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List of Figures
Caption

Displaying the scheme of MPE which can be realized,
by keeping adjacent material in close vicinity via
different mechanisms acquiring different
functionalities applicable in designing various spin-
electronic devices.

Displays the electronic band structure for pristine
monolayer graphene.

Displays the atomic configuration of pristine
monolayer CrBrs. (a) 2x2x1 supercell (b) unit cell of the
monolayer system. The blue and red spheres depict
chromium (Cr) and bromine (Br) atoms, respectively.
Displays the electronic band structure of pristine
monolayer 1T"-WTez. The inset shows 1T’-Wtez 3x3x1
supercell of monolayer system. The orange and blue
spheres represent tungsten (W) and tellurium (Te),
respectively.

Direct exchange effect in FM/ AFM bilayer explaining
the mechanism of proximity effect.

Charge transfer mechanism across the interface from
one layer to adjacent layer via proximity integration.

Proximitized layer (3 in close vicinity with layers o and
y as a function of effective and individual
Hamiltonians of the layers represented as H, s, Ha, Hp
and H,.

(a) Proximitized heterostructure of non-magnet (NM)
and ferromagnet (FM). (b) Zeeman energy splitting of
electronic bands (Dirac Cone) and Fermi level (Er) due
to seamless proximity integration. The blue and red
arrows represent spin-up and down states,
respectively.

Schematic representation of a magnetic tunnel
junction device

Displaying the device prototype of spin laser via
proximity effect. The excitation laser is used to
manipulate the spin in presence of proximity effect
and making it feasible for optoelectronic applications.
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Figure 2.1

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Schematic illustration of device prototype of spin
logics via MPE

A device prototype of field effect transistor (FET)
using MPE. The vdW heterostructure is sandwiched
between top and back gate connected to two leads
named as source and drain.

Displaying the schematic representation of many-
electron wave function shown in green dashed line
and corresponding pseudo wave function, ¥pseudo
(green solid line) combining with Coulomb potential
shown in red dashed line and pseudopotential (red
solid line).

(a) Atomic configuration of Gr-CrBr; vdW heterolayer
showing the top view of the supercell. (b) Variation of
total energy with respect to interplanar spacing with
dispersion correction (inset shows a unit cell of the
heterostructure system). (c) Side view of Gr-CrBr3 unit
cell. The grey, blue and red balls describe C, Cr and Br
atoms, respectively. (d) First Brillouin zone of Gr-
CrBrs heterostructure system.

(a) Electronic band structure of the heterostructure in
the absence of an external electric field. Blue
continuous lines and red dashed lines show the up
and down spin states, respectively. The calculated
spin-polarized partial density of states (PDOS) of the
Gr-CrBrs heterostructure: (b) carbon is shown as grey
coloured ball, (c) chromium as blue coloured ball and
(d) bromine as red coloured ball. I Total PDOS of the
Gr-CrBrs heterostructure system with polarization
percentage of up and down spin states.

(a) Charge density profile for Gr-CrBrs heterolayer. (b)
2D profile of electron density map with the isosurface
value of 0.001 e/A3 for the heterostructure. The
positive and negative values in the color bar represent
the accumulation and dissipation of charge,
respectively. (¢ and d) Top-view of Gr-CrBrs
heterostructure showing 3D and 2D mapping of spin
density distribution with the isosurface value of 0.004
e/ A3, respectively. The positive and negative values in
color bar represent spin-polarized states.

The variation of magnetic moment value for Gr-CrBrs
heterostructure as well as for CrBr; monolayer as a
function of applied electric field in 0 to +0.5 V/A.
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Figure 3.5

Figure 3.6

Figure 3.7

Figure 4.1

Figure 4.2

(a) The variation in the split-off energy as a function of
the field of the heterostructure (inset shows the
zoomed version of the energy split-off gap 73.40 meV
at 0 V A field). (b) Variation in the Fermi energy due
to the biasing via the external electric field in the range
-0.5 to +0.5 V A, The schematic of the interfacial
polarization is shown as the inset of (b) under biasing.
(c) The energy split-off band structure at 0 VA field.
(d) Induced electrostatic charge density, dp for the Gr-
CrBrs heterostructure at different bias voltages for
negative charge (-q) values. The atomic highlights of
the Gr-CrBrs interface are shown as dotted vertical
blue lines to note the unbalanced formation of electric
dipole moments between graphene (C atom) and
CrBrs (Cr and Br atoms) in accord with the number of
atomic layers used to form the heterostructure.

(a) The transmission coefficient calculation for the Gr-
CrBr3 vdW heterostructure at 0 VA-L. (b) Field-induced
transmission spectrum of the heterostructure in the
forward and reverse directions. Minor changes in the
spectrum are marked using red dotted ellipses.
Schematic representation of the Gr-CrBrs hetero-
bilayer (a) without and (b) with biasing. Application
of an external electric field in (c) positive (+Z
direction) and (d) negative (-Z direction) bias; I the
proposed device model for the SG-FET device.

(@) Crystal geometry of Gr-CrBr; vdW heterolayer
showing the top view of 2x2x1 supercell. (b) Top-view
of the crystal structure of Gr-CrBr; heterostructure in
unit cell. (c) Side view of the Gr-CrBrs unit cell with
interplanar spacing notation of d=0.13 A. The grey,
blue and red balls describe carbon (C), chromium (Cr)
and bromine (Br) respectively.

(@) Electronic band structure of Gr-CrBrs van der
Waals heterostructure in presence of SOC. Zoomed-in
picture shows band topology near Fermi level. (b)
Projected band structure of Gr-CrBrs heterostructure
with the implementation of relativistic -effects.
Zoomed image shows the splitting of energy level and
gapped state at K-point. The colour bar represents the
magnitude of projection (scale in atomic units). (c)
Spin-polarized electronic band structure calculation of
Gr-CrBrs heterostructure in absence of spin-orbit
coupling (SOC). The blue and cyan line depicts spin-
up and spin-down states, respectively. Inset shows the
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Figure 4.3

Figure 4.4

Figure 4.5

Figure 5.1

zoomed-in image of the Dirac cone near the Fermi
level. (d) Projected density of states (PdoS) calculation
of Gr-CrBrs heterostructure in presence of SOC. I
Density of states (DOS) calculation for Gr-CrBrs
heterostructure in presence of SOC. Zoomed-in inset
shows the flat states near Fermi level.

(a) Modulation of electronic band structure with the
application of perpendicular electric field in negative
Z-direction from -0.1 to -0.5 V/A in Gr-CrBr; bilayer
system. (b) Modulation of band topology with the
application of perpendicular electric field in positive
Z-direction from 0.1 to 0.5 V/A in Gr-CrBr; bilayer
system. (c) Modulation of band gap with respect to
external applied electric field effect in the
heterostructure. (d) DFT simulated local potential
distribution of the Gr-CrBrs heterostructure with
contribution from both CrBrs monolayer and
graphene sheet along Z-direction.

(@) Calculated Berry curvature of Gr-CrBrs
heterostructure along high symmetry points. The red
dashed arrow shows Q(k) and -Q(-k) (in logarithmic
scale). The inset shows Berry curvature in 2D k-plane.
(b) Density plots of Berry curvature for the occupied
band for the first Brillouin zone of Gr-CrBrs
heterostructure. (c) Spin configuration in the
momentum space around K and K' for Gr-CrBrs
bilayer system. (d) Evolution of Wannier charge center
(WCC) for Gr-CrBrs bilayer system in the presence of
SOC € in absence of SOC. The red solid line is
reference line. Odd number times the reference line is
crossed by evolution line indicating the system to be
topologically nontrivial.

(@) Calculation of Hall coefficient in Gr-CrBrs
heterostructure with respect to the chemical potential
at different temperature. (b) The calculated anomalous
Hall conductivity as a function of energy. The two dot-
dashed lines depict the two valleys. Inset displays
scheme of QVH effect in the vdW heterostructure of
graphene on monolayer CrBrs.

Atomic structure of Gr-CrBrs vdW heterostructure.
The grey, blue and red balls represent carbon I,
chromium (Cr) and bromine (Br), respectively. The
pink dashed box indicates the unit cell of Gr-CrBrs
heterostructure. (a) Top-view and (b) side view. The
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Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

interlayer distance for possible proximity integration
is 3.77 A.

Calculated integrated DOS for Gr-CrBrs vdW
heterostructure system. The black, red and blue solid
lines depict total integrated DOS for CrBr; monolayer,
graphene monolayer and Gr-CrBrs bilayer,
respectively. The inset displays the charge density
difference (CDD) for bilayer system with isosurface
value +0.0025 e/ A3, where yellow and cyan colour
represents positive and negative isosurface value,
respectively.

Spin-polarized = normalized  conductance  for
heterostructure as a function of Fermi energy. The
pink and violet lines depict spin-up and down states,
respectively. The inset represents the spin-polarized
conductance with respect to Fermi energy.

(@) The calculated Seebeck coefficient with respect to
chemical potential at temperature 300 K to 450 K for
Gr-CrBrs van der Waals heterostructure. (b)
Calculated electrical conductivity and (c) Calculated
power factor for Gr-CrBrs bilayer system as a function
of chemical potential. (d) The electronic figure of merit
with respect to the Fermi level at 300 K for the
heterostructure system at zero bias.

Left panel describes (a) the power factor, (b) electrical
conductivity and (c) Seebeck coefficient with respect
to hole-doping concentration at temperature in no bias
at 300 K for Gr-CrBrs van der Waals heterostructure.
Right panel displays (d) the power factor, I electrical
conductivity and (f) Seebeck coefficient as a function
of electron-doping concentration at zero bias at room
temperature.

Temperature dependence of (a) Seebeck coefficient,
(b) electrical conductivity, (c) electronic thermal
conductivity (ke), and (d) power factor of Gr-CrBrs
vdW heterostructure at different chemical potential.
Dependence of anomalous transverse thermopower
(anomalous Nernst thermopower, Sxy) as a function of
chemical potential observed in Gr-CrBrs vdW
heterostructure at different temperatures from 300-
450 K.

Dependence of (a) Seebeck effect (Sxx) and (b)
anomalous transverse thermopower (anomalous
Nernst thermopower, Sxy) as a function of applied
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Figure 5.9

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

electric field (-0.5 V/A to 0.5 V/A) in Gr-CrBrs vdW
heterostructure at room temperature.

Thermoelectric device prototype of Gr-CrBr; vdW
heterostructure, where graphene monolayer act as a
hot and CrBrs monolayer as a cold junction,
respectively.

Atomic configuration of crystal structure. Top-view
(a) 1T"-WTez/ CrBrs supercell (d) CrBrs, (g) 1T'-WTex.
(c) Side view of the vdW heterostructure with
interlayer distance d = 3.68 A, (f) isolated CrBrs, (i)
monolayer 1T’-WTez. (b) Variation of Lattice
parameter with total energy of the heterostructure
system. Inset shows the wunit cell of vdW
heterostructure. The light blue, red, dark blue and
orange spheres describe Cr, Br, W and Te atoms,
respectively. Lattice parameter of (e) isolated CrBrs,
(h) individual 1T"-WTe>.

Electronic band structure of (a) vdW heterostructure
without implications of relativistic effect. The blue
continuous and magenta dotted lines depict spin up
and down states, respectively. The zoomed-in image
shows the spin-splitting in I'-X high-symmetry points.
(b, d) Band topology and density of states (DOS) of
monolayer CrBrj, (c, e) Band topology and density of
states (DOS) of monolayer CrBrz 1T"-WTe>

Electronic structure of 1T-WTey/CrBrs vdW
heterolayer. The calculated spin-polarized projected
density of states (PDOS) for individual orbitals of
vdW heterostructure: (a) bromine displayed as red
colored spheres, (b) chromium as light blue colored
spheres, (c) tellurium as blue colored spheres and (d)
tungsten as orange-coloured spheres. (e) Spin-
polarized total density of states (DOS) pattern of
heterostructure system. The filled blue and magenta
colour depicts spin-up and down configuration,
respectively. (f) Charge density plot of (001) plane for
bilayer system displays the top layer of 1T"-WTez and
(g) CrBrs layer. The positive and negative value in
colour bar displays the electron localization and
delocalization, respectively. (h) The total spin-
polarized PDOS of vdW heterostructure system.

The variation of magnetic moment value for 1T'-
WTez/CrBrs heterostructure as a function of applied
electric field in 0 to +0.5 V/A.

119

130

131

133

135

XX1



Figure 6.5

Figure 6.6

Figure 6.7

(@) The modulation of energy band gap as a function
of external electric field in vdW heterostructure (inset
shows the built-in electric field at interface leading to
interfacial polarization under external electric field).
(b) Variation of Fermi energy with respect to external
electric field from -0.5 to 0.5 V/A. (c) Plane averaged
charge density difference Ap, perpendicular to the
interface along Z-direction (inset shows the 3D
differential charge density with the isosurface value of
0.0001733 e/ A3 for the heterostructure system. (The
Yellow and cyan colour represents electron
accumulation and depletion, respectively.) (d) The
electrostatic potential of 1T-WTez/ CrBrs
heterostructure along Z-direction.

(a) Electronic conductivity of 1T’-WTez/CrBrs vdW
heterostructure without external electric field. (b)
Fermi surface (FS) of the heterostructure system. The
colour bar describes the high (red) and low (blue)
electron concentration, respectively. (c-f) Electronic
conductivity of heterostructure system in presence of
external stimuli for both forward and reverse biasing,
respectively.

(@) Energy band diagram of 1T'-WTez/CrBrs vdW
heterostructure without and with biasing. (b)
Schematic representation of proposed device
prototype for dual gate field effect transistor (DG-
FET). (c) Spin-polarized density of states (DOS) as a
function of external electric field in both forward and
reverse bias of the heterostructure system. Magnified
image of spin-polarized DOS at Fermi level with
external biasing.
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DFT++
DFT+U
Ex
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EGGA
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n(r)
GW
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Nh
vdW-DF
CV

CrBr3

H eff
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ZTe
NbSe>
WTe;

Nomenclatures

Names

Angstrom, atomic scale unit

DFT Correction term

DFT correction term with potential parameter
Exchange energy

Correlation energy

Total energy

TF energy term
Exchange-correlation energy

Energy term from GGA approach
LDA energy term

Density of states

Approximation to self-energy
Graphene

Nonlocal correlation energy

Fermi energy

Kinetic energy of the system
Potential energy due to electron-nuclei interaction
Potential energy due to electron-electron interaction
Exchange-correlation

Number of electrons

Number of holes

van der Waals correction by Grimme
Valley Chern number

Chromium tribromide

Effective Hamiltonian

Valley Chern number

Electronic Figure of merit

Niobium Diselenide

Tungsten Ditelluride

Power Factor

Relaxation time

Seebeck coefficient

Anomalous Nernst thermopower
Electrical conductivity

Electronic thermal conductivity
Curie Temperature
Spin-polarization parameter
Electrostatic Charge density
Chemical potential
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Abbreviations Names

2D Two-dimension

3D Three-dimension

vdW van der Waals

GQD Graphene quantum dots

h-BN Hexagonal Boron nitride

MPE Magnetic proximity effect

QMC Quantum Monte Carlo

DFT Density Functional Theory

WTBH Wannier tight binding Hamiltonian
SOl Spin-orbit Interaction

TMDs Transition metal Dichalcogenides
DOS Density of states

SOC Spin-orbit coupling

AHE Anomalous Hall effect

YIG Yttrium Iron garnet

BFO Bismuth Ferrite (BiFeOs)

QAHE Quantum Anomalous Hall effect
HK Hohenberg-Kohn

KS Kohn-Sham

GGA Generalized Gradient Approximation
LDA Local Density Approximation
PAW Projector Augmented Wave

QE Quantum Espresso

PP Pseudopotential

BOA Born-Oppenheimer Approximation
TF Thomas-Fermi

HEG Homogeneous Electron Gas

GEA Gradient expansion approximation
PBE Perdew, Burke, Ernzerhof

NCPP Norm-Conserving Pseudopotential
USPP Ultrasoft Pseudopotential

HSC Hamann, Schluter, Chiang

LAPW Linear augmented plane wave

PS Pseudo

DFPT Density functional perturbation theory
RPA Random Phase approximation
ACFDT Adiabatic connection-fluctuation dissipation theorem
AIM Anderson impurity model

1B Tight-binding

WF Wannier functions

MLWEF Maximally localized Wannier functions
NEGF Non-equilibrium Green'’s function
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BFGS
PDOS
SG-FET
TRS
QVH
AFM
M
TI
HSE06
VASP
CBM
VBM
WCC
AHC
SE

TE
TEG
ANE
GNM
PF
IDOS
BTE
CRTA
TDF
CDD
WSM

Broyden-Fletcher-Goldfarb-Shanno
Partial density of states

Single-gate Field-effect transistor
Time reversal symmetry

Quantum Valley Hall
Antiferromagnetic

Ferromagnetic

Topological Insulator

Hybrid functional

Vienna ab initio simulation package
Conduction band minimum
Valence band maximum

Wannier Charge Center
Anomalous Hall conductivity
Seebeck effect

Thermoelectric effect
Thermoelectric power generation
Anomalous Nernst effect
Graphene nanomesh

Power factor

Integrated density of states
Boltzmann Transport equation
Constant relaxation time approximation
Transport distribution function
Charge density difference

Weyl Semimetal
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