 K for 3 ps with a time step of 1 fs [see Fig. 4.5(e)]. The re-
sultant small energy, temperature fluctuations and no structural disruption, confirm the thermal
stability of WA,Z, monolayers.

Polarization properties play a critical role in determining the intrinsic electronic properties,
therefore, we investigate these effects in WA,Z,. Firstly, charge transfer using Bader techniques
is performed. Significant charge transfer is found in these monolayers, where Z atoms receive
charge from W and A atoms. Different electronegativities lead to different amount of charge
received by different Z atoms. For instance, outer N gets a charge of 2.23 e~ from Si, whereas
As receives only 0.75 e™. Due to SIS, charge transfer is same for the innermost and outermost
layers. Therefore, planar average electrostatic potential shown in Fig. 4.5(f) is symmetric along
z-direction, centering W atom. Furthermore, the only in-plane electric dipole moment (along

y-direction) is observed [Table 4.3].

4.3.2 Electronic structure

As the physics in WA,Z, monolayers is essentially the same, therefore, taking aro-WSiyNy as a
representative, we investigate the electronic properties of this class of materials. Figure 4.6(a)
shows the orbital-projected electronic band structure of ay-WSisN4 without SOC calculated
using GGA-PBE functional. It has an indirect band gap of 2.08 eV, which is consistent with
the previous findings [47, 48, , 52]. The W-d orbitals dominate the states near band edges.
The VBM at I and CBM at K point mainly consist of d> orbitals, whereas, d,, and d,2_,»
contribute to the top valence states at K/K’ point. To clearly visualize these two bands, constant
energy contours are plotted in momentum-space, as shown in Figs. 4.6(b) and 4.6(c). It is found
that the energies near CBM and VBM are elliptically wrapped. On the other hand, energies are
triangularly wrapped for the VB around K/K’ point, similar to MoS, family [37]. In addition to
WSisNy, WGe;Ny also has an indirect band gap with band edge positions similar to WSiyNy.
On contrary, WA,P, and WA, As, have a direct band gap at K/K' point.

When SOC is included, as seen in Fig. 4.6(d), the band structure is strongly modified and
a sizable spin splitting is observed throughout the BZ, which is the consequence of intrinsic
inversion symmetry breaking. The band gap of as-WSiyNy decreases to 2.06 eV owing to
the SOC induced spin splitting. As PBE is known to underestimate the electronic band gap,
the band structures are also calculated using more sophisticated functional HSE06 and GoW,

approach. The values of band gaps using different functionals are compared in Table 4.3. To
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Figure 4.7: The spin splitting (AE = |E(k, 1) — E(k,])]) of (a) topmost VB and (b) lowest
CB mapped over the full BZ.

appraise the optical absorption of WSi;N,, we calculate the real and imaginary parts of the
dielectric tensor. The dielectric tensor (¢) is in-plane isotropic due to the Dsj. Therefore, we
consider only the €., by performing BSE calculation on top of GoW,@PBE+SOC. The first
absorption peak is observed at 2.49 eV, therefore, it is responsive to the energy spectrum in the
visible region.

The transport properties of electrons are mainly governed by the conduction and VBs. Fig-
ure 4.7 shows spin splitting (AE = |E(k,T) — E(k,)|) for the topmost VBs and lowest CBs
in the entire momentum-space. Splitting present in the VB is significantly larger as compared
to the CB. For this reason, we mainly focus on the VBs. The splitting is observed in the full BZ
except for the high symmetry path I'—M, where the eigenstates are at least two-fold degener-
ate. The degenerate bands split around the time-reversal invariant I' and M points. Importantly,
spin splitting around M and I' point is anisotropic in nature. Maximum spin splitting observed
around M point is 35 meV along the M—K line, which mainly originates from the strong hy-
bridization of d,, and d,2_,» orbitals. Similar features of spin splitting are also observed in the

whole WA,Z, family. The DFT results are further examined using symmetry analysis.

4.3.3 Full-zone PST

To better understand the spin splitting properties, we have constructed the 2-band k.p model
using the method of invariants, which describes the dispersion around I', M and K points. The
minimal k.p model is derived by including the spin DOF. According to Bloch’s theorem, the

wave function at an arbitrary k-point can be written as:

(W) = ™|y (r)) (4.15)
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Figure 4.8: The spin textures of topmost VBs associated with the outer branch using (a) DFT
and (b) k.p models. The energy of the outer branch is smaller or equal as compared to the
energy of inner branch at the k-point in the considered range. (c¢) Schematic diagram of PSH
state. The Lpsy represents the wavelength of spatially periodic mode. The band structure of
topmost VBs around (d) I', (e) M, and (f) K points. Here, the black solid lines and red dots

represent the band structure computed using DFT and k.p models, respectively.

where ¢y (r) is the periodic part of the wave function satisfying the crystal symmetry Dyy,.
At the I' point (k = 0), the wave function will have Ds;, point group symmetry. At other
points, symmetry is reduced from the Ds;, point group due to the phase factor. If we focus
on an arbitrary k-point, mirror symmetry operations lead to the transformation of %k vectors
(Table 4.1) My (ky, ky, k.) = (kz, ky, —k.). An arbitrary k-point in the £,-k, plane (as in 2D
materials) is invariant under M,,. Therefore, the Hamiltonian at an arbitrary k-point will still
preserve M, symmetry, which is crucial to observing persistent spin textures. Other mirror
symmetry operations, for example, M., are not preserved at an arbitrary k point. In addition,
note that other parts of the Hamiltonian (for example, the free-particle Hamiltonian) will also
satisfy the underlying symmetry operations.

The little group of I' point is Ds;,. The symmetry allowed Hamiltonian considering the

terms up to third order in momentum reads as [87]
Hr(k) = Ho(k) + Mk, (3K} — k2) 0. (4.16)

The lowest order symmetry allowed splitting term is cubic in k. Around I' point, bands split
along k, (I'-K) direction and doubly degenerate along £, (I'-M) direction. On the other

hand, the little group of M point is C, containing the M, and M, operations. The effective
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k.p model for band dispersion around M point is given by

The splitting is linear in k around M point and can be treated as complimentary to linear Rashba
or linear Dresselhaus. In addition, the splitting is strongly anisotropic in nature i.e., bands are
degenerate along k, (M—I") direction and are lifted along k, (M-K) direction. At the K/K'

point, associated little group is Cjy,. Thus, k.p model is given by
Hy (k) = Ho(k) + ko (3k2 — k2) 4+ 0. [A + (kI + k) + Cko(3k) — k2)] (4.18)

At K/K' point, Zeeman-type splitting in the VB is predicted by the non-zero coefficient A in
Hy (k). The A observed for time-reversal conjugate valleys K/K' is same, whereas, the nature
of spin splitting is opposite in nature. The properties which are odd under the time-reversal will
have opposite nature at K and K’ valleys. The spin polarization is one such feature [Fig. 4.6(d)].
Hence, the spin DOF and valleys are distinctly locked at inequivalent valleys. Therefore, the
flip of only one binary index is forbidden. This strong coupling between spin and valley may
enable the long-life valley and spin relaxation.

Figures 4.8(a) and 4.8(b) show the spin textures computed using DFT and k.p models,
respectively. It is clearly seen that in-plane (S, S,) spin components are absent and band
dispersion is fully described by the S, component. The spin polarization of Bloch states is
either parallel or anti-parallel to z-direction leading to the case of PST. These spin textures
are different from widely reported locally existing persistent spin textures and are preserved
in the whole BZ [234, 25, , ]. These full-zone persistent spin textures (FZPST) can
be explained using the symmetry arguments. The group of arbitrary k-point in full BZ is C;
containing the M, operation, besides the trivial identity. This imparts a condition on the spin

expectation values at an arbitrary k-point as follows
M ts(k) = s(k) (4.19)
and therefore
(Sz, Sy, S2) = (=Sz, =5y, S2) (4.20)

This condition is satisfied only when the in-plane (.S,, S,) spin components are zero, leading
to FZPST along the z-direction. This is in accordance with DFT and k.p model predictions.

In spintronic devices that rely on SOC-induced spin splitting, precise control of the Fermi
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level is often necessary to access the regions in the BZ where the desired spin textures exist.
This necessitates complex gating or doping strategies, adding complexity to device fabrication
and operation. In contrast, materials with PST throughout the BZ eliminate this constraint,
simplifying device design and potentially leading to more robust and easily controllable spin-
tronic devices. Efforts to fine-tune the Fermi level in SOC-based devices can sometimes lead
to increased scattering and reduced carrier mobility due to the introduction of impurities or
defects. By avoiding this Fermi level engineering, spintronics devices could potentially exhibit
enhanced carrier mobility and longer spin lifetimes, which are crucial for efficient spin trans-
port and manipulation. The requirement for specific Fermi level tuning in SOC-based devices
often limits the choice of materials to those with suitable band structures and doping properties.
PST is present throughout the BZ, opens up the possibility of using a wider range of materi-
als, potentially including those that were previously unsuitable due to their electronic structure.
Devices that rely on precise Fermi level control can be sensitive to external perturbations like
temperature changes or voltage fluctuations, which can shift the Fermi level and disrupt the
desired spin textures. Materials with PST throughout the BZ are inherently more robust to such
perturbations, as the robust spin orientation are preserved due symmetry and are not localized
to specific energy ranges.

The SOC Hamiltonian can be written as, Hsoc(k) = €2(k).o, where Q(k) is the spin-
orbit field (SOF). In the present case, spin precess around the unidirectional SOF leading to a
spatially periodic persistent spin helix (PSH) mode [27]. The SU(2) conservation laws in the
PSH state imply that the spin expectation values have an infinite lifetime [217]. Since S, is a
conserved quantity, the fluctuation in the z-component of spin polarization with wave vector
can only decay by diffusion, thus protecting the spins from dephasing. Figure 4.8(c) shows the
schematic diagram of PSH, where Lpgy is the wavelength of PSH. The angular frequency (w)
of precession around SOF can be expressed as w = —~ B, where « is the gyromagnetic ratio.
The strength of the effective magnetic field is B = 2|€2| /vh [27]. Therefore, the PSH length is

given by
wh?

m*o

(4.21)

LPSH =

The length of PSH mode can be calculated by evaluating the band dispersion parameters m*
and «. The PSH mechanism leads to the long-range spin transport without dissipation, enabling
better efficiency in spintronics devices. In order to quantify the strength of splitting effects, we

parameterize the splitting coefficients (A, a, A, 1 and () by fitting the DFT band structures. In
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Table 4.4: The calculated SOC parameters, viz. «, A and wavelength of PSH mode (Lpsy) of
upper VBs for WA,Z, family.

phase « A Lpsu

(eVA)  (eV) (nm)

WSi,N,  ay 0.87 0384  5.03
s 0.92 0397 484
WGe,N;  ay 1.20 0.435 451
s 1.21 0437  4.49

WSi,P,  ay 1.19 0407 442
s 1.22 0429 431

WGe,Py oy 1.37 0.450  4.08
s 1.33 0.442  4.07
WSisAs, 1.47 0.459  3.99
s 1.61 0.496  3.21
WGe,As, ay 1.74 0.499  3.16
s 1.79 0.507  2.89

general, we are interested in coefficients having the largest contribution in band splitting, i.e.,
A, a, and A. Figures 4.8(d)-4.8(f) show the comparison between the DFT and model resulted
band splits. The splitting observed around I point is very tiny (A = 0.21 eVA?), as the energy
contribution coming from the term cubic in k is very small i.e., k, < 1 A. The linear splitting
observed around M point is o = 0.92 eVA. The energy eigenvalues of Hamiltonian given in
Eq. 4.17 can be written as )

Ef = ;W(w +ko)® + Eg (4.22)

where F'r and k are the shifting energy and wave vector, respectively [see Fig. 4.8(e)]. The «

can also be estimated using E'i and k as follows

a = % (4.23)
ko

The values of Er = 35 meV and ky = 0.075 A, lead to o = 0.93 eVA. In addition, we calcu-
late the Lpsy from the Eq. 4.21 and it is found to be 4.84 nm for as-WSisN,. Table 4.4 shows

the calculated values of a, A and Lpsy for the WA,Z, family. The effect of SOC increases
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with increasing atomic weight, therefore, the splitting is in the order Ge>Si and As>P>N. The
observed values of « are larger than traditional TMDs (0.05 - 0.40 eVA) [236], WO5Cl; mono-
layer (0.90 eVA) [237], defective PtSe, (0.20 - 1.14 eVz&) [238] and (Mo, W)X (X=S,Se)(0.14
-0.26 eVA) [239].
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Figure 4.9: (a) Side view of the bulk crystal structure of WSi,N, with site point group of W
atom. The red dot represents the inversion center. The two boxed real-space sectors forming
the inversion partners are used for spin projection are considered as a-sector and (3-sector. The
black arrows on W atoms represent the direction of dipole moment on particular atomic sites.
(b) The spin-projected top VBs of bulk WSisNy, bilayer (2L) and trilayer (3L). The color bar
shows the out-of-plane (z-) component of spin textures. (c) The spin- and atom- projected band
structure of top VBs along K-M-K path. The green and orange color shows the band is coming
from a- and f3-sectors, respectively. The up and down arrows shows the z-component of spin

polarization. Note that the in-plane (.5,, S,) spin components are zero along that path.

4.3.4 Hidden full-zone PST

The previous theoretical study reports the possibility of experimental realization of layered
bulk WSiy;N, family, using the bottom up synthesis method [52]. We have considered the layer
dependence of the spin polarization in layered WSi,N, family. The bulk WSi;N, has an indi-
rect band gap of 1.97 eV having CBM and VBM at K and I, respectively [52]. Figure 4.9(a)
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shows the unit cell of bulk WSi,N, having P63/mmc space group symmetry. The associated
point group symmetry is Dg;, and have a point of inversion as shown in Fig. 4.9(a). The pres-
ence of inversion and time reversal symmetries lead to the bands to be two-fold degenerate
throughout the BZ. As expected, the top VBs are two-fold degenerate as shown in Fig. 4.9(b).
In current view, the RD effects are observed only when the inversion symmetry is absent. Thus,
it is unwise to look for spin splitting and spin polarization in centrosymmetric bulk WSioNy.
Therefore, the degree of spin polarization is expected to be zero in inversion symmetric even
layered and bulk WSi;Ny, as reported in Ref. [52]. In contrast, we report the existence of
hidden spin polarization for bulk WSi,N,, which can be attributed to the hidden Dresselhaus
(D-2) effect [240]. The key point here is that SOC is anchored on particular nuclear sites in
the solid, thus it is the individual atomic site symmetry in solid that forms a good starting point
to describe the SOC-induced spin-polarization. The net spin polarization of the bulk crystal is
sum of the local polarization over the atomic sites. The D-2 effect arises when the site point
group of an atom within a 3D crystal lacks inversion asymmetry and the crystal as a whole is

centrosymmetric [240].

In present case, the inversion symmetry is present in bulk space group but not in the site
point groups [Fig. 4.9(a)]. One such atomic site is W atom, where site point group is inversion
asymmetric D3y, contributing mainly to the low-energy spectrum. The two W layers connected
by the inversion symmetry are indicated as sectors S, and Sz. The two sectors are individually
inversion asymmetric and produce equal dipole moment but in opposite directions [Fig. 4.9(a)].
Therefore, the net dipole moment of bulk WSi,N, becomes zero, which is the central property
of centrosymmetric structures. Figure 4.9(c) shows the band structure projected on the spin
components and real space sectors .S, and Sz. If we consider only one sector, the large band
splitting (~0.4 eV) between the spin-up and spin-down states is observed along K-M-K path.
The interactions between the sectors form a pair of bonding and antibonding states, therefore,
open a band gap at the band crossing M point [241]. Although the bands are doubly degenerate
as a consequence of bulk inversion asymmetry, the branches of doubly degenerate bands have
opposite spin polarizations, which are separated in the real space [Fig. 4.9(c)]. As already
discussed, S, is a good quantum number, therefore, the spins are fully out-of-plane and up and
down spins locate at the energy bands. The weak van der Waals interaction among inversion
partners causes slight spin mixture from another layer and slightly larger separation of the

degenerate bands. However, most of the spin at the K valley remains on each layer. The real
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space segregation of spin polarized bands originates from the separate local sites Dresselhaus
SOC. The bulk spin polarization in such systems can be observed by controlling the stacking
directions probing beams [242, 243, 244]. The extra advantage of D-2 effect is that the spins can
be controlled by manipulating the interaction between two inversion parts. One such example
is that a small electric field (~1 mV/A) is required to reverse the spin polarization as compared
to linear Rashba effect [245].

The results similar to the bulk are expected to be observed for even number of layers of
WSi,Ny, having centrosymmetric P63/mmec space group symmetry. Therefore, we have ex-
amined the results for bilayer-WSi,N,. The real space segregated hidden spin polarization is
also observed in doubly degenerate bands of topmost VBs [Fig.4.9(b)]. The band splitting sim-
ilar to monolayer is observed in odd number of layers of WSi;N, having non-centrosymmetric

P6m2 space group symmetry [i.e., see band structure for trilyer in Fig.4.9(b)].

4.4 Summary and outlook

We have shown the existence of PST in bulk materials having D3, and Cj, point group sym-
metries. The PSTs are observed in full '-M—K plane, as long as in-plane mirror symmetry
remains intact and differs from trivial PST. Taking K3TasB,O;5 as a test case, we have ob-
served purely cubic splitting around the I’ point of an order ~ 6.85 eVA?, which is larger than
the already reported splitting. Around M point, bands are linearly split with an order of ~ 3.11
eVA. The observed splitting is found to be anisotropic in nature. The nature and anisotropy of
splitting are also studied using the k.p model via symmetry analysis. Our calculations show
that there exists a large family of materials which possess full plane PST in purely cubical
regime. In addition, strain engineering tunes the observed PST by varying the magnitudes of
SOC splitting coefficients. These spin textures known for non-dissipative spin transport, to-
gether with PCS, form another prospective aspect. The large SOC splitting coefficients, wide
band gap, suitable band edge positions, strain tunability and room temperature stability make
them suitable for room temperature applications. The complete realization of original device
of these applications may enrich the field of spintronics.

In addition, we have revealed the interesting spin splitting properties of WAyZ, family.
The formation energies, phonon spectra and AIMD calculations confirm the stability of these

materials. The PBE, HSE06 and the excited state methods GoW, and BSE show that these
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materials are semiconducting, having a band gap in visible region. In addition to valley de-
pendent properties at the corners of BZ, we have observed cubic and linear split bands around
the time-reversal invariant I' and M points, respectively. The in-plane mirror symmetry (M)
leads to out-of-plane FZPST, therefore, enabling dissipationless long range transport through
spatially periodic mode PSH mechanism. The effect of EEF is duly considered on band gap
and spin splitting. The EEF leads to linear Rashba-type helical spin texture around the VBM.
The impact of layer thickness is studied in aforementioned effects. We have found the hid-
den spin polarization in the bulk and even layered WSi2N,4, which can be attributed to the D-2
effect. The D-2 effect arises because the local site point of W atom lacks inversion symme-
try; however, the global space group is centrosymmetric. The PST is robust to electric field
and thickness along the M-K direction. We believe that this work will provide highly efficient

spintronics and valleytronics devices for room temperature applications.



CHAPTER 5

Reducing symmetry to modulate spin and valley

physics in 2D materials

5.1 Introduction

The successful investigation of graphene has spurred the discovery of extraordinary properties
and promising applications in the field of two-dimensional materials [246, , ]. Af-
terwards, numerous two-dimensional materials such as silicene, germanene, transition metal
dichalcogenides (TMDs) and so on have been explored [249, , , , , 1. 2D
materials with Janus structure possess different physical and chemical properties on each side
due to mirror symmetry breaking, which make them exciting [255, ]. The asymmetric
crystal potential causes an intrinsic electric field in these Janus 2D materials, leading to spin-
valley splitting and Rashba spin splitting when combined with SOC [236, ]. Additionally,
Janus materials show great applications in photocatalytic water splitting, magnetic skyrmions,
and out-of-plane piezoelectricity [258, , ]. The experimental synthesis of MoSSe from
MoSe, through the replacement of Se atom by S atom, further triggered the prediction of more
Janus 2D materials [261, ]. Only TMD and metal monochalcogenides Janus materials have
been considerably studied so far. Therefore, it is necessary to expand this family to have a more
in-depth understanding.

Recently, the MAyZ, (M=Cr, Mo, W, V, Nb, Ta, Ti, Zr or Hf; A=Si or Ge; and Z=N, P, As)
2D family of the septuple-atomic layer has been proposed [4&]. Particularly, 2D van der Waals
(vdW) layered MoSi,N,4 and WSi,N, have been successfully fabricated by the chemical vapor
deposition method [47]. It has been found that WA,Z, materials have high tensile strength with
excellent ambient stability. Subsequently, several predictions of these Janus 2D materials and

their excellent physical properties have been carried out. This includes the quantum spin Hall
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state in SrAlGaTe, [156], high electron mobility, efficient photocatalysis, Rashba spin splitting,
out-of-plane piezoelectricity in the MoSiGeN, [263, , ] and intrinsic ferromagnetism in
the VSiGeN, [265, ]. Therefore, this class of materials is expected to provide intriguing

physical phenomena, particularly in valleytronics and spintronics.

Nowadays, spin and valley are considered as extra DOF, which are distinct from the elec-
tronic charge and provide an interesting avenue in semiconductor devices [37]. This draws
a number of emerging quantum applications such as valley Hall effect and valley-dependent
orbital magnetic moment. The broken inversion symmetry is compulsory for valleytronics,
since Berry curvature vanishes in centrosymmetric materials [267]. Also, strong SOC in inver-
sion asymmetric materials induces Rashba spin splitting, which is a critical ingredient in spin
field-effect transistors (SFETSs) [268, , ].Thus, the Rashba effect is extensively studied
for SFETs and spin-to-charge interconversion. The spin-valley locking and the Rashba effect
arising from the SOC are bringing tremendous attention to the flourishing field of valleytronics
and spintronics. These effects have been noticed in graphene [270], TMDs [37], h~-MN (M=Nb,
Ta) [271] and bismuth thin films [234]. However, the scarcity of 2D materials showing these
phenomena with appreciable spin-valley polarization and significant Rashba effect holds back

the field of spin valleytronics.

External perturbations are used successfully to improve the performance of monolayer de-
vices by modifying the band dispersion. Some groundbreaking discoveries related to strains
include band gap reduction [272, , , ], direct to indirect band transition [276], fun-
neling of photogenerated excitons [277], tunnel resistance modulation [278], enhancement in
Rashba splitting [279, 87, , ], and coexistence of negative Poisson’s ratio and mag-
netism [280]. The uniaxial strain can also lower the symmetry, inducing the band splitting and
modulation of Berry curvature dipole and valley magnetization [281]. The strain superlattices
can open the significant energy gap and shift the Dirac points in graphene [282]. Further-
more, several experimental and theoretical investigations predict the direct to indirect band
gap transition in MoS, under the tensile strain between 2 to 3% [272, , ]. Most im-
portantly, 2D materials are able to sustain significant reversible elastic strain, i.e., graphene
(25%) (285, , ] and MoS, (11%) [288, , ], making strain-dependent effects easy

accessible in experiments.
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5.2 Symmetry control of spin-valley physics in 2D Janus WSiGeZ,
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Figure 5.1: (a) Side and top views of lattice structure corresponding to monolayer H-BB
WSiGeZ,. (b) Side views of various stacking orders for three constituent parts in the mono-
layer WSiGeZ,. The 3D view of the top valence band (VB) and bottom conduction band (CB)
in monolayer (c) H-BB WSiGeN, and (d) H-AA WSiGeP,.

In this section, we have investigated the effect of stacking of A-Z layers to modulate the
electronic properties, focusing on their spintronics and valleytronics aspects. We have taken
the unexplored Janus WSiGeZ, as an example to study these effects. The first-principles cal-
culations predict that these materials have Dirac-type valleys located at the corners of Brillouin
zone (BZ), connected by TRS. The valleys show contrasting physics, i.e., spin polarization,
optical circular dichroism and Berry curvature. The broken surface inversion symmetry in-
duces Rashba spin splitting at the center of the BZ. The findings imply that symmetry control
enhances Berry curvature by more than 300%. Furthermore, Rashba splitting increases sig-
nificantly by modifying the out-of-plane asymmetry. The underlying mechanism behind the
unconventional enhancement is duly investigated through microscopic orbital contribution and
macroscopic charge transfer. This method is more effective compared to the strain and electric
field, in modulating the Berry curvature and Rashba splitting. The high carrier mobilities and

tunable electronic properties suggest their great potential in spintronics and valleytronics.
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Table 5.1: Optimized lattice constant (a) for the unit cell of WSiGeZ, monolayer. The cal-
culated formation energy per atom (Ey,,), dipole moment per unit cell (7, P,), band gaps in
presence of SOC using PBE (E}"*) and HSE06 (E;"*"). The calculated band gaps using GoWy

performed on top of PBE functional with inclusion of SOC (E;"V¢"5F),

Phase « Efor P, P, EPEE EHSE pOWGPEE
A V) €A (A V) (V) (V)
WSiGeN, H-AA 2929 -0.639 1.710 0.024 2.01 2.48 3.27
H-AB 20931 -0.643 -0930 0.021 1.88 2.36 3.11
H-BA 2934 -0.651 -2.488 0.028 1.83 2.31 3.03
H-BB 2.940 -0.658 1.716 0.026 1.66 2.15 2.87
WSiGeP, H-AA 3452 -0.279 2.016 0.042 0.56 0.58 1.19
H-AB 3459 -0.259 -1.085 0.032 046 0.51 1.06
H-BA 3.462 -0.271  -2.989 0.058 0.39 0.47 0.97
H-BB  3.468 -0.262 2.031 0.043 0.25 0.42 0.75
WSiGeAss H-AA 3594  -0.113 2.103 0.096 041 0.45 0.89
H-AB 3.599 -0.072 -1.204 0.084 0.33 0.39 0.82
H-BA 3.601 -0.086 -3.104 0.124 0.28 0.36 0.76
H-BB  3.605 -0.053 2.118 0.101 0.18 0.29 0.58

5.2.1 Crystal structure and electronic properties

WA,Z, structure, built by septuple atomic layers in the sequence Z-A-Z-W-Z-A-Z having Dsy,
point group symmetry, can be regarded as one layer of WZ, sandwiched by two layers of
A-Z [48]. The intermediate WZ, is structurally similar to 1H-TMD [48, 54]. The WAyZ,
structure breaks inversion symmetry and preserves horizontal mirror symmetry (o). When
they form the Janus structure by replacing A atom with a different same group atom, oy, is
broken, leading to inversion symmetry breaking with C'3, symmetric point group [263, 1.
Figure 5.1(a) shows the fully optimized crystal structure of the WSiGeZ,. Theoretically, several
intermediate structures are obtained by varying the stacking of the intermediate layer of 1H-
WZ, and two A-Z layers [47, 48, , , , , ]. As shown in Fig. 5.1(b), we have
considered the four structures (H-AA, H-AB, H-BA, and H-BB) depending upon the stacking
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order of the three constituent (Z-Si, Z-W-Z, and Ge-Z) monolayers. As shown in Table 5.1, the
lattice parameters of H-AA, H-AB, H-BA and H-BB are only slightly different. This is because
of same coordination environment and similar valence electron states. The lattice constant of
Janus WSiGeZ, monolayer is approximately the average of WSi,Z, and WGe,Z,. It is evident
that the lattice constant increases with the increasing atomic number of the pnictogen.

We have obtained the formation energy per atom (Ey,,) to confirm the energy feasibility,
using the expression

Eiot — (nwEw + ngiEsi + ngeEge +nzEy)
(nw + ng; + nge +nz)

S.D

where E,; is the total ground state energy of the WSiGeZ, monolayer, Eyy, Eg;, FEge, and E
are the chemical potentials of W, Si, Ge, and Z atoms, respectively. ny, ng;, nge, and ny are
the number of W, Si Ge, and Z atoms in the unit cell, respectively. As clear from Table 5.1, all
the considered phases are energetically feasible. Nevertheless, the ground state configurations
are different. For instance, the H-BB phase is most favorable for WSiGeN,, but WSiGeP, and
WSiGeAs, are most stable in the H-AA phase. The absence of imaginary phonon mode in the
entire BZ confirms the dynamical stability of phases H-AA, H-AB, H-BA, and H-BB. There
are two main factors contributing to the origin of vertical polarization. The first one is the
asymmetry arising from the replacement of one Si by Ge atom, and another is the asymmetry
arising from the rotation of Si-Z and Ge-Z layers (see Fig. 5.1(b)). Table 5.1 summarizes the
calculated electric dipole moment per unit cell.

The three-dimensional band structures of the monolayer H-BB WSiGeN, and H-AA WSiGeP,
are shown in Figs. 5.1(c) and 5.1(d), respectively. The monolayer H-BB WSiGeN, has an in-
direct band gap with VBM and CBM at I" and K/K' points, respectively. The monolayer H-AA
WSiGeP,4, and WSiGeAs, are the direct band gap semiconductors with band edges located at
K/K’ points. The monolayer WSiGeN,, WSiGeP, and WSiGeAs, have valley-like peaks at the
K and K’ points. The two valleys at K and K’ are inequivalent due to structural asymmetry and

TRS, although they have degenerate energy, as discussed in the coming sections.

5.2.2 Valley physics

To investigate the valleys in the monolayer WSiGeZ,, band structures with SOC are calculated
as shown in Figs. 5.2(a), 5.2(b), and 5.2(c). We have observed that monolayer H-BB WSiGeN,

is still an indirect band semiconductor and monolayer H-AA WSiGeP, and WSiGeAs, remain
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Figure 5.2: The spin resolved band structure of monolayer (a) H-BB WSiGeNy, (b) H-AA

|
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WSiGeP, and (c) H-AA WSiGeAs, calculated using PBE+SOC. The energy levels with posi-
tive and negative spin magnetization are sketched in the red and blue curves, respectively. (d)
Schematic of valley selective excitation. Length of arrows and circles depict the energy and

chirality of incident photon, respectively.
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Figure 5.3: The degree of circular polarization for transition between VB to CB in monolayer
(a) H-BB WSiGeN, and (b) H-AA WSiGeP, mapped over the BZ. (c) The circular polarization
for transition between VB to SUCB in monolayer H-AA WSiGeP4. The black dotted lines

represents the first BZ.

direct band semiconductors. Band gaps obtained using PBE functional are listed in Table 5.1.
We have also used the more accurate HSEO6 functional and GyW approach to validate the
band structure results (see Table 5.1). We have found that apart from the band gap, all the
band features are similar irrespective of the choice of functional. The band gaps increase for
the HSE06 and GoW, methods due to the inclusion of exact exchange and self-energy, re-

spectively. As seen in Figs. 5.2(a), 5.2(b) and 5.2(c), SOC mainly causes spin splitting of the
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degenerate bands. The spin splitting is a direct consequence of the inversion symmetry break-
ing, which lifts the spin degeneracy at each generic k-point. Since the TRS is preserved, the
spin polarization at K and K’ points are opposite because the time-reversal operation connects
the K and K’ points. Additionally, properties that are odd under time-reversal operation will
have opposite natures at K and K’ points. This concludes the existence of a valley degree of
freedom.

The circular polarization for optical transition between the pair of states |nk) and |mk) is

given by [49]
ML — M

1) = AP AP

(5.2)

where M is the optical transition matrix element for the incident light with o, polarization.
The M. can be expressed as M, = %(Mx + M,), where M, ,, = m.(mk|vy,|nk). n = +1
and n = —1 represent the optical absorption of only right hand circularly polarized (RHCP)
and left hand circularly polarized (LHCP) light, respectively. Figure 5.3(a) shows the degree
of circular polarization of excitation from first occupied VB to first unoccupied CB in the case
of monolayer H-BB WSiGeN,. As seen, the circular dichroism is perfectly valley selective.
The absorption of RHCP and LHCP photon will take place at K and K’ points, respectively.
Therefore, the circularly polarized optical pumping can control the electron and hole population
of either valley. In the case of the monolayer H-BB WSiGeNy, the direct band gap at K/K’ point
is 2.16 eV. Therefore, either valley can be selectively excited by the circularly polarized photon
with the energy around 2.16 eV.

In case of monolayer H-AA WSiGeP, and WSiGeAs,, the picture remains the same. How-
ever, there are no additional states apart from K/K’ near the CBM and VBM, thus, there will be
no scattering states. Figure 5.3(b) shows the circular polarization for optical transition between
VB to CB in the case of monolayer H-AA WSiGeP,. The valleys are perfect and show com-
plete valley contrasting physics, i.e., selective valley excitation. The valley selective optical
transition occurs from VB to CB when the energy of the circularly polarized incident photon
is around 0.56 and 0.41 eV for monolayer H-AA WSiGeP, and WSiGeAs,, respectively. Fur-
thermore, there exist additional valleys at the second unoccupied conduction band (SUCB) near
the CBM (see Figs. 5.2(b) and 5.2(c)). Also, the spin polarization for the SUCB at K and K’
points is opposite. Therefore, if the incident photon’s energy is larger than the direct band gap,
then the transition from VBM to SUCM takes place (see Fig. 5.2(d)). The circular polarization
from the VB to SUCM is also valley specified, as shown in Fig. 5.3(c). The LHCP and RHCP
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Figure 5.4: Orbital projected band structure of monolayer H-BB WSiGeN, without SOC. Fermi

level is set to zero in the energy axis. The fatness of band structure corresponds to W-d 2

(green), W-d,2_,2 and W-d,,, (red), W-d,,, and W-d,,., (blue), and N-p (cyan) orbitals.

from VBM to SUCM will be absorbed at K and K’ valleys, respectively. Note that the chirality
of light for the transition taking place from VB to CB or VB to SUCB is opposite in the same
valley (see Fig. 5.2(d)). Therefore, we can selectively pump an electron from VB to CB or
SUCB by using optically selective light. This shows that SUCB in monolayer H-AA WSiGeP,
and WSiGeAs, add another dimension to the valley physics.

The low power k.p Hamiltonian including the orbital and spin DOF explains the valley split-
ting around C3 symmetric K/K’ points. Figure 5.4 shows the orbital-projected band structure
of monolayer H-BB WSiGeN,. The VB and SUCB states mainly consist of in-plane orbitals
(dyy, dg2_,2). Whereas, the out-of-plane orbital (d.2) mainly contribute to the CBM. Similar
contributions are also observed for monolayer H-AA WSiGeP, and WSiGeAs,. The k.p model
Hamiltonian employing the basis |d,,-Tid,2_,2) @ |s,), |d.2) ® |s,) and |dyy+Tid2_y2) @ |s2)

and containing the terms up to linear in k is given by [37, 50, 49]
€a + TAS, Yk~ vkt
H. = Aokt € Y3k~ (5.3)

Ykt Ykt € + TAS,
where k* = k, + Tik, and k, or k, is measured from K and K’ point. The 7 = =£1 is the
valley index and ~y; are the optical matrix elements. The €., €,, and ¢, are the energy levels at
K/K' point. A = ¢, — ¢, is the direct band gap. 2\, (AERVYP) and 2\, (AE}P) represent
the splitting of SUCB and VB (see Fig. 5.2(d)). For the case of monolayer H-BB WSiGeN,,
SUCB is far away from the CBM. Therefore, the two band k.p Hamiltonian is sufficient, which

reads as [37]

€ k~
H, = s (5.4)

vkt €, + TAS,
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Table 5.2: The observed spin splitting of VB (AE}.Z), CB (AE$?), SUCB (AERV¢P) and the

Berry curvature () at K point.

Phase AERE AE{(E AEVCB Qp
(meV) (meV) (meV) (A?)

WSiGeN; H-AA 415 3 - 16.1
H-AB 415 4 - 17.2
H-BA 417 9 - 17.5
H-BB 418 12 - 18.1

WSiGeP, H-AA 431 6 184 75
H-AB 426 4 186 133
H-BA 435 6 174 161
H-BB 436 9 184 335

WSiGeAs, H-AA 480 18 164 108
H-AB 481 25 217 151
H-BA 492 26 180 205
H-BB 502 28 236 411

To quantize the SOC effect, we have calculated the magnitude of spin splitting at the top of
VB, the bottom of CB and SUCB (see Table 5.2). The valley splitting observed for the top VB
and SUCB is significantly larger than the lowest CB. The W-d,,, and W-d,2_,2 orbitals under
the influence of in-plane electric dipole moment produce spin splitting at the K point [296]. The
CB is mainly contributed by W-d» and the contributions from W-d,, and W-d,>_,» are nearly
zero. Therefore, spin splitting is predominant for the VB and the SUCB, and very tiny for the
CB. The trend for spin splitting at valleys is observed as WSiGeN, < WSiGeP,< WSiGeAs,,

which is attributed to the increase in SOC for heavier elements.

Incommensurate lattices can bring about interfacial strain during support on a substrate or
vdW heterostructures formation. Therefore, the role of strain is also addressed in this study.
We have applied the biaxial compressive and tensile strain in the deformation range of 6% to
investigate the evolution of band edges. Figures 5.5(a), 5.5(b) and 5.5(c) show the variation
of spin splitting at valleys of CB and VB for monolayer WSiGeZ,. We see that the AES? is
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Figure 5.5: The variation of spin splitting of the VB and CB at K/K' valleys with respect to the

biaxial strain in monolayer (a) H-BB WSiGeN, and (b) H-AA WSiGeP;,.
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AA WSiGeP,. The black dotted lines denote the first BZ.
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independent of the strain, whereas the AE}.7 slightly increases (decreases) with the application

of tensile (compressive strain).

5.2.3 Berry curvature modulation

To confirm the nonequivalence of valleys at K and K’ points, we have studied the non-zero out-
of-plane Berry curvatures. The velocity of the charge carriers in the presence of non-zero Berry
curvature is given by hwv,, (k) = v, — v, . Here, v, denotes the group velocity, which is defined
as v, = Ve, (k), where €, (k) is the energy of |nk) state. In addition to the group velocity,
Berry curvature leads to a transverse velocity denoted by v, . The transverse velocity is given
by v, = —fE x Q,(k), where E is the in-plane electric field, and Q(k) is the out-of-plane
Berry curvature [49]. For 2D systems, Berry curvature only has a z-component and for |nk)

state, it is expressed as [49]

(nk|v, |n'k) (n'k|v,|nk)

2

Q,(k) = —2Im ¥ (5.5)

n'#n (En/ - 6n)

where the summation is over all the occupied bands. €, and €, are the energy levels for |nk)
and |n'k) states, respectively. The time-reversal operation applies the opposite Berry curvature
at time-reversal conjugate momenta (€2,(—K) = —Q,(K)). Figures 5.6(a) and 5.6(b) show
the Berry curvature of the VB and CB mapped in the first BZ for monolayer H-BB WSiGeNj.
Figures 5.6(c), 5.6(d) and 5.6(e) show the Berry curvature of monolayer H-AA WSiGeP, for
VB, CB, and SUCB, respectively. Berry curvature is mostly confined around the valleys and
has been found to be the highest at K and K’ points. It has also been observed that the Berry
curvature rapidly decreases to zero while moving away from the K and K’ points. The opposite
nature of Berry curvature near the K and K’ points can distinguish the charge carriers at different
valleys. The opposite Berry curvature leads to the spatial separation of charge carriers coupled
with different valleys. Thus, the charge from different valleys will accumulate on opposite
edges, leading to valley Hall effect. The TRS leads to the case of no net charge current at the
linear order. However, there could exist a valley Hall effect after the electron doping. As for
hole doping, one has to reach the energy level of K/K’ point which is lower in energy compared
to the I' point for monolayer WSiGeN,. The monolayer WSiGeP, and WSiGeP, are more
suitable for the case of hole doping, as the valence states lie at the K/K’ point.

The transverse velocity can be amplified using the larger Berry curvature. Thus, faster

charge transport and lesser recombination can be achieved. Therefore, a larger value of {2k
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is always desired, and Berry curvature modulation is indispensable in the field of valleytron-
ics [297]. Using Eqgs. 5.4 and 5.5, the Berry curvature of VBs can be expressed as
20%t2 A
-
(4a2t2k* + A2)3/2

where a, t and A are the lattice constant, nearest-neighbor hopping integral, and direct band

Qv(k> = (5.6)

gap, respectively. Therefore, the Berry curvature can be enhanced by tuning the parameters a, ¢
and A. Figure 5.7(a), 5.7(b) and Table 5.2 show the modulation of Berry curvature via different
stacking orders. Surprisingly, the Berry curvature can be enhanced up to 400% compared to its
ground state. For the case of monolayer H-AA WSiGePy, it increases Berry curvature from 80
A? to 335 A? by changing the phase to the H-BB. Similarly, Berry curvature is also enhanced to
411 A? for monolayer H-BB WSiGeAs,. However, modification is almost negligible in the case
of monolayer H-BB WSiGeN, due to the small size of the N atom. The H-BB phase has the
smallest value of A at the K point, thereby highest Berry curvature is obtained for this phase.
The percentage change in the direct gap is highest in the case of the WSiGeAs, monolayer,
therefore, the strongest tuning is obtained using symmetry control for WSiGeAs, monolayer.

It is crucial to understand the underlying mechanism behind the Berry curvature modula-
tion. The Berry curvature can be seen as proportional to Q,(k = 0) oc A2 (see Eq. 5.6).
The direct band gap (A) follows the trend H-BB < H-BA < H-AB < H-AA (see Table 5.1);
therefore, the Berry curvature peak follows the more pronounced trend H-BB > H-BA > H-
AB > H-AA. This trend is more significant for WSiGeN, and WSiGeAs,, as the direct band
gaps are more sensitive to the stacking order. Table 5.3 shows the orbital contribution at K
point for the VB for monolayer WSiGeP,. A similar trend is also observed for the monolayer
WSiGeAs, and WSiGeN,. The W-d and P-p orbitals contribute to valence states, where W-d,,,
and W-d,2_,» have the largest contributions. Rotation of Si/Ge-Z layers leads to a change in the
orbital contribution, hence, the strength of the SOC. The contribution coming from heavy W-d
is highest in the case of the H-BB phase. Thus, the highest SOC strength leads to the largest
strength of Berry curvature at the K/K’ point for the H-BB phase. The contribution of W-d
orbitals follows the trend, H-BB > H-BA > H-AB > H-AA and the same trend is followed by
the Berry curvature. This shows that microscopic orbital contribution has a strong correlation
with the Berry curvature.

Another efficient way to modify the orbital contribution is by applying strain [297, ].
Hence, the effect of tensile and compressive biaxial strain on the Berry curvature of VB is also

analyzed. Figures 5.7(c) and 5.7(d) show the Berry curvature of unstrained and strained cases
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Table 5.3: Orbital contribution to the VB at K/K’ point of monolayer H-AA WSiGeP;,.

Phase  p. Py - Ay dy: d2 Ao dy2_y2
H-AA  0.055 0.000 0.055 0.271 0.002 0.000 0.002 0.271
H-AB  0.055 0.009 0.055 0.271 0.003 0.002 0.003 0.271
H-BA  0.058 0.013 0.058 0.280  0.004 0.001 0.004 0.280
H-BB  0.057 0.025 0.057 0.303 0.001 0.000 0.001 0.303
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Figure 5.7: Modulation of Berry curvature by varying stacking orders in monolayer (a)
WSiGeN, and (b) WSiGeP,. The insets in (a) and (b) show the position of Berry curvature at
K’ point. The effect of biaxial strain on the Berry curvature in monolayer (c) H-BB WSiGeN,
and (d) H-AA WSiGeP,.

for the VB in monolayer H-BB WSiGeN, and H-AA WSiGeP,4. The strain could also tune
the Berry curvature efficiently. Under the tensile strain, the direct band gap and the magnitude
of wavevector are reduced. Therefore, the magnitude of the Berry curvature increases. In the
case of WSiGeNy, Berry curvature increases from 15 A? to 25 A? under 5% tensile strain.
Whereas, it increases from 80 A2 to 129 A2 in WSiGeP, and is significantly smaller than the

Berry curvature 335 A? obtained by symmetry control.

5.2.4 Rashba effect

The presence of strong SOC in addition to the breaking of surface inversion symmetry along
z-direction leads to the Rashba spin splitting of VB around I' point. The spin-projected band
structure of top VBs of monolayer H-AA WSiGeP, is depicted in Fig. 5.8(a). The bands
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describe unique Rashba type dispersion, which can be explained by linear Rashba Hamiltonian.
The helical nature of in-plane spin textures as shown in Fig. 5.8(b), confirms the presence of
the Rashba effect around the I' point. Moreover, a small out-of-plane spin component has

three-fold rotation symmetry in-line with the symmetry of the crystal.
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Figure 5.8: (a) The spin-projected band structures and (b) associated spin texture of top VBs
in H-AA WSiGePy. (¢) The spin-projected band structure of top VBs in H-BA WSiGeP,. (d)

The variation of Rashba coefficients under the application of biaxial strain.
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Figure 5.9: (a) The variation of Rashba coefficient (agz) under the application of out-of-plane
EEF. Zeeman spin splittings at K/K’ points as a function of EEF in monolayer (b) H-BB
WSiGeNy and (c) H-AA WSiGeP4. Modulation of band gaps with strain in monolayer (d)
H-BB WSiGeNy, (e) H-AA WSiGeP, and (f) H-AA WSiGeAs,.

To understand the band structure and spin texture, we have constructed a k.p model Hamil-
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tonian near the I' point. The little group of the I" point is Cs,, and the corresponding Hamilto-

nian is expressed as [299, , ]
Hr(k) = Ho(k) + ag(k,0y — kyoo) + (k) — 3k, k) (5.7)

where H,(k) is the free particle Hamiltonian, and «ar, is the linear Rashba coefficient. ~ is the
parameter signifying the contributions from the cubic term in the splitting and takes the out-
of-plane spin contributions into consideration. We have observed that the energy contribution
coming from the cubic term is much smaller than the linear term. The fitting of the DFT band
structure by k.p model hamiltonian allows the calculation of az. Within the linear Rashba term,
the ap is also estimated by ap = zlf—;, where E'p and k£ are the Rashba energy splitting and
momentum shift, respectively [299]. The calculated values of E'; and kr are 11.2 meV and 0.55
Afl, respectively [see Fig. 5.8(a)]. Thus, for monolayer H-AA WSiGeP,, ap is 0.41 eVA. A
larger value of avp makes the Rashba effect more accessible experimentally. Therefore, greater
magnitude of ag is always desired. Consequently, we have studied the impact of symmetry on
the strength of Rashba effect. Table 5.4 shows Ej, kg, and ar of monolayer WSiGeN, and
WSiGeP; in different configurations. H-BA structure has the largest value of E'p and ag. As
shown in Fig. 5.8(¢c), E'y increases to 22.9 meV from 11.2 meV when the structure changes to
H-BA from H-AA. The value of a is also significantly enhanced from 0.41 eVA t0 0.61 eVA.
Similar results have also been obtained for WSiGeN, and WSiGeAs,. The observed trend of
ag is H-BA > H-BB > H-AA > H-AB.

According to the Rashba model, spin splitting occurs in the plane perpendicular to the
electric field. The net vertical electric field acting on the metal atom W, determines the strength
of the Rashba effect. Therefore, the larger the out-of-plane intrinsic electric field, the more
prominent is the in-plane spin splitting. In case of H-BA, the out-of-plane intrinsic electric
field arising due to the formation of Janus and the position of Z atoms support each other.
Therefore, the strongest Rashba spin splitting is observed for the H-BA phase as it has the
highest out-of-plane asymmetry.

Additionally, the effect of biaxial strain on g is also studied, and the variation is shown in
Fig. 5.8(d). The value of oy decreases from 0.41 eVA to 0.28 eVA under a compressive strain
of 6%. The tensile strain of 6% increase oy to 0.46 eV A, which is significantly smaller than the
increment observed using the symmetry control. The strain is also an effective way to modulate

the band edge positions and band gaps. For the case of WSiGeN,, the band gap remains
indirect in the range of -6% to 6%. The band gap remains direct for WSiGeP, and WSiGeAs,
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Table 5.4: The calculated parameters (£, kr and o) for Rashba spin splitting around I' point.

Phase  Ep kr (A" ag
(meV) (eVA)
WSiGeN, H-AA 5.7 0.060 0.19
H-AB 3.0 0.068 0.09
H-BA 94 0.067 0.28
HBB 56 0.066 0.17
WSiGeP, H-AA 112 0.055 0.41
H-AB  8.57 0.079 0.22
H-BA 229 0.075 0.61
H-BB 169 0.079 0.43

Table 5.5: The acoustic phonon limited carrier mobility and other relevant parameters for
WSiGeZ, monolayer. The x and y directions correspond to armchair and zigzag directions,

respectively. m,, is rest mass of the electron.

Carrier mg/m, my/m, E, E, Csp [bz Iy
(eV) (eV) Nm™Y (em?V~ s H(em?V—1s™)

WSiGeN, eg 0460 0499 582 6.832  493.1 2355.1 942.2

hr 1.838 1.816 5.70 5.147  493.1 98.3 119.7
WSiGeP, eg 0975 0594 13.18 10.32 2255 37.3 99.9

hx 0484 0448 949 6.98 225.5 2370 473.5
WSiGeAs, eg 3.260 1.673 11.92 10.88 1782 3.5 8.2

hx 0542 0477 9.59 8.91 178.2 150.1 197.6

in the range of -3% to 3%. In general, the band gap shows decrement under tensile strain.
However, under compressive strain, the band gap increases up to 2% and decreases afterward.
Furthermore, WSiGeAs, shows semiconductor to metal transitions under a compressive strain

of larger than 3%.
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5.2.5 The role of electric field

An external electric field (EEF) is commonly used to tune the strength of Rashba effect in spin-
tronics devices [301, ]. Therefore, the effect of EEF is also investigated in this study. We
have applied the out-of-plane EEF in the range of -0.6 V/A 10 0.6 V/A to analyze the variation
of Rashba coefficient (ar) and Zeeman splittings (AE$? and AEYP). Figure 5.9(a) shows
the variation of ai as a function of EEF for monolayer H-BB WSiGeN, and H-AA WSiGeP;,.
When the EEF points from Ge to Si (taken to be positive direction), which is consistent with
the local electric field, it enhances the Rashba SOC. Whereas, the opposite direction of EEF
reduces the strength of Rashba SOC, as the effects of the EEF and the local electric field cancel
each other. The value of ap varies from 0.28 eVA to 0.55 eV/A in case of monolayer H-AA
WSiGeP,, while it varies from 0.08 eV/A to 0.25 eV/A for monolayer H-BB WSiGeN, . The
variation of Zeeman splittings at the K point are shown in Figs. 5.9(b) and 5.9(c). The d,2_,»
and d,, orbitals under the influence of in-plane electric field contribute to the Zeeman splitting
at K point. Therefore, the out-of-plane EEF hardly affects the AE$? and AE}.Z. The evolu-
tion of band gap as a function of EEF is provided in Figs. 5.9(d), 5.9(e) and 5.9(f). We have
noticed that the band gaps are almost insensitive to small EEFs (in the range -0.3 V/A to 0.3
V/A). 1t is also interesting to note that the CBM for monolayer WSiGeZ, shifts to the M point
under large EEF, this is because the Si atom starts contributing to the CBM. Therefore, band
gaps decrease sharply under large EEFs. In the case of WSiGeP, and WSiGeAs,, giant Stark

effect closes the band gap and semiconductor to metal transition takes place.

5.2.6 Carrier mobility

Estimation of carrier mobilities is essential for exploring the potential use of any material for
application in electronic devices [303, 149]. The carrier mobility (p2p) of the WSi1GeZ, mono-
layer is calculated using the deformation potential (DP) theory. According to DP theory [304],

lop 1s expressed as
€h302D

B kgTm*myE? 58)

H2D

where m, and m* are the average effective mass (,/m,m,) and the effective mass along the
transport direction, respectively. Cyp is Young’s elastic modulus, which is calculated from
the elastic tensor C;;. The Ej is the DP constant defined by E; = 6E/dl. Here, dE is the

change in the position of the CBM or VBM with respect to the vacuum level and 61 = Al/l is
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the relative strain. The calculated elastic constants and carrier mobilities are listed in Table 5.5.
The carrier mobilities in these monolayers are anisotropic and show considerable variation. For
instance, the most significant carrier mobility observed is 2355.1 cm?V~!s~! for the electron
in monolayer H-BB WSiGeN,, and the smallest carrier mobility observed is as tiny as 3.514

cm?V~1s~ for the electron in monolayer H-AA WSiGeAs,.

5.3 Probing the uniaxial strain-dependent valley drift and

Berry curvature in monolayer MoSisN,4

The strain engineering of monolayer MoSi,N, has been gaining attention recently [50, ,

, ]. These previous reports are based on the biaxial or uniaxial out-of-plane strain,
where the valley extremum remains at K/K’ point, preserving the three-fold rotation symme-
try [50, , ]. However, the effect of reduced symmetry of valleys in monolayer MoSi,Ny
remains unexplored. Recent theoretical and experimental studies have shown that the non-
linear Hall effect can occur even in time-reversal symmetric systems under reduced symme-
try [306, , , ]. Therefore, the mechanical tunability of its valleys and associated
properties in monolayer MoSi,N, under uniaxial deformation potential provides an ideal av-
enue to prospect.

This section demonstrates strain-induced electron and hole valley drifts and their effects in
monolayer MoSi;N,. We theoretically apply in-plane lattice deformation up to 10% along three
crystallographic non-equivalent directions, i.e., armchair (AC), intermediate (IM), and zigzag
(ZZ). The energy valley drifts are responsive to the strain directions. For example, drifts are
more pronounced for strain along the ZZ direction than the IM and AC directions. Addition-
ally, electron valleys are more sensitive to the deformation when compared to the hole valleys.
The group theoretical perspective and microscopic orbital contribution explain the underlying
mechanism behind the asymmetric nature of valley drifts. Afterward, we provide the effect of

asymmetric valley drifts on Berry curvature distribution and optical circular dichroism.

5.3.1 Lattice under strain

The monolayer MoSi;N,4 has the hexagonal lattice structure built by septuple atomic layers

in the sequence N-Si-N-Mo-N-Si-N (see Fig. 5.10). The lattice can be regarded as 2H-MoN,
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Figure 5.10: (a) Top and [(b),(c)] side views of monolayer MoSiyN,4. The z, y, and 2 axes
are shown in each case. a; and a, are the hexagonal lattice vectors, while a) and d, are lat-
tice vectors of the orthorhombic cell. The rotated Cartesian frame for strain along an arbitrary
direction is shown using green lines. After applying strain along 2’ direction and allowing re-
laxation along perpendicular 3’ direction, the orthorhombic unit cell is shown using red dashed
lines. The effect of strain on the strained lattice is exaggerated for clear illustration and is much
smaller for our considered range. x and y directions are zigzag (ZZ) and armchair (AC), re-
spectively. The atomic arrangement is ZZ along 0°, 60° and 120°, whereas AC along 30°, 90°
and 150° directions. The first (d) hexagonal and (e) orthorhombic BZ are shown. M, and M,
are the mirror planes, and (5, is the three-fold rotation axis. The high symmetry points I', M,

and K of hexagonal BZ are mapped in the orthorhombic BZ (see Eq. 5.9).

monolayer sandwiched between two silicene-like Si-N monolayers [47]. There are two alterna-
tive choices for the unit cell of monolayer MoSisN, having the P6m2 space group. As shown
in Fig. 1(a), the choices are the P6m2:h (7 atoms hexagonal lattice) and P6m2:0 (14 atoms
orthorhombic lattice). It is very efficient to perform DFT calculations in the P6m2:h setting.
However, the P6m2:0 is of great convenience in terms of symmetry perspective for strained lat-

tice along AC or ZZ directions, and therefore considered in our study. Firstly, we have mapped
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the arbitrary k-point (k;, ko) of hexagonal BZ on the basis of orthorhombic reciprocal vectors.

The results are expressed as
(k1 ko) = (K1, k1 + 2k2), (5.9)

The location of I', M, and K points are shown in Fig. 5.10(d), and corresponds to (0, 0, 0),

(172, 172, 0), and (1/3, 0, 0) in orthorhombic BZ, respectively. Firstly, we have fully relaxed

the structure using the conjugate gradient algorithm such that the force on each atom is smaller

than 0.001 eV/A. The simulated lattice parameter (a;) was found to be 2.912 A, being consistent
with the previous experimental [47, ] and theoretical studies [48, 49, 50, 51, 52, 53].

To simulate the strained lattice of monolayer MoSi;N, along = (ZZ) and y (AC) directions,

@

we change the corresponding lattice vector to satisfy the relation, €, = %a;/ and €, = =25
1 2

" !
P I

’

where a/ (a}) and af(a}) are the lattice constant along x(y) direction without and with strain
respectively (see Fig 5.10(a)). For the application of strain along an arbitrary direction, we
rotate the coordinate system such that 2’ points along the direction of strain. After that, we
apply strain, relax the structure along y’ direction, and then return to the original Cartesian
system. Due to the (5, and M,, symmetry, only the direction between ¢ = 0° and 30° are of
interest, where 6 is measured anticlockwise with respect to the ZZ direction. Therefore, we
have considered # = 0° (ZZ), # = 15° (IM), and 8 = 90° (equivalent to 30°) (AC) directions.
For the uniaxially strained lattice, D3, symmetry reduces to Cy, containing a two-fold rotation
operation (C,) and mirror symmetry containing the x-y plane. Moreover, additional diagonal
mirror planes arise for the strain along AC and ZZ directions, leading to Ds,; point group
symmetry.

The elastic energy density for orthorhombic lattices is expressed as [310, 311]
1 1
Uortho = 50116235 + 5022622”/ + Clgem[ﬁyy + C44€3¢y' (510)

C;; and ¢;; are components of elastic constants and strain tensors, respectively. Employing

Eq. 5.10, the direction-dependent Young’s modulus and Poisson’s ratio are obtained as [310]
A

Yap(0)

N 01184 + 02204 + (04462012 )0282 s 11
(Cii+ Oz — £)E8” — Chafs* + ) 1D
VoD

4 4 A 202
CHS + 0220 -+ <C’44—2012)C S

where A = C1,Coy — C%,, ¢ = cos(f) and s = sin(f). The dynamical and mechanical stabili-

ties of strained lattices are confirmed using phonon spectrum and elastic constants, respectively.
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Figure 5.11: (a) Spin-projected band structures of the monolayer MoSi;N, in the presence of
SOC. (b) Evolution of band structures under the uniaxial strain of strength 4% and 8% along
the ZZ and AC directions. The red arrows represent the valley drifts. (c¢) and (d) are the zoomed

versions of low CBs and top VBs of monolayer MoSi;N, with 1% uniaxial stain, respectively.

The vertical dashes represent the location of energy extreme in k-space

5.3.2 Monolayer MoSi;N,4

Spin-projected band structure of monolayer MoSi;Ny is shown in Fig. 5.11. It has a band
gap of 1.72 eV, having VBM and CBM at the I' and K point, respectively. The calculated
band gap is smaller than the experimental value of 1.94 eV [47] due to self-interaction er-
ror, while it is in good agreement with previous theoretical PBE results [48, 49, 50, 51]. In
Refs [55, , ], band gaps are improved using hybrid HSEO6 and many-body perturbation
theories (GW, BSE). We have conducted a comparison between the results using the PBE and
HSEOQ6 to validate the choice of functional. The results calculated using HSEO6 are within
+4% as compared to the PBE, excluding band gaps. Therefore our calculations are based on
the computationally efficient PBE functional. The VB (VB) at K points lies lower in energy
than VBM with an offset (Ar_ K=E1Y —E}é) value of 0.24 eV (see Fig. 5.11(a)). Spins eigen-
states are polarized along the z-direction except for the I'-Y line and can be explained by the
symmetry aspects [51]. Horizontal-mirror symmetry (M,,) commutes with the Hamiltonian,

therefore eliminating the spin-polarization along the x-y plane and preserving along the z di-

rection. For any k-point along I'-Y direction, H (k) exhibits Cs, point group symmetry and
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does not contain the spin operator leading to degenerate eigenvalues. It has Dirac-type valley
bands near the K/K’ points. Due to the strong SOC and broken inversion symmetry, valley
Fermions exhibit strong spin-valley coupling, valley-selective optical circular polarization, and
valley-contrasting Berry curvature [50, 49, 51]. The VB valley is the spin split of order ~130
meV, whereas the CB valley is nearly spin degenerate. These effects are well explained by the
previous DFT calculations [50, 49, 51, 88], tight-binding (TB) models [51], and two-band and
three-bands k.p models [50, 49].

5.3.3 Valley drifts

Figure 5.11(b) shows the evolution of band structures under the strain along AC and ZZ di-
rections. We find a robust strain-valley coupling between the strain and low-energy states.
Uniaxial strain shifts the electron and hole valleys away from the K/K’ point. Figures 5.11(c)
and 5.11(d) shows the valley drift response of low CB and top VB under the uniaxial strain in
the limit of 1% along ZZ and AC directions. Here, we observe that electron valleys responses
are stronger when compared to the hole sector. In addition, the parabolicity of bands is more
heavily deformed than the hole bands. This phenomenon can be explained by the changing geo-
metric effects and orbital hybridization of relevant Bloch states due to reduced symmetry of the
lattice. The strain modifies the scalar potential for the corresponding Bloch bands contributing
to the low-energy holes and valley states at the K/K’ point.

For a clear illustration of valley drifts, we have plotted the constants energy contours of
VB and CB near the K point. The results are shown in Figs. 5.12(a) and 5.12(b). Except for
the immediate vicinity of the K point, the dispersion is not isotropic. The trigonal warping
effect of energy bands is visible, resulting from the C'5,. The trigonal warping effect is more
pronounced for the VB when compared to the CB. When applying the uniaxial strain, an in-
crease in the warping effect near the K point is observed due to the continuous reduction in C's,
and translation symmetry along its mutually perpendicular direction. The bands are elliptically
warped (due to the appearance of two-fold rotation symmetry) in the immediate proximity of K
when uniaxial strain is applied and increases with an increasing strain field. The elliptical warp-
ing of band topology is anti-symmetric in such a way that the major axis is along the k- and k,-
direction for strain along ZZ and AC directions, respectively. For lattice strained along the IM
direction, the major axis of elliptical warping makes an angle of 30°. The anisotropic nature of

electronic bands leads to different effective masses, charge transport, and optical absorption in
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Figure 5.12: (a) Contour plot showing isoenergy contours of the VB around the K point for
the unstrained case (0%) and with the uniaxial strain of 4% along AC, IM, and ZZ directions
of monolayer MoSi;N4. Black arrows show the directions of valley drifts. (b) The same as in
(a) for the CB. (c) Momentum drift of the CB and VB near the K point. Valley extremum as a
function of uniaxial strain applied along the AC, IM, and ZZ direction. Note that only the &,
component of drift along K—X, cos(30°) of the net drift is shown in (c) for the IM case. The
k, component (sin(30°) of the net drift) is also there and duly considered in all the calculations.
The variation of (d) Young’s modulus, (e) Poisson ratio, (f) direct and indirect band gap as a

function of strain.

different directions. In addition, the energy extreme of the valley drifts away from the K point.
In general, the direction of valley drift is 26 (with respect to K— X direction) when strain is ap-
plied along @ direction. Particularly, the direction of valley drift is K—I" and K—X for AC and
77 direction, respectively (shown by black arrows in Fig. 5.12(a) and 5.12(b)). To quantify the
valley drifts, we plot the valley extreme as a function of strain in Fig. 5.12(c). The VB drift off
the K point with the rate 1.38x1073(2%) /% for strain along the AC direction, whereas the rate
of drift is 2.19x1073(2%) /% for the ZZ direction. For uniaxial strain along the IM direction,

drift is in-between that of AC or ZZ direction with the rate of 1.99x 1073(2%) /%. Similarly, the
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rate of electron valley drifts are 2.17x1073(2%) /%, 3.43x107(2%) /% and 3.89x107%(2%) /%

for strain along the AC, IM, and ZZ directions, respectively. The electron valley drifts are

nearly ~1.7 times that of hole valley drifts.

Here, we notice that the drift response is more extensive when the lattice is stretched along
the ZZ direction. That is because the stretching of the Mo-N bond is asymmetric when the
lattice is stretched along AC or ZZ direction (see Figs. 5.10(b) and 5.10(c)). To understand
this, we plot Young’s modulus (Y25 (6)) and Poisson’s ratio (v2p(#)) as a function of strain in
Figs. 5.12(d) and 5.12(e). For unstrained monolayer MoSi;N4, Young’s modulus 485.7 GPa
is in good agreement with the experiment value of 491.4 £ 139.1 GPa [47] and theoretical
value of 479 GPa [231]. The drop in Young’s modulus is significant when strain is along ZZ
direction. Drastic variation in elastic constants leads to significant cell deformation. Therefore
electron and hole valley drifts are more pronounced when uniaxial strain is applied along the

7.7, direction.

Figure 5.12(f) shows the evolution of direct (E;l) and indirect (£,) band gaps. The band
gap energies are red-shifted under the uniaxial tensile strain. The shift in the band gap is nearly
direction independent for the smaller strains in the range of 0-5%. However, band gaps are red-
shifted at a faster rate for the larger uniaxial strains along the ZZ directions and are attributed
to the more enormous variation in mechanical constants. The red-shift rates of the indirect
and direct gaps are 0.067 eV/% and 0.53 eV/%, respectively. These unequal rates lead to the
enhancement in the VB energy offset (Ar_g). Ar_g increases from 0.24 to 0.43 eV under
the uniaxial strain of 10%. The optical absorption and photoluminescence experiments study
these variations in the band gaps and are widely explored for graphene [313, , ] and

TMDs [272, 1.

The degeneracy of each band is determined by the irreducible representations of point group
symmetry of monolayer that is contained in the full rotation symmetry group [5]. The repre-
sentation of the a full rotation group will be a reducible representation of the D3 and can be
written as [')—o = A’ ® E' & E”, where A, E’, and E" are the irreducible representations of
Dsy,. Therefore, the five-fold degenerate Mo-d orbitals split into three categories at the I" point:
Al(dy2), E'(dy2_y2,dyy), and E”(d,, d,.) under the effect of trigonal crystal field. The group
of wavevector at the K/K’ point reduces to the C3,. Further, we constructed the Bloch state
using the linear combination of atomic orbitals approach, ¥}, (r,k) = Y5, e* Y™ (r — Ry),

where Y, are the spherical harmonics and R, is the position of Mo, N and Si atoms. We then
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Table 5.6: The irreducible representations and basis functions for the little group Cs,(= C5 X
oy) of K/K' point [5]. The sign =+ corresponds to +K points. The last column contains the

energy bands to which basis functions contribute.

Csp, Cs oy Mo N Band
Al 11 KZ%my F(UN) + 1975 VB

AT -l YY) () = 1995 CB+1
£ w® 1 |\I/§48> \1[(|\1’11\”i1> + |} :|:1> CB

By Wt 1 UNY,) () — [ CB+2
EY w* -1 ’\Ij 0) \[(‘\Ijlil> ’\Ijlil> VB-2
£y wT -1 |‘1’2 11> ﬁ(|\1’1,0> + |‘1’1,0> VB-1

identify how the Bloch wavefunction W}, (r, k) transforms under the symmetry operations of
Csy,. Table 5.6 classifies the Bloch state at the BZ corners according to the irreducible rep-
resentations of Cs,. The M, mirror symmetry allows hybridization only between A’ and £’
orbitals, opening a gap at the K point [43]. As seen from Figs. 5.13(a) and 5.13(b), the VB
and CB states mainly originate from the hybridization of Mo-d and N-p orbitals. The Bloch
state contributing to CB at the K/K’ point is |¥}'3), whereas the states for VB are |¥3'°,) and
|\If§4§> at the K and K/, respectively. The periodic parts of the Bloch wavefunctions for the CB
and VB at the K point are predominantly composed of |d,2) and |d,2_,2-id,,), respectively.
The uniaxial strain modifies the crystal field between metal and Mo-N trigonal coordination
environment. Therefore, strain modifies the bandwidths of contributing orbitals and energy of
the the Bloch states. The energy of d and p orbitals along the strain direction increases with in-
creasing strain. The out-of-plane orbitals (d.z) are more influenced by the in-plane strain when
compared to the in-plane orbital (d,2_,2, d,,). Therefore the effect of strain is more prominent
for electron valleys leading to larger valley drift for CB. Stretching of orbitals along the strain
direction leads to the charge density redistribution and increases with the increasing strain field.
To compare the ZZ and AC directions, we plot the ground state charge density difference be-
tween the unstrained lattice and the lattice with 4% of strain. The charge density difference
near Mo and inner N atoms is more prominent in the ZZ case compared to the AC case. Strong
charge density redistribution leads to sharper changes in the valley drifts, elastic constants, and

band gaps for the lattice stretched along the ZZ direction.
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Figure 5.13: The real part of the wavefunction of (a) VB and (b) CB at the K point for mono-
layer MoSi;N, without strain. Note that in (a) and (b), we show only the Mo-N; network since
the contribution coming from the upper and lower Si-N layer is almost zero. The charge density
difference between the unstrained and 4% strained lattice along the (¢) AC and (d) ZZ direc-

tions. The electron accumulation is shown in cyan, and electron depletion is shown in yellow.

5.3.4 Berry curvature modulation

We further investigate the Berry curvatures in monolayer MoSisN, under uniaxial strain. Berry
curvature is analogous to the magnetic field in momentum space and has a pivotal impact on
the electronic transport properties. For example, the integral of Berry curvature gives Hall

conductivity. The Berry curvature is evaluated using the expression
Q(k) = iVy X (u(k)|Vi|u(k)) (5.12)

where |u(k)) is the periodic part of the Bloch wavefunction. We plot the total Berry curvature
of all the occupied bands in Fig. 5.14(a). Berry curvature distribution is peaked around valleys
with opposite values at K and K’ points. The contrasting nature of Berry curvatures at the
valleys is attributed to the TRS, enabling the separation of charge carriers depending on their
valley index. The introduction of strain alters the occupation of different orbitals contributing
to Bloch states and leading to modification in the electronic energies and Berry curvature.
The Berry curvature profile is strongly modified when the lattice is strained along ZZ or AC
direction. The Berry curvature peak drifts away from K/K’ point, similar to the energy valley
drift. The Berry curvature peak is enhanced up to a factor of ~1.5 under the strain of 8% along
77 and AC directions. The increased berry curvature flux density and drift would influence the

valley transport when the external transverse electric field is applied since the berry curvature



Chapter 5. Reducing symmetry to modulate spin and valley physics in 2D materials 113

directly enters into the equation of motion and engenders an anomalous velocity term ~E x ().
Therein, the strong response of valleys to the strain notably alters the valley-contrasting physics

in the monolayer MoSisNy.

—_
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Figure 5.14: (a) Berry curvature distribution summed for all VBs along the path X'-K'-I"-K-X
in monolayer MoSi2N,. Inset in (a) shows the mapping of Berry curvature under first BZ. (b)
The degree of circular polarization of excitation from VB to CB at the K point. Inset in (b)

shows the mapping of the degree of circular polarization in the first BZ.

5.3.5 Circular dichroism under strain

The electron and hole population in two nonequivalent valleys are controlled by circularly po-
larized optical pumping. The electromagnetic interaction that gives rise to dipole transition is
Hen = = P.A, where P is the momentum operator, and A is the magnetic vector potential
of incident light [5]. Then, the probability of dipole transition between the VB (v(k)) and
CB (c(k)) is [{v(k)|Hem|c(k))|?. Group theory tells when the dipole transition is allowed or
forbidden [5]. The wavefunctions v(k) and c(k) at the K point transforms as the irreducible
representations A’ and Y, respectively (see Table 5.6). P.(= P, £ iP,) are the chiral mo-
mentum operator representing right/left-hand circularly polarized light. Py (= P, & iP,) trans-
forms as C'3 Py Cg = wT Py [49]. Py transforms according to the irreducible representation E).

A’ ® EY ® E} contains only the fully symmetrical irreducible representation A’. Therefore,
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right-hand circularly polarized light will be absorbed at the K point, whereas absorbance of
left-hand circularly polarized light will be forbidden. A similar analysis shows that only left-
hand circularly polarized light will be absorbed at the time-reversal conjugate K’ point. The

degrees of circular polarization (1(k)) are expressed as

I e L

n(k) = AEESVZAER (5.13)

The degree of circular polarization is computed directly by evaluating optical matrix elements
|{(v(k)| Hem|c(k))|? using an ab initio approach, not from a model Hamiltonian. The wavefunc-
tion coefficients are obtained directly from density functional theory (DFT) simulations as im-
plemented in VASP. For each type of strain, wavefunctions are calculated using DFT, and then
the optical matrix elements are computed. Detailed information on these methods can be found
in the Wannier90 Package documentation. The results agree with the symmetry analysis (see
inset in Fig. 5.14(b)). The transition is exclusively coupled to a specific circular polarization
at the valley center for zero strain. After introducing strain, the 7(k) at the K point decreases
due to the continuous reduction of the group of wavevector from C';, to Cyy,. The unequal rates
of electron and hole valley drifts soften the valley-selective optical selection rules arising from
the C'; symmetry operation due to changes in its optical matrix elements ((v(k)|Py|c(k))). The
n(k) reduces up to 0.99 and 0.98 for 10% uniaxially strained MoSi;N, along AC and ZZ di-
rections, respectively (see Fig. 5.14(b)). Therefore, uniaxial strain makes monolayer MoSisNy

less valley selective, and effects are more prominent along the ZZ direction.

Finally, we emphasize that the analysis presented here can also be manifested in other
septuple-layered MAsZ, (M=Cr, Mo, W, V; A=Si, Ge; Z=N, P, As) materials [47]. However,
the strength of effects can be different. In addition, there are no states other than K/K’ near
the Fermi level in monolayer MA,P, and MAsAs, [48, 53]. Therefore, interference from the
different parts of BZ will be minimal, providing an additional advantage over the monolayer
MoSiyNy. Furthermore, geometric properties of Bloch states other than Berry curvature can
also be modified with the uniaxial strain. For example, orbital magnetic moments (m,,) are
normal to the plane for 2D materials and have opposite nature for the K and K’ valleys. Orbital

moments tuning allows control over valley polarization by a vertical magnetic field [316].
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5.4 Summary and outlook

We have revealed that different stacking patterns of Si-Z, Z-W-Z and Ge-Z generate the dynam-
ically stable structures. The most stable structure for monolayer WSiGeN, is H-BB, whereas
for monolayer WSiGeP, and WSiGeAs, is H-AA. These materials show valley contrasting
circular dichroism, spin-valley coupling, and Berry curvature. Additionally, the out-of-plane
asymmetry in them leads to Rashba effect around the center of the BZ. The stacking pattern
greatly modifies the spintronics and valleytronics properties. The highest Rashba SOC around
the I" point is observed for the H-BA phase having the highest out-of-plane electric dipole mo-
ment. Whereas, the Berry curvature is strongest at valleys for H-BB phase with the highest
contribution coming from d,, and d,2_,» orbitals. Additionally, valleys observed in WSiGeP,
and WSiGeAs, monolayers at K and K’ points have multiple folds. Furthermore, we have
found that the band gap type and valleys can be tuned with an EEF and biaxial strain. Under
large strain and high electric field, monolayer WSiGeP, and WSiGeAs, show semiconductor to
metal transition. We have found the strong anisotropy in carrier mobilities along the armchair
and zigzag directions. Rashba spin splitting and valley polarization can facilitate the manipu-
lation of electron spin and valley. The regulation of spin direction of separated valley carriers
by controlling symmetry can be realized better in septuple-atomic-layer materials compared to

TMDs.

In addition, We have reported valley drifts in uniaxially strained monolayer MoSi;Ny for the
first time. By taking strain along AC, IM, and ZZ directions, we confirmed the stronger strain-
valley coupling along the ZZ direction due to pronounced geometric deformation. Additionally,
electron valleys show a faster response (nearly 1.7 times) to the strain than hole valleys owing to
contribution coming from out-of-plane d.2 orbitals. The observed rates of valley drifts are up to
3.89x1073 (i—’f) /%. These effects noticeably affect the valley’s selective optical excitation. The
reduction of three-fold rotation symmetry leads to a substantial drop in the degree of circular
polarization to ~0.98. Besides, valley drifts influence the Berry curvature profile around the
K/K’ point, where an increase in the flux along with drift can induce the valley current in
monolayer MoSi;N,4. This strong valley asymmetry between valley carriers directly results
from changing geometric and orbital effects under directional lattice strain that reduces the

lattice symmetry.

Valley drifts lead to the pure electrical generation of valley magnetization in 2D materials
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through magnetoelectric effect, and its direct imaging by Kerr rotation microscopy [308]. The
strength and direction of uniaxial strain can be controlled using stretchable van der Waals het-
erostructures [281]. The valley drift observed in monolayer MoSi,N, are larger than graphene
(~0.6x1073(22) /%) [317] and similar to monolayer MoS,(~4.5x1073(2%) /%) [318, 284].
In addition, high-carrier mobility (~2.29x10% cm?V~!s~1 [303]) and excellent ambient stabil-
ity [47] make strained monolayer MoSi; N, a suitable candidate to observe the Berry curvature
dipole induced nonlinear Hall effect [3006, ]. Moreover, the drop in degree of circular po-
larization in monolayer MoSis Ny is smaller than monolayer MoS, (~0.95 [319]) under similar
strain, making valley polarization by optical pumping more robust to the strain. Our theoreti-
cal finding in this work may trigger valley-based electronic and optoelectronic applications in

MoSi,N4 monolayers under in-plane lattice strain.



CHAPTER 6

Nonrelativistic spin splittings from 2D P77 -symmetric

antiferromagnets

6.1 Introduction

Antiferromagnetic (AFM) materials have emerged as viable substitutes for nonmagnetic and
FM materials, benefiting from resilience towards stray fields, ultrafast dynamics, magnetotrans-
port effects, and lack of susceptibility to magnetic perturbations [320), , , , 71]. In
addition, the coupling of spin to lattice DOF via an inhomogeneous intrinsic magnetic field
is analogous to SOC, leading to spin splitting even without SOC [64]. Numerous efforts
have been undertaken to investigate spin splittings in AFM materials by breaking combined
PT# and/or U# symmetries, where U and 7 are spinor and translation symmetry, respec-
tively [77,78,79, 2, 80, 81, 75]. Nevertheless, the majority of AFM spin splittings are limited to
bulk materials (e.g., MnF, [324, 78], LaMnOs, and MnTiOj3 [2]), require SOC (e.g., MnSs [2]
and ZnV-,0, [325]), or external perturbation (e.g., bilayer MnPSes [82], bilayer MnSe [90],
Fe,TeOg, and SrFe,S,0 [84]).

However, antiferromagnetism-induced spin splitting has yet to be explored in two-dimensional
(2D) van der Waals (vdW) AFM materials. Ever since the experimental revelation of 2D mag-
netic ordering, 2D magnetic materials have garnered significant attention in scientific research,
emerging as promising contenders for future information technology. Interestingly, two recent
works focus on spin splitting in FM NiCl, [74] and FeBr, (although “hidden’) [326] monolay-
ers vdW stacked antiferromagnetically. In contrast, spin splitting among materials with AFM
order within each layer is not achieved. Despite being abundant in nature, this impedes practical

applications of 2D centrosymmetric AFM materials [327, , , ].

Here, we will establish two designs principles to obtain SOC-independent spin splittings

117
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in centrosymmetric (i.e., f’f—symmetric) antiferromagnets. Note that SOC-independent spin
splitting means its origin is completely nonrelativistic. It can arise from other mechanisms, like
exchange interactions in magnetic materials with broken specific symmetries. In bilayer MnSe,
the origin of hidden Zeeman spin splitting (HZSS) is local PT-asymmetry due to unusual out-
of-plane magnetic ordering (or simply local ferromagnetism). Whereas, spin splitting in twisted
bilayers originates from altermagnetic ordering where net magnetization is zero. However,

opposite spin sublattices are connected through rotation symmetry and not inversion symmetry.

6.2 Hidden Zeeman-type spin splittings

This section examines the hidden Zeeman-type spin splitting (HZSS) in PT -symmetric AFM
2D materials originating from specific local sites asymmetries. We perform symmetry analy-
sis and DFT calculations on prototypical layered MnSe to show that doubly degenerate states
with opposite spin polarization are segregated on different sublayers connected through PT
symmetry. The specific states from a single layer are locally Zeeman-split, exhibiting a unique
spin-sublayer locking effect. In addition, the mirror plane (M,) enforces the spins to be k-
independent. Strikingly, a tiny electric field splits the otherwise doubly degenerate bands, pre-
serving the spin configurations. Switching the electric field can reverse the electronic spin

magnetization connected to the energy level splitting.

6.2.1 Monolayer MnSe

The MnSe monolayer consists of two buckled honeycomb sublayers of MnSe, interconnected
by Mn-Se bonds [see Fig. 6.1(a)]. Within the monolayer, the upper Mn/Se atoms are positioned
alternately on top of the lower Se/Mn atoms. Each unit cell of monolayer contains two Mn and
two Se atoms, with a lattice constant of 4.28 A, belonging to the space group P3m1 with P
symmetry (ignoring spin configurations). Considering different possible magnetic configura-
tions, we find that the upper and lower sublayers are coupled antiferromagnetically through
Néel-type antiferromagnetism. The robust Néel-type AFM state is more stable than the FM
state by 0.38 eV per unit cell. Additionally, the magnetic anisotropic energy (MAE) calcula-
tions reveal that the monolayer MnSe prefers in-plane magnetization over out-of-plane mag-
netization, with an energy difference of 0.37 meV/u.c. These results are consistent with the

previous experimental [329] and theoretical reports [329, , ].
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Figure 6.1: Geometric structures of bilayer MnSe with high-symmetry stackings (a) AA and (b)
AA’. The upper layer in AA and AA’ is obtained by the translation (d2) and mirror reflection
(M) of the lower layer, respectively. The energy distribution of different translations between
layers for the (c) AA and (d) AA’ stacking. The energy surfaces are interpolated using 10 steps
in @ and b directions such that all possible high-symmetry stackings are included. (e) Structure
of the global ground state with AB stacking having magnetization M1]1]. The sublayers
a; and (3; (i = 1,2) are connected by PT-center with orange dashed lines. (f) Energy band
dispersion of monolayer MnSe without (solid black lines) and with an electric field (red dashed

lines) of 0.05 VA~ along z-direction.

6.2.2 Bilayer stackings

Determination of stacking orders in multilayers is challenging, especially for more complex
structures. Firstly, we have created bilayer MnSe by taking the upper layer as translation (by
d?) and mirror reflection (]\2/2) of the lower layer, as shown in Figs. 6.1(a) and 6.1(b). We
name these stacking AA (obtained through dZ2) and AA’ (obtained through M), following the
nomenclature used in Ref. [332]. After that, we transformed these stackings into other possible
high-symmetry stacking by translation sliding of one of the basal planes in the unit cell: going
to AB and BA state from AA, and going to AB’ and BA’ from AA’. Further, DFT calculations
were conducted to ascertain the lowest energy states for various stacking arrangements. As
shown in Fig. 6.1(c), translating the top layer in AA by %a + %b results in AB stacking with
nondegenerate global energy minimum. In comparison, BA stacking is energetically unfavor-

able. On the other hand, shifting the top layer from AA’ leads to doubly degenerate energy



6.2. Hidden Zeeman-type spin splittings 120

minima AB" and BA’ [Fig. 6.1(d)]. AB stacking is energetically most favorable, having lower
energy than AB'/BA’ by 14 meV per unit cell. Bilayer MnSe can be divided into sublayers
«; and §; (1 =1,2), each sublayer containing a single Mn atom. Note that we have taken four
nondegenerate magnetic configurations M1, M1,1), M1]ll1, and M 11| (here, up and
down arrows represent the magnetic moment direction of sublayers along +x and —xz direc-
tion, respectively, in the order of (5, 31, oy, and aw [Fig. 6.1(e)]). Given that the easy axis of
magnetization lies in the z-y plane with MAE of 0.9 meV/u.c., we have chosen the z-direction
as the axis for magnetization. Our DFT calculations discover that Néel-type AFM configura-
tion M1/ 1] has the lowest energy. Therefore, our calculation assumes that the bilayer MnSe

exhibits AB stacking with M1 1] configuration unless otherwise specified.

6.2.3 Symmetry analysis

PT symmetry flips the spin but retains the k invariance, i.e., PTE(k,o) = PE(—k,—0) =
E(k,—0o), enforcing the spin degeneracy. Therefore, energy bands are doubly degenerate
without spin polarization locally or globally if all atomic sites are f’T—symmetric [Fig. 6.2(a)].
Broken PT' symmetry, i.e., in ferromagnetic or noncentrosymmetric AFM materials, leads to
the Zeeman spin splittings [Fig. 6.2(b)] [2]. The magnetic point group (MPG) for bilayer MnSe
with AB stacking is 2’ /m, having symmetry operations M,, Co, T, and PT besides trivial iden-
tity operation (). Here, M, and C», are mirror reflection in the y-z plane and two-fold rotation
around the x-axis, respectively. Bilayer MnSe is globally centrosymmetric (D34). However, the
atomic site symmetries of Mn (C’5,) and Se (C',) are noncentrosymmetric. MPG of each sub-
layer («;, (3;) contains I and M,. While the total spin polarization is prohibited by global PT
symmetry, the PT—asymmetric nature of sublayers allows the observation of spin polarization
locally dubbed hidden spin polarization. «; sublayer is connected to the 3; sublayer through
PT symmetry, making bilayer MnSe global PT -symmetric [Fig. 6.1(e)]. Therefore, we say
that «; is the inversion partner of 3;. As a consequence, the state localized on the «; sublayer
[4¢4) and the state localized on f3; sublayer ]w,’f ) are energy degenerate ([ = E,fj '). More
importantly, the two components of doubly degenerate bands have opposite spin polarization
(So‘i:—S,f "), each spatially localized on one of the two separate sublayers forming the inver-
sion partners called spin-sublayer locking effect [Fig. 6.2(c)]. When examining a specific layer
(say «) [see Ref. [333] for experimental procedure] that consists of sublayers «; and as, the

states localized on «; and a; have non-degenerate energy. Consequently, the states [¢/;"}) and
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|¢,f‘j> create a Zeeman pair. Similarly, 5; and 3 states also make a Zeeman Pair. Moreover,

the anticommutation relationship between M, and &, . in spin space (where 6, , . represents

the Pauli matrices) imposes a condition on the general energy eigenstate |1, T//ﬁ> Specifically,

a;/Bi &/ Pi a;/Bi| A A4/ Pi . . . G/ Pi a;/Bi
( kT//¢ |M Uy,zMr|¢k,¢//[i )=—( k,T//¢ Gy, Ux T/f )» which implies that <1/}k¢//ﬁ |Gy.2 W)k,T/N)

Consequently, the spin orientations are independent of k and aligned parallel or antiparallel

to x direction. That leads to the HZSS with persistent spin textures [Fig. 6.2(c)], and energy

relationship can be expressed as
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Figure 6.2: Schematic illustration of band structures with (a) null spin splitting and (b) Zeeman
spin splitting. (c) Sketches of twofold degenerate bands in the presence of PT symmetry
with hidden spin polarization, where each band is segregated on different sublayers. (d) The
lifting of band degeneracy when an electric field along the z-direction is applied. The energy
levels with positive and negative spin magnetization are sketched in the red and blue curves,

respectively.

Next, we apply an electric field (£) to break PT symmetry. The electric field creates a
net charge polarization (P o &) [334]. Induced polarization generates a net magnetization
(M; o< P;) through the magnetoelectric effect [334], lifting the PT symmetry between inver-
sion partners. The occurrence of magnetization induces an effective magnetic field (B“//  P)
that couples with the spin DOF, yielding a Zeeman-like Hamiltonian >, ; A; ; ;6. Tensor A, ;
determines the strength of the magnetoelectric coupling. Some components of \; ; are never

non-zero and vanish due to the symmetry. We determine the symmetry-allowed terms A;; using
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the method of invariants [223] (H = O'HO, where O is the symmetry operation belonging
to the MPG 2'/m), generally used to determine the k.p Hamiltonian in nonmagnetic materi-
als [19, 54]. The Zeeman Hamiltonian (ﬁ z), following the transformation rules of P; and &;

listed in Table 6.1, is given by
Hy = Aoy Prly + Ng 2P0y + Ny 2 Py0y + A, o PO (6.2)

H breaks the PT' symmetry and lifts the energy degeneracy between states localized on in-

version partners [Fig. 6.2(d)] and thus forming additional Zeeman-like pairs
Bl #Elyi=1,2 and Bt # EPs = a,B. (6.3)

It should be noted that H is determined assuming that the magnetization axis aligns with the
x-direction. However, the Hamiltonian can be adapted for any in-plane direction by rotating it

accordingly.

Table 6.1: The transformation rules of electric polarization (F, P,, P.) and Pauli spin matrices

(0,04, 0) with respect to operation ) belonging to MPG 2’ /m.

O (P,, P, P.) (62,6, 62) Invariants
I (P,, P, P,) (64,0y,02) P6;(i, j=x,y, 2)
M, (=P, P, P.)  (6,,—6,,—6.) Piby., Py.0,
Co, T (Py,—Py,—P.)  (=64,64,6.)  Puby., Pyb,

PT (=P, —P, —P.) (=6,,—6,,—6.) P;(i,j=x,y,2)

6.2.4 DFT analysis

According to symmetry analysis, there are two conditions to observe HZSS: (1) global PT sym-
metry and (ii) the states segregated on the local pT—asymmetric sites. Condition (i) is already
fulfilled, and to check condition (ii), we plot the orbital-projected band structure of bilayer
MnSe considering SOC [Fig. 6.3(a)]. Under Cj, site symmetry, the Mn-d orbitals split into
three categories d.2, (d,2_,2, dyy ), and (d,., d,.). The Se-p orbitals are split into two categories
p. and (p,, p,). The Mn-d orbitals form CB states, while Se-p orbitals mainly contribute to VB
states. Compared to the band structure of monolayer MnSe [Fig. 6.1(f)], interlayer interaction

between inversion partners «; and i results in increased separation between the nested bands
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Figure 6.3: (a) Orbital-projected band dispersion curves of bilayer MnSe with AB stacking. (b)
|4 (1) |? for the states CB, CB+1, CB+2, and CB+3 at K point. Layer-projected CBs of bilayer
MnSe around the K point along the (c) K-I" and (d) K-M. (e)-(f) counterparts of (c)-(d) in the

presence of a small electric field of 4 mVA ! along the z-direction.

and spin mixture from another sublayer. Compared to the in-plane orbitals (d,2_,2, dyy, Pz, Py),
the out-of-plane orbitals (d,., d,., d.2, p.) exhibit significant interlayer and intersublayer inter-
action. Observing HZSS is not ideal with the CB states around the M and I' points and the
VB states around the K and M points. That is because these states have contribution from
the hybridization of out-of-plane orbitals between different sublayers, and thus their wavefunc-
tions are not segregated. The CB states near the K point are predominantly contributed by
(dy2_y2,dy,) and VB states around the I" point are composed of mainly (p,, p,). Therefore
states arising from the in-plane orbitals, i.e., the CBs near the K point and the VBs near the
I point, have weak communication between different sublayers, leading to minimal separation
between nested bands and spin mixture from neighboring layers. Consequently, each wave-
function is localized within the sublayer for the CBs near the K point and the VBs near the I’

point, forming the ideal choice to observe spin-sublayer locking effect and HZSS [Fig. 6.3(b)].

Next, we plot layer-projected dispersion curves for low CBs in the vicinity of K point for
bilayer MnSe [Figs. 6.3(c) and 6.3(d)]. The four lowest CBs form two two-fold degenerate

pairs [see Eq. 6.1]. Despite having the same energy, these states are localized on distinct sub-
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layers and can be probed using r-resolved spectroscopy techniques [243, ]. For instance,
the degenerate states CB and CB+1 segregate on inversion partners «; and (3, respectively
[Fig. 6.3(b)]. Both inversion partners possess finite and opposite k-independent spin orien-
tations, either parallel or antiparallel to the x direction, ensuring zero net spin polarization
respecting the PT symmetry requirement (see Fig. 6.4). The k-independent persistent spin
textures overcome spin dephasing and provide non-dissipative spin transport [21, , 87). aq
sublayer has a magnetization of magnitude 4.38 pp along +x direction and compensated by
the opposite magnetization of inversion partner (3;. A similar analysis also applies to the upper
degenerate pair CB+2 and CB+3, where wavefunctions corresponding to the CB+2 and CB+3
have segregated on o, and 3, sublayers, respectively. If we focus locally on each layer, (|1%+),

Wi, and (Ui2,),
[Figs. 6.3(c) and 6.3(d)]. As a consequence of PT symmetry, the strength of the Zeeman spin

w%,?)) form two Zeeman pair with energy splitting A,, Ag, respectively

splitting is the same for each layer (A,=Ap) to satisfy the Kramers’ degeneracy. We have
observed Zeeman spin splitting of order ~39.5 meV. Observed Zeeman splitting in our case
(without external fields) is comparable to bulk AFM semiconductors FeoTeOg (55 meV) and
SrFe;S20 (33 meV) under the external electric field of strength 60 mVA ! [84]. However, it
is still smaller than nonmagnetic transition metal dichalcogenides, i.e., MoS, (150 meV) [37].
HZSS is also observed for the VB states near the I point, where both « and 3 bands are Zeeman
split (A, Ag) by ~70 meV.

The H expressed in Eq. 6.2 shows that two-fold degeneracy will be lifted by including
polarization along an arbitrary direction (F;, P, I’.). We include P, through the application of
an electric field along the z direction (£.), and our model in Eq. 6.2 can readily be generalized

to

Hy = 7. .£.6, (6.4)

where v, , determines the strength of splitting. We plot the CBs in a tiny &, of 4 mVA-~!
[Figs. 6.3(e) and 6.3(f)]. The &£, creates an asymmetric potential on the inversion partners
sublayers, resulting in global PT symmetry breaking. Each degenerate pair splits into two
levels £y = v..E, (eigenstate being |+)) and E_ = —~, &, (eigenstate being |—)), where
Gz|4+) = +|+) and 6,|]—) = —|—). Therefore, two degenerate pairs in bilayer MnSe splits into
four energy levels, as represented by the A; and A, in Fig. 6.3(f). Here A; (As) represents
the energy difference between the state localized on the a; («), and the state localized on [,

(82). Upon initial observation, it is evident that A; <A, due to the smaller real space separation



Chapter 6. Nonrelativistic spin splittings from 2D P7T -symmetric antiferromagnets 125

0.660

0.495

k, (A1)

I 0.330

I 0.165

- 0.000

F —0.165

I —0.330

k, (A1)

—0.495

—0.660

Figure 6.4: Spin textures of four lowermost conduction bands CB, CB+1, CB+2, and CB+3

around the K point.

between «; and 3; compared to that between a5 and 5. Consequently, this results in a lesser
potential difference between «; and (3, leading to a smaller energy splitting A; compared to
As.

After that, we plot energy splittings (A1, Ay, A,, and Ag) as a function of the £, [Figs. 6.5(a)
and 6.5(b)]. We notice that the energy splittings show a linear dependence on the &, in the range
of 0 to 10 mVA~!, Maximum A7 and A, are observed to be 20.0 and 39.9 meV, respectively,
with the &, of strength 10 mVA~!. The &, breaks the equality between A, and Ag, where
A, decreases and Ag increases with increasing strength of the £,. The observed strength of
A, and Ag are 28.0 and 47.8 meV, respectively, under the influence of 10 mVA~! &,. For
electric field along +z direction the energy levels split in each degenerate pair splits into two
levels £y = v,.E. (eigenstate being |+)) and E_ = —~, &, (eigenstate being |—)), where
G.|+) = +|+) and 6,|—) = —|—). For electric field along —z direction, two split energy
levels are £, = —v,,&, (eigenstate being |+)) and £_ = v, , &, (eigenstate being |—)), where
6.|+) = +|+) and 6,|]—) = —|—). Therefore, the reversal of the electric field from &, to —&,
will reverse the spin magnetization S, to —S, (see Fig 6.6). Under an electric field of the same

magnitude along the +2z or —z direction, the strength of splittings |A;| and |A,| is independent
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Figure 6.5: The Zeeman spin splittings for the CBs (a) Ay, A and (b) A,, Ag in bilayer MnSe

as a function of electric field &,.

of the electric field direction. However, A; and A, will flip their sign under electric field re-
versal. These results are in qualitative agreement with our model Hamiltonian H,in Eq.6.4. If
we compare the effect of the electric field on bilayer MnSe with monolayer MnSe [Fig. 6.1(f)],
we find that a large electric field is required in monolayer MnSe to obtain the Zeeman splitting
of the same order. More specifically, Zeeman split pair of 50.9 meV is observed with &£, of
strength 50 mVA~!. Also, Zeeman splitting without any external field in bilayer MnSe is an

additional advantage over monolayer MnSe.
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Figure 6.6: Layer-projected CBs around K point in bilayer MnSe (a) without and with £, of
strength 4 mVA " along (b) +z and (c) —z direction, respetively. Here « and (3 represent upper

and lower layer, respectively.

It is interesting to note that PT symmetry remains intact with increasing layer thickness.
Therefore, effects similar to bilayer MnSe are also achieved in trilayer and tetralayer MnSe,
where every band is doubly degenerate, and degenerate pair of bands are localized on different

sublayers connected through PT symmetry. Thus, experimental realization of HZSS can be
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easily achieved in layered MnSe with arbitrary thickness.

6.3 Spin splittings in twisted bilayers

This section aims to generate nonrelativistic spin splitting (NRSS) from IST-symmetric AFM
monolayers vdW stacked with a twist angle between the layers. We extensively performed
first-principles DFT simulations on twisted bilayer (tb-) MnPSes and MnSe as prototypical
candidates. Further calculation demonstrated that Rashba-Dresselhaus (RD) and Zeeman-like
momentum-dependent spin splittings arise along certain crystallographic k-paths. Based on
the symmetry analysis, we find that the strengths of RD and Zeeman-like spin splittings are
comparable to the conventional SOC-induced counterparts. Moreover, external perturbations
(i.e., electric and strain fields) provide exceptional tunability to NRSS in tb-MnPSe; and tb-
MnSe.

6.3.1 Monolayer MnSe and MnPSe;

MnPSe; and MnSe (space group #162, P31m) represent two distinct classes of vdW materials
that possess exceptional exfoliation properties [327, , , , ]. Unlike the majority
of other 2D magnetic materials, they exhibit an AFM arrangement, conforming to the conven-
tional collinear Néel order on the honeycomb lattice [Figs. 6.7(a),(c)]. This in-plane antiferro-
magnetism is different from the A-type antiferromagnetism observed in various other 2D vdW
compounds, i.e., MnBiyTe, [337], Crls [338], and CrSBr [339], where individual layers ex-
hibit FM order but stack antiferromagnetically. The antiferromagnetism of MnPSes is “truly”
in-plane and differs from that of MnSe, where Mn ions with opposite magnetic moments form
unusual out-of-plane ordering within the individual layer.

The magnetic space group (MSG) of single-layer MnPSe3; and MnSe is C2'/m (type-
IIT Shubnikov MSG), containing ﬁT, Téga, and Ma symmetry operations (calculated us-
ing FINDSYM [133] and MAGNDATA [340]). Here, the PT symmetry transforms energy
eigenstate F(k, o) as PTE(k,o) = PE(—k,—o) = E(k, —o), leading to spin degeneracy
throughout the BZ. We have verified that through DFT+U calculations performed on the pro-
jector augmented wave method [124] based VASP [106] code. DFT simulated energy bands for
MnPSe; and MnSe monolayer and untwisted bilayer are double degenerate. The semiconduct-

ing MnPSe; and MnSe have a magnetic moment of ~4.5.5/Mn with weak interlayer coupling.
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Figure 6.7: The Moiré superlattices formed by twisting bilayer of MnPSe3 [(a),(b)] and MnSe
[(c),(d)] by 21.79°. Violet, brown, and green atoms represent Mn, P, and Se, respectively. The
ground-state magnetic structures are also highlighted in (a) and (c). The structures are illus-
trated using VESTA [3]. (e) The Moiré BZ construction uses BZs of the top and bottom layers.
The large red and blue hexagons are the first BZ of the top and bottom layers, respectively, and
black hexagons represent the BZ corresponding to the Moiré superlattice. Spin-polarized band

structure of (f) tb-MnPSe3 and (g) tb-MnSe at the PBE level.

The Mn atoms with opposite on-site magnetic moments are connected through PT symmetry.
Since 2D systems have only in-plane components of momentum k, nonrelativistic Hamiltonian
for 2D systems may have symmetries other than PT enforcing spin degeneracy. Overall, U,
PT, szU, Mmyﬁ’T, PT#, U#, Mmy(jf', Mmylf’f’%, where U : UE(k:,a) = E(k,—0o) is
spinor, My, : M,,E(k,o) = E(k, o) is planer mirror reflection, and 7 : 7E(k, o) = E(k, o)
is translation, can enforce spin-degeneracy for the 2D systems. That makes achieving SOC-
unrelated spin splitting difficult, especially for 2D cases [2, 74, 5]. In the case of MnPSe3 and
MnSe monolayers, M,, is broken due to nonmagnetic ligands (P,Seq and Ses, respectively)
[Figs. 6.7(a),(c)], whereas MSG type-III ensures Us symmetry breaking owing to the absence
of screw axis, glide plane, and centering (body- or face-centering) [5]. The only symmetry
preserving spin degeneracy is PT symmetry in monolayers and untwisted bilayers of MnPSe3

and MnSe.
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6.3.2 Twisted bilayer MnSe and MnPSe;

Commensurate twisted bilayers are obtained using coincidence lattice theory [341] by taking
the AA bilayer (all atoms on top of each other) as the untwisted limit to break PT symmetry.

A periodic lattice structure, including Moiré superlattice, can form with special twist angle 6,

n2+4mn+m?2

cos ) = 2(m2+mn+n?)

, where m, n are whole numbers [342]. We only considered twist angles
that resulted in reasonably sized commensurate supercells with the number of atoms in unit-
cell fewer than 350. Figures 6.7(a)-6.7(d) show relaxed crystal structures and Moiré patterns in
6 = 21.79° tb-MnPSe3 and tb-MnSe [see Moiré BZ in Fig. 6.7(e)]. Note that the orientation
of on-site magnetic moments with respect to the lattice only matters if SOC is included. The
absence of SOC decouples the spin and lattice DOF, and therefore, without loss of generality,
the z-axis is chosen to align or antialign the local magnetization. Different possible interlayer
and intralayer magnetic couplings 11171, 17414, T4l T, and 11]] were considered to determine
the preferred magnetic ordering [here, up and down arrows represent the relative magnetic
moment direction on Mn atoms]. The most stable magnetic structure is 11/, where magnetic
order is intralayer and interlayer AFM [Figs. 6.7(a), 6.7(c)]. Twist angle leads to variation in
the magnitude of local magnetic moments from 4.441 to 4.448 p1/Mn in tb-MnSe. However,

the net magnetic moment in tb-MnSe and tb-MnPSej; is strictly zero. In addition to Mn atoms,

nonmagnetic ligands also contribute to PT symmetry breaking in tb-MnPSe; and tb-MnSe.

Firstly, we compute the spin-polarized band structures of tb-MnPSe; and tb-MnSe along
the high-symmetry paths (HSPs) [Figs. 6.7(f),(g)]. The bands are spin degenerate along HSPs
due to special symmetries arising at arbitrary k-point on HSP. For instance, TCs, transforms
spin-up to spin-down state along the ['-K path, enforcing degeneracy between them [74, 87].
However, this is not the case for any generic k-point. No symmetry transform transform spin-
up to spin-down at generic k-point, leading to the lifting of Kramers degeneracy. Therefore, the
full BZ analysis of spin splitting is required. We plot spin splitting energy £ [=E; (k) — E| (k)]
of VBs in tb-MnSe as a function of k [Fig. 6.8(a)]. The d ¥ shows the 6-fold symmetry, which is
different from the 3-fold symmetry of 6 F observed in well-known monolayer MoS,, including
SOC [343]. The higher-fold symmetry is attributed to the presence of additional symmetries
(particularly T) other than 3-fold symmetry along I'-K and I'-M paths, which make K,
(Mi)2) and K7, (M) equivalent. Similar patterns are also observed for 6E of CB in tb-
MnSe and VB in tb-MnPSe;. The maximum NRSS is observed at the orthocenter (H/H') of
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Figure 6.8: (a) Spin splitting energy [0E = E(k) — E|(k)] distribution of VB in 21.79°
tb-MnSe. The units of k, and &, are A-'. CBs of tb-MnSe along the (b) K;-K.-K> and (c)
M;-M.-M; paths [see Fig 6.7(e) for paths]. VBs of tb-MnPSe; along the (d) K;-K.-K5 and

(e) M,-M.-M, paths. Black dashed squares represent prominent spin splittings.

the triangle formed by I', M, and K; /K] points. Maximum splitting observed is 20.4, 4.2,
and 5.1 meV for VB of tb-MnSe, CB of tb-MnSe, and VB of tb-MnPSe3, respectively. Max-
imum 0 F is smaller than well-known bulk antiferromagnets, i.e., MnFy [78], Fe,TeOg [84],
and LaMnOg [2], however, is still sizable (~kgT’) for room temperature applications. The J E

observed in CB of tb-MnPSejs is negligible and beyond the accuracy of our calculations.

6.3.3 Nonrelativistic Rashba-Dresselhaus-like spin splittings

To understand the nature of NRSS, we plot band structures along both K- K .-K5 and M;-M,-
M, directions [Figs. 6.8(b)-(e)]. Interestingly, linear Rashba-Dresselhaus-like spin splitting
is observed around K. and M, for VB and CB of tb-MnSe and VB of tb-MnPSes;. Whereas
splitting occurred around the H/H’ point predominantly of Zeeman-type in CB of tb-MnSe
[Fig. 6.8(b)]. The spin splittings exhibit contrasting characteristics at the H and H' points,
featuring distinct valleys, suggesting the potential for valleytronics applications in twisted bi-
layers of antiferromagnets. Note that the spin splittings around the I" point, along the I'-H/H’
direction, exhibit cubic characteristics, which result in their being relatively small and, as such,

are excluded from the current discussion [129]. The magnitude of § E also depends upon the
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dispersiveness of energy bands, where d F increases with increasing band dispersion. Similar
effects were also investigated for other twist angles, including 9.43°, 13.17°, 27.79°, 32.20°,
38.21°, and 42.10°. In addition, the strength of splitting is the same for twist angles ¢ and
60°-6.

Energy

5 meV
6 meV

Energy
15 meV
6 meV

ay

Figure 6.9: Band structures of tb-MnPSe3 around (a) K. and (b) M, along ¢, direction. (c¢) and
(d) are counterparts of (a) and (b), respectively, obtained for tb-MnSe. The solid and dotted

lines are band structures obtained by DFT and the model described by Eq. 6.5, respectively.

Spin splittings around M, and K, points are further analyzed using the symmetry-based
model Hamiltonian, deduced using the “method of invariants” [21, ]. The symmetry ele-
ments of M, and K, points are identity (E ) and TCh,, and symmetry invariant terms include
Q02 @0y, 4,40, and ¢.¢2o, (i = x,vy, 2), where ¢ = k — M,/ K, are the momenta measured
from M./ K.. Therefore, spin splitting is anisotropic in nature. Splitting is absent along the ¢,
(K.-K{ and M.-K) direction, whereas it is present along the ¢, direction (K.-K;/, and M,-
M 2). To understand the spin splitting along the g, direction, it is possible to write an effective

Hamiltonian (H,yy), up to third-order in k:
Hepp = agyo. +1q,0. (6.5)

where « and 7 are the constants determining the strength of spin splitting. The primary linear
term in Eq. 6.5 can be regarded as analogous to the mixture of linear Rashba oz (g0, — ¢.0y)
and linear Dresselhaus ap (g0, + ¢.0,) with equal strength (og = ap = «/2). In that way,
« 1s the nonrelativistic counterpart of avp and avp. We fit the energy levels around M, and K.

along the g, direction to obtain spin-splitting parameters. The fits are obtained by minimization
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Table 6.2: Classification of 2D materials based on the MSG type, magnetic order and their
impact on the nonrelativistic spin splitting. Here, ]3, T , Mxy, U , and 7 represent inversion, time-
reversal, planar mirror, spinor, and translation symmetry, respectively. The relevant symmetry

is also indicated in the case of spin-degeneracy at generic k.

Spin Monolayer Twisted bilayer Examples

splitting | Magnetic | MSG NRSS NRSS

prototype | ordering | type | at generic k at generic k
SST-1 NM 1 X0 X0) MosS, [344], PtSe, [345]
SST-2 FM /11 v v NiCl,, Crl3, CrN, CrSBr [74]
SST-3 AFM | I X(PT) v MnPSe;, MnSe [This work]
SST-4 AFM /11 v -

SST-5 AFM v X(U#) ;

of the summation
2

S=>_> f(@)Det[Hess(q) — E' ()] (6.6)

i=1
over the " energy eigenvalues [E%(q)] as training sets. We have also included a weight func-
tion f(q) with normal distribution to get a better fit near the spin-degenerate point and avoid
overfitting. The obtained fits to the DFT energy levels of tb-MnPSe; and tb-MnSe are shown
in Figs. 6.9(a)-6.9(d). The Hamiltonian in Eq 6.1 with =58.6 meVA and n=34.2 eVA3 pro-
vide the best fit to the VBs of tb-MnPSe; around the K. point [Fig. 6.9(a)]. Whereas a=39.8
meVA and n=3.5 eVA? are observed for VBs of tb-MnPSe; around the M. point, respectively
[Fig. 6.9(b)]. Similarly, linear splitting strength of 35.4 and 60.7 meVA is observed in CBs
of tb-MnSe around the K. and M, points, respectively [Figs. 6.9(c)-3(d)]. The nonrelativistic
spin splitting is comparable to those experimentally reported in the literature (e.g., 10 meVA for
KTaO3 [346], 4.3 meVA for LaAlO3/SrTiO; interface [347], ~70 meVA in InGaAs/InAlAs
interface [348], and 77 meVA for MoSSe monolayer [236]). The growing field of twistronics

makes NRSS observed in tb-MnPSe; and tb-MnSe experimentally accessible.

6.3.4 Materials classification

The 2D magnetic materials can be classified into five spin-splitting prototypes (SST) depend-

ing on the magnetic order, MSG, and whether NRSS is absent or present in a monolayer [Ta-
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ble 6.2]. Spin degeneracy in nonmagnetic materials (SST-1) is enforced by U and remains
preserved under twisting operations. In contrast, FM materials (SST-2) show spin splitting in
both monolayer limits and two layers stacked antiferromagnetically with a twist [74]. AFM ma-
terials exhibit a wide range of spin-splitting prototypes depending on the symmetries present
in MSG. MSG type-IV always has AFM order with U symmetry (SST-5) and necessitates
SOC to induce spin splitting [2]. AFM materials with MSG type-III containing PT symmetry
(SST-3) are unique, as spin degeneracy is present in the monolayer and lifted in two layers with
a relative twist. Therefore, the twisting operation generates splittings in SST-3 type materials,

the most common magnetic ordering (AFM) found in nature.

(a) , (b)

Energy (eV)
Energy (eV)

r
(©) (d)
1751 —g—ac (tb-Mnse) 80+ o Kethinse)
) ~@— M, (tb-MnSe)
150 —@—Av (tb-MnSe) | —— K (tb-MnPSe;)
—B— A (tb-MnPSe,) 70 M, (tb-MnPSe.)
1251 —_@— Ay (tb-MnPSe;) < 601
2 100 2
2 g 50 1
= 751 =
< 3 40 A
50
30 1
251
20 T
0.
0 2 4 6 8 10 3 2 -1 0 1 2 3
€, (MV/cm) Strain (%)

Figure 6.10: Band structures of 21.79° (a) tb-MnPSes and (b) tb-MnSe in the presence of the
out-of-plane electric field (£.) of strength 10 MV/cm. (c) The Zeeman spin splittings in the CB
(A¢) and VB (Ay) of 21.79° tb-MnPSes and tb-MnSe at I point as a function of £,. (d) The

variation in « (see Eq. 6.5) as a function of biaxial strain for 21.79° tb-MnPSes and tb-MnSe.

6.3.5 Effect of external electric field and biaxial strain

Although controlling crystal symmetries in bulk materials is challenging, it has been shown

that gating can effectively break the symmetries in 2D materials, including twisted bilay-
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ers [349, , 54]. In the following, we apply an out-of-plane electric field to the tb-MnPSe3
and tb-MnSe using the approach introduced by Neugebauer and Scheffler [351]. The elec-
tric field creates not only polarization but also magnetization through the magnetoelectric ef-
fect [334], yielding a Zeeman-like Hamiltonian >, ;_, , .€;;&;0;. The symmetry-allowed cou-

plings associated with the C'2'/m MSG are given by [84]

f[z = €3yE0y + €260, + €460, + €,,E.04, (6.7)

where ¢;; are coefficients determining coupling strengths. In the presence of £z, the spin de-
generate levels at the high symmetry points (I', M, and K') and along HSPs will be split into
two sublevels, F,=¢,,.£, and F_=—¢,, £, [Figs. 6.10(a)-6.10(c)]. We observe that the splitting
induced by £, in tb-MnPSe3 and tb-MnSe exhibits markedly distinct characteristics. Specif-
ically, an electric field £, with a strength of 10 MV/cm results in nearly negligible splitting
at the I' point for tb-MnPSe3, suggesting a small coupling coefficient €,, as described in
Eq. 6.7 [Figs. 6.10(a), 6.10(c)]. In contrast, for tb-MnSe, the I' point experiences a signifi-
cantly larger Zeeman-type splitting (~ 175meV) induced by an electric field £, of 10 MV/cm
[Figs. 6.10(b), 6.10(c)]. This disparity can be explained through structural analysis: in tb-
MnPSe;, Mn atoms with opposite magnetic moments lie within the same z-plane, while in tb-
MnSe, they are situated in different z-planes, thus supporting magnetoelectric coupling when
an electric field is applied along the z-direction. On the contrary, when we compare the Zee-
man splittings induced in the CB and VB of tb-MnSe at the I' point [Fig. 6.10(b)], it becomes
evident that the splitting in the VB is significantly greater in magnitude compared to that in
the CB. This pronounced splitting in the VB of tb-MnSe can be attributed to the in-plane or-
bitals, which have wavefunctions segregated on different z-planes and, as a result, are more
susceptible to the &£.. In addition, tunability in electronic states can be achieved by the strain
engineering of 2D materials [352]. The in-plane biaxial strain preserves the crystal symmetry,
thus creating no additional splittings. However, the strength of nonrelativistic Rashba splittings
(cv) around K./ M, for twisted bilayers are modified under biaxial in-plane strain [Fig. 6.10(d)].
« increases with compressive strain and increases with tensile strain, providing exceptional tun-
ability. Note that the models in Eqgs. 6.5 and 6.7 include only spin DOF, thus revealing spin
splitting qualitatively. For quantitative analysis, other DOF (i.e., orbital and sublattice) through

first-principles or multiband tight-binding model calculations need to be included.
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6.4 Summary and outlook

We have shown the existence of HZSS in bilayer MnSe, combining first-principles calculations
and symmetry analysis. The stacking characteristic study shows that AB with PT symme-
try is the lowest energy stacking. The doubly degenerate states arising due to PT symmetry
are segregated into different sublayers forming inversion partners. Then, we identified the local
Zeeman splitting as large as ~70 meV in bilayer MnSe, where states forming Zeeman pair with
opposite spin orientation segregate on different sublayers within a single layer. Interestingly,
a tiny out-of-plane electric field yields additional Zeeman pairs through breaking two-fold de-
generacy. Mirror symmetry (M,) enforced persistence spin textures remain preserved under
an out-of-plane electric field and are known for nondissipative spin transport. Moreover, the
fact that our results are independent of the layer number adds credibility to the possibility of
experimental observation. Zeeman splittings with hidden spin polarization in centrosymmet-
ric antiferromagnets form another prospective aspect in developing semiconductor spintronics
devices [353].

In addition, we have also shown that SOC-independent spin splittings can be induced in
type-III pT—symmetric antiferromagnets by taking bilayers with a relative twist. By first-
principles calculations and symmetry analysis, we further predict spin-moment coupling in
21.79° tb-MnPSe; and tb-MnSe that accommodate Rashba-Dresselhaus-type spin splittings as
large as ~90 meVA. The lateral electric field split otherwise spin degenerate bands along the
HSPs through magnetoelectric coupling, with more prominent effects in tb-MnSe. In addition,
NRSSs are tunable using the biaxial strain. The measurement of these spin splittings can be
conducted through well-established optical [$2] and electrical transport [354] techniques com-
monly used in the field of spintronics. Employing antiferromagnets featuring spin-split bands
as described in the present study may obviate the necessity for a heavy-metal layer, given that
the current AFM mechanism yields a substantial magnitude of spin-moment splitting, even
with lighter elements. Moreover, the low-Z antiferromagnets with even larger NRSSs can be
predicted by the inverse design approach with desired functionality [355]. In addition, NRSS
in Moiré-induced flat bands (6 < 3°) can be an interesting avenue to prospect. We aspire to
broaden the pool of available materials and enrich the field of AFM semiconductor spintron-

ics [8, 9].



CHAPTER 7

Epilogue and outlook

This thesis mainly focuses on the electronic and magnetic structures of materials, thereby
explaining various spin splitting mechanisms of bulk and 2D materials. Our study opens a

plethora of future research, which are discussed below.

In Chapter 3, we discussed SOC-related effects in perovskites. However, performing non-
collinear DFT calculations requires a significant computational cost. Therefore, training ma-
chine learning algorithms (data-driven science paradigm) to reverse-design perovskites with
high SOC will be an ideal avenue to explore. It is worth mentioning that the atomic number
(Z) is a necessary but not sufficient descriptor of SOC. In particular, Crystal Graph Neural
Networks (CGNNs) are a type of neural network specifically designed for analyzing crystal
structures. They have gained attention in materials science for predicting various material
properties, and spin-orbit coupling is one such property that researchers may be interested in.
It will be interesting to pursue a more universal and generalized model, including spin, orbital,
sublattice, and layer degrees of freedom spanning a variety of spin textures. Moreover, the spin
transport in these materials can be modeled using atomistic spin dynamics and time-dependent

DFT.

In Chapter 4, we discussed full-plane and full-space spin textures in the bulk and 2D mate-
rials, respectively. Therefore, experimental investigations using angle-resolved photoemission
spectroscopy (ARPES) and transport measurements of these effects will benefit spintronics.
High-throughput simulations on full-space persistent spin textured materials with large spin
splittings will be ideal to obtain the effects of these materials under room temperature applica-
tions. Moreover, k? splitting terms give rise to a larger the spin-Hall conductivity and therefore

provide unique advantage in spin transport.

In Chapter 5, we show the effect of the symmetry-breaking strain field on the spin-valley

physics on the MoSi2N, monolayer. We considered strain uniform along the armchair, inter-
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mediate, and zigzag directions. In general, the strain obtained in experiments is not uniform,
and therefore, it is also interesting to explore the effect of a non-uniform strain field. In addi-
tion, understanding the effect of strain on orbital moments and orbital currents, which can be
magnitudes larger than spin-Hall-induced spin current, will be of great interest.

In Chapter 6, we obtained nonrelativistic spin splittings in centrosymmetric antiferromag-
netic materials using the local asymmetry and twisting the bilayer, breaking global symmetry.
Note that we have used large twist angles (fyyisc > 9°) with smaller commensurate unit cells
to limit the computational cost required by the DFT simulations. However, the smaller twist
angles (Oyise < 3°) lead to moiré reconstruction and flat bands. Therefore, nonrelativistic spin
splittings in moiré flat bands will be of prime interest. In addition, high throughput screening
of centrosymmetric antiferromagnetic materials with sizable spin splittings (> kg7") will make

them suitable for room temperature applications.
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