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Chapter 1

Introduction

Semiconductor Heterostructures

Semiconductor heterostructures have become an indispensable and central part to modern
solid state physics. Initial development of heterostructures via doping a semiconductor
material with impurities and injecting carriers made it possible to manipulate fundamental
parameters like band gaps, effective masses of the charge carriers, mobilities and so on. In
1970, heterojunctions of III-V semiconductors were realized. The realization of p-n junc-
tion semiconductor lasers paved way for semiconductor optoelectronics [1-5]. To enhance
the effect of electron confinement and optical confinement, it is preferable to sandwich a
narrow bandgap semiconductor between a semiconductor having wider bandgap on both
sides, thereby forming a heterojunction [7]. The narrow bandgap material serves as the
active region where the electron and optical confinement happen. A rare coexistence of
few favourable properties, like a small effective mass, wide bandgap, radiative recombina-
tion, sharp edge-to-edge optical absorption due to direct bandgap, high electron mobility
had made GaAs a highly promising material for studying semiconductors from the very
beginning. The first promising systems for realization of double heterojuncton turned
out to be GaP-GaAs and AlAs-GaAs. AlAs-GaAs were preferred because they are lattice
matched. Double heterostructures, quantum wells, quantum wires, and quantum dots,
are being widely studied, explored and made use of in devices, like lasers, light-emitting

diodes (LED’s), bipolar transistors, high-mobility transistors and solar cells.

Thin films, surfaces, and heterostructure superlattices have provoked elaborate research
in this area due to their importance in device fabrication and a plethora of exciting
properties [8-24] they possess. In layered materials or films, the carrier motion is restricted

to the direction normal to the layer or film. This imposes confinement effects similar to
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that in a one-dimensional potential well. The depth of the well is taken to be infinite for
films, whereas in semiconductor heterostructures the wells associated with the layers have
a finite depth and they are rectangular in shape [18]. In a thin film, layered materials
or semiconductor surfaces, this quantum size effect (QSE) comes into play when the
thickness of the layer or the film, or surface depth becomes comparable to the De Broglie
wavelength of an electron or its mean free path in the layer. Because of the confinement
along the normal direction, the electrons or holes in such a film may be thought of as a two-
dimensional electron gas and the particle motion in the normal direction is restricted. QSE
gives rise to interesting changes in optical absorption and electron tunneling properties of
the material and has been observed in semiconducting surfaces and layers [16-19], thin

films and layered materials [21-24].

Quantum-confinement in heterostructures have been extensively studied since the mid-
1970s [25,26]. In type-I structures, the valence band maximum (VBM) and conduction
band minimum (CBM) of the narrower-band-gap material are nested within the gap of the
wider bandgap material. A staggered band alignment exists [27,28] in type-II structures.
The type-I to type-II transition can be achieved by choosing the composition and layer
thickness. A crossover from type-I to type-II is obtained upon decreasing the thickness of

the middle layer.

It is customary to describe the electronic structure in bulk semiconductors using the
effective-mass approximation. This description is simpler than the tedious tight-binding
or pseudopotential calculations. This also goes by the name of envelope function approx-
imation. In this approach, the band dispersion at some reciprocal point is approximated
with a parabola. Electronic states resulting from the quantum confinement effects [51]
in layered semiconductors can be determined merely from the knowledge of bulk param-
eters and band offsets. The motion of charge carriers near the band extrema and charge
redistribution across the interfaces in weakly varying perturbation potentials, like mag-
netic or electric fields or impurities, can be described using this method [52,53]. Effective
mass method (EMM) has to be used strategically to determine the electronic eigenstates
in semiconductor heterostructures, superlattices, quantum wells etc. This is because for
quantum wells, one important condition for the validity of this approximation, namely
weak perturbation potential, is not fulfilled as the barriers at the atomically abrupt in-
terfaces are large. One can therefore use EMM separately for each layer, where the
eigenfunctions of each layer are given by envelope functions which are superpositions of
periodic functions that form a complete basis set. These envelopes are then connected
at the interface [57,58]. Deriving the relevant boundary conditions has been a principal

concern. Much work has been invested on setting up the boundary conditions [54-56].



A lot of efforts has been put by people in improving upon the envelope-function method
to derive the effective-mass equation [59] from there. Despite the application of enevel-
ope function theory for heterostructures being ad hoc, the ‘particle in a box’ model has
been effectively used in heterostructures. The type-I to type-II structural transition in
heterostructures can be efficiently described in terms of this model. In a type-I structure,
the electrons in the conduction band and holes in the valence band can be thought of
as particles confined inside one dimensional boxes made of the barriers along the growth
direction. The associated changes in the energies of the carriers consequent upon increas-
ing confinement, leading to the crossover to type-II structure, can then be described in a

simpler way in terms of this picture.

Epitaxial Methods for Synthesis: MBE, Colloidal Syn-
thesis and van der Waals Epitaxy

For the study of type-I to type-II transition and other properties of double heterostruc-
tures, superlattices, quantum wells, it is necessary to grow heterostructures where indi-
vidual layers can be thinned down to few monolayers with exact control on the growth.
Molecular beam epitaxy (MBE) is the most popular method adopted for the growth of
thin, epitaxial films of oxides, semiconductors and semiconductor heterostructures. In
MBE, beams of atoms or molecules in an ultra-high vacuum environment are incident
upon a heated substrate crystal. The incident atoms or molecules move around over
the surface to get into lattice sites, thus forming a crystalline layer in registry with the
substrate. This is called an epitaxial film. The composition can be abruptly changed
resulting in atomically sharp interfaces with precise control over the composition of each
layer. Through MBE, it is possible to grow periodic repetition of alternating layers of
semiconductors where individual layers can be made as thin as a few monolayers. A
large variety of structures, like quantum well devices, superlattices, lasers, etc have been
fabricated using MBE. By interposing one semiconducting material of narrower bandgap
between a wider bandgap material on both sides, making the thickness of the narrow
bandgap layer much less than the wavelength of electrons in the material, which amounts
to few to tens of atom layers, a quantum well can be formed. Quantum well heterostruc-
tures are of great importance and they are studied at length. In our first project on
GaAs/AlAs double heterostructures, we studied the type-I to type-II structural transi-
tion in such a quantum well structure formed by sandwicing GaAs region between AlAs
regions on both sides. MBE lent high precision on thickness control and has established

as the most important technique for the growth of ITII-V heterostructures [60]. Metal-
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organic vapor-phase epitaxy (MOVPE) is also a popular approach for growth of III-V
heterostructures [61,62].

Quantum dots (QDs) find significant attention in optoelectronics [71,72,72-84] due to the
tunablity of their optical bandgap [65-70]. In colloidal synthesis, QD nanocrystals are
grown in liquid media with great control on their crystal structure, size and shape. Thus
equipped with MBE and colloidal synthesis, the formation and study of heterostructures
with ultrathin layers is easy to reaiize experimentally. This added to our interest to study

their properties through our theoretical calculation.

In epitaxy, a crystalline material is grown on the surface of a substrate crystal, where
the growth of each atomic unit requires some specific relations regarding the orientational
alignment with the substrate to be fulfilled [85]. In conventional epitaxy, there happens
formation of strong chemical bonds at the interface between the epitaxial material, also
called the epilayer or overlayer, and the substrate. It is the presence of dangling bonds
at the surface of the substrate [86,87] that causes the atoms of the overlayer to pair with
atoms in the substrate leading to epitaxial growth of the overlayer [Fig. 1.1(a)]. The atoms
of the overlayer try to sit on top of the atoms of the substrate. In case of lattice-mismatch
between overlayer and the substrate, this forces the cell parameters of the overlayer to
change from their values in the freestanding bulk phase and match with those of the
substrate. As a result, accumulation of strain energy happens in the system. The strain
energy bulids up with increasing the thickness of the epilayer and the system reaches its
limiting capacity in accommodating the strain energy at some critical thickness [88] of
the epilayer. The system nucleates defects to relax the strain energy beyond the critical

thickness.

Koma’s group, in 1984, first realized what is called the van der Waals epitaxy (VDWE).
They grew Se on Te and NbSe, on MoS, using vDWE [86]. In vDWE, the bonding be-
tween the overlayer and the substrate is via weak van der Waals interactions and not the
stronger covalent bonding. Due to the weak van der Waals type binding between the
overlayer and the substrate, first few layers of the overlayer don’t strain much. This offers
the advantage that the nucleation of defects is absent even for a large lattice mismatch.
The substrate or the epilayer has smooth surfaces [86,87,90] with no active dangling
bonds, which makes the surfaces chemically inert. The weak interionic [94] van der Waals
interaction that exists between the overlayer and the substrate is due to pure Coulombic
interaction between dipoles. This doesn’t change the electronic structure of the interact-
ing materials. Bulk materials have surfaces with dangling bonds. They are sometimes
used as substrate only after passivating these dangling bonds [92,93] [Fig. 1.1(c)]. Two

dimensional materials are the best choice for vDWE owing to their naturally smooth sur-



faces [91] [Fig. 1.1(b)]. Using vDWE, these 2D materials can be grown on a range of

substrates to fabricate heterostructure and integrated circuits.
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Figure 1.1: Schematic diagrams in case of lattice-mismatch of (a) conventional epitaxy
resulting in strain due to covalent bond formation, (b) vDWE in layered materials with no
strain accumulation, and (c) vDWE of a layered material on a passivated bulk susbtrate
resulting in no strain. Figure taken from [89].

Two-Dimensional Layered Materials and Transition
Metal Dichalcogenides (TMDs)

Two-dimensional layered materials (2DLMs) have received prime research interest due to
the wide spectrum of physical properties they possess [95-100] and the novel applications
that they find in electronics and optoelectronics. This area of research was sparked by the
discovery of graphene [101-103]. Other 2DLMs have got extra advantages over graphene
due to their tunability of electronic and optical properties and bandgaps suitable for
optoelectronic application. There are various approaches of synthesizing two-dimensional
materials, some of which are easier and inexpensive. The electronic properties of 2D
layered materials range from semiconductors to metals. Atoms in each layer are chemically
bonded together via covalent interactions and the surfaces are smooth and free of dangling
bonds. Individual monolayers are weakly bonded via van der Waals interaction. This
offers the advantage of manufacturing heterostructures by stacking one layer on top of

another without incurring considerable strain even in the presence of lattice parameters
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mismatch [107]. Moreover the weak van der Waals forces don’t modify the electronic
properties of individual layers and hence various types of materials can be combined to

fabricate functional materials with diverse applications.

Electronic and optical properties of such heterostructures can be manipulated by varying
the number of layers [105,106]. There are a number of candidates belonging to the group
of 2D materials with multifarious properties, namely graphene [108,109], transition metal
chalcogenides [110,111] and transition metal dichalcogenides [112-114], hexagonal boron
nitride [115], black phosphorus [116] etc. that find wide interest in experiments as well
as in theoretical research. One layered material has been stacked on top of another to
form 2D-2D heterostructures. There has been also growth of a layered material on a bulk
substrate to fabricate 2D-3D heterojunction. 0D-2D and 1D-2D hybrids have also been
formulated by growing nanostructures with 2D layered materials. These heterostructures

find wide application in sensing, photovoltaics, photocatalysts etc.

Transition metal dichalcogenides (TMDs), generally represented by MX, ( M= Transi-
tion metal ion, e.g. Mo, W etc., X= Chalcogen, e.g. S, Se or Te), are a class of 2D
layered materials which come next to graphene in terms of the volume of study carried on
them. They find special interest owing to their tunable electronic properties and variable
bandgaps [117,118,123]. Their electronic properties vary from semiconductor to metal.
For example, HfS, is insulating, MoS, and WS, are semiconducting, WTey and TiSe, are
found to be semi-metallic, and there are metals like NbSy and VSey. In TMDs, individual
layers are stacked together via weak van der Waals forces. They are easy to be thinned
down to very narrow thickness through mechanical exfoliation [119,120]. Each monolayer
consists of a hexagonal plane of metal atoms sandwiched between two hexagonal planes of
chalcogens with the chalcogens coordinated around each metal ion in a trigonal prismatic
arrangement. Atoms within each monolayer are strongly bonded together via covalent

interaction.

In the bulk, most of the TMDs are indirect bandgap semiconductors. There occurs a
crossover to a direct gap [121,123-126] in going to the monolayer limit [Fig. 1.2], which is
associated with a dramatic enhancement in photoluminescence [122]. Thus, the bandgap
can be engineered by changing the number of layers [123,127] along with a drastic change

in effective masses due to changes in band curvature.
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Figure 1.2: (Color online) Band structures of (a) MoSs , (b) MoSe, , (¢) MoTes , (d)
WS, , and (e) WSes from the bulk (upper panels) to double-layer (2L, middle panels)
and single-layer (1L, bottom panels). The horizontal solid lines in each panel indicate the
VBM and the dotted lines indicate the CBM. The solid blue arrows indicate the lowest
energy transitions. Reproduced from [121]

Through application of strain also, the electronic structures can be manipulated, where a
transition from a direct gap to an indirect gap can be triggered in additon to a variation
in the effective masses. There is a great interest in exploring the electronic properties
of low dimensional TMDs, as they are rich with exciting physics [128-130]. Monolayers
of MoS, [123,131] shows high on-off current ratio that makes it promising channel ma-
terial in field-effect transistors (FET). The optical radiation in monolayer MX,; makes
them useful for applications in optoelectronics [133-135]. In TMDs, strong spin-orbit
coupling splits the valence bands [136-139] due to broken inversion symmetry, which
makes them preferable for spin-physics exploration. TMDs are also fertile for realization
of valleytronics devices owing to the presence of multiple conduction and valence band
valleys [140, 141]. In TMD hetero-bilayers, formed by stacking different TMD monolay-
ers, a type-II band alignment is found that leads to bound electrons and holes being
localized on different monolayers, constituting interlayer excitons. They have potential
applications in 2D light-emitting diodes, lasers, and photovoltaic devices [142]. In-plane

heterojunctions can be grown between the 2D monolayer TMDs by lateral hetero-epitaxy.
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In-plane TMD quantum wells [143-149] with one-dimensional interfaces offer a plethora
of novel physical phenomena due to quantum confinement effects in them and find ap-
plications in electronics, optoelectronics and photocatalysts. Upon introducton of strain,
doping and external electric field, interesting properties may unravel [150]. A true type-11
alignment is achieved in TMD quantum wells by virtue of coherent lattice and strong
interface scattering. This leads to the efficient separation of excitons and ehnance the
photoluminescence. Spin-orbit coupling in these materials makes it possible to achieve

topological insulator state and valleytronics.

Structural Polymorphs of TMDs

H MX, He
M = Transition metal
Li Be X = Chalcogen B @ N (0} F Ne
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Figure 1.3: The transition metals and the three chalcogen elements that predominantly
crystallize in layered structure have been highlighted in the periodic table. Reproduced
from [151].

Group 4, 5, 6 and 7 TMDs mostly come in layered structures [Fig. 1.3]. Group 8 to 10
TMDs are generally found in bulk structures. For layered TMDs, the layer thickness is
generally found to be 6 ~ 7 A. The metal atoms assume +4 valence state by giving away
4 electrons that fill the covalent bonds with the chalcogens. The chalcogens assume -2
valence states by accepting the electrons donated by metal atoms. The M-M bond length
varies between 3.15 A and 4.03 A. The chalcogen ions coordinate themselves around each
metal ion in either trigonal prismatic or octahedral structure. The octahedral structures
are often distorted. Out of the two possible coordinations, which will be energetically

favourable as the ground state is determined by the choice of metal and chalcogen atoms.

Bulk TMDs come in various types of polymorphs. Each polymorph exhibits a number of
stacking polytypes. The most common polymorphs for layered TMDs are 1T, 2H and 3R



[Fig. 1.4]. In 1T, the letter ‘T stands for trigonal, meaning the structure has trigonal unit
cell, and the number 1 implies that there is only one X-M-X unit per unit cell, or in other
words in the stacking sequence. In 2H and 3R, H stands for hexagonal and R stands for
rhombohedral respectively. In 2H, there are two X-M-X units in the stacking sequence.
In 3R, there are three X-M-X units in the stacking sequence. MoS, is commonly found in
2H polymorph with trigonal prismatic coordination of metal ion. 2H polymorph comes in
three different polytypes or stacking sequences. Group 4 TMDs (HfS,, ZrTe, etc.) prefer

1T phase as their ground state structure with octahedral coordination of the metal ion.

1T 2H 3R

Figure 1.4: Three types of polymorphs in which bulk TMDs are found: 1T, 2H and 3R.
Reproduced from [152].

Monolayer TMDs come in either of the two phases, trigonal prismatic (1H) [Fig. 1.5(a)]
or octahedral (1T) [Fig. 1.5(b)]. Trigonal prismatic phase belongs to point group Dg,
and octahedral phase belongs to point group D34. Depending on the coordination around
the transition metal and its d electron count, electronic structure of TMDs show diverse

properties.
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Figure 1.5: Top view and lateral view of single-layer TMD with (a) trigonal prismatic and
(b) octahedral coordinations. Purple is for metal and yellow is for chalcogen. Reproduced

from [151].

Octahedral (1T)

Trigonal prismatic (1H)

Xz,yz
o (89

X2 yZ, 72

Energy

d,, ()

XY,yz,2X

Figure 1.6: Schematic images of the splitting of d-orbital energies of transition metal in
trigonal prismatic and octahedral coordination. Reproduced from [153].

The nonbonding d bands of metal ion lie between the bonding (o) and antibonding (o)
bands of M-X bonds [Fig. 1.7]. Crystal field splitting in TMDs with octahedral coordi-

nation (Dgy) of transition metal ion divides the d orbitals of the transition metal into two

sets of degenerate levels, namely e, and ty,. e, contains d.2, d,2_,» orbitals and ty, con-
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tains d,, d,.,d,, orbitals [Fig. 1.6]. The d electrons of the transition metal progressively
fill up these levels. In TMDs with trigonal prismatic coordination (Ds;) of metal ion, the
d orbitals divide into three groups, d,z (a1), ds2_y2, dgy (e), and d,., d,. (e) [Fig. 1.6],

opening up a gap between a; and e.

The non-bonding d bands get progressively filled with electrons from group 4 to 10 tran-
sition metals leading to a plethora of electronic properties. A partial filling of the orbitals
leads to metallic properties [Fig. 1.7], as in the case of 2H-NbSe, and 1T-ReSs. Semi-
conducting properties arise when the orbitals get fully occupied [Fig. 1.7], as in the
case of 1T-HfS,, 2H-MoS, and 1T-PtS,. The d bands gradually broaden with increasing
atomic number of the chalcogen resulting in a reduction in the bandgap. The bandgap,

for instance decreases from MoSy to MoSe,; to MoTes,.

Group 4 (Dyy) Group 5 (Dgy) Group 6 (Dgy,) Group 7 (Dgy) Group 10 (Dyy)

A n A

Energy

Figure 1.7: Schematic illustration showing progressive filling of d orbitals of transition
metal that are located in between the bonding (o) and anti-bonding states (0*) in group
4,5, 6, 7 and 10 TMDs. D3, compounds form two non-bonding d orbitals, d.,d;.,ds,
(bottom) and d,2, d,2_,2 (top), while D3, compounds exhibit three d orbitals whose
character is predomintly d,» ,d,2_,2 ,dsy (from bottom to top). Reproduced from [151].

Which phase will be preferred as the ground state configuration for a given TMD depends
on the d-electron count of the transition metal. Group 4 TMDs, which have a d° configu-
ration, are found in octahedral phase [Fig. 1.8(b)]. Group 5 TMDs with d! configuration
are found in both trigonal prismatic [Fig. 1.8(a)] and octahedral [Fig. 1.8(b)] phases.
Group 6 TMDS (d?) prefer trigonal prismatic phase [Fig. 1.8(a)] and group 7 TMDs (d?)

assume a distorted octahedral coordination [Fig. 1.8(c)].
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Figure 1.8: (A) Trigonal prismatic (1H), (B) octahedral (1T) and (C) distorted octahedral
(1T") phases of TMDs. Reproduced from [154].

Lattice Instabilities in TMDs, Peierls Distortion

Layered transition metal dichalcogenides (TMDs) have been observed to show a wide
range of lattice instabilities [156-161]. All metallic TMDs undergo some type of lattice
distortions with varying strength. In group V. TMDs (M = V, Nb, Ta), the transition
metal ion has the formal electronic configuration of d!. In these TMDs, the distortions
lead to charge-density-wave (CDW) phases [157] for both 1H and 1T. There has been a
lot of controversies in literature as regards to the origin of distortion in group V TMDs.
Initially it was attibuted to a Peierls mechanism based on the Fermi surface nesting
argument [165,166], later challenged by others [167]. There have come up proposals based
on real-space chemical bonding arguments [158,169]. In group VI (M = Mo, W) TMDs,
the transition metal ion has the formal occupation of d2. They are mostly found stable in
1H polymorph, but they also occur in 1T polymorph. 1T phase undergoes a distortion to
end up in 1T’ phase which is metastable. Lattice distortions are much stronger [174,175]
in them. This 1T phase has a periodicity of 2 x 1 [170,171]. A Peierls nesting mechanism
was suggested for certain Mo dichalcogenides [172,173] as the possible way of distortion.
This hypothesis is based on the observation of pockets in Fermi surface that are nested.
Group VII TMDs with d® formal electron configuration are found in 1T phase which is
highly unstable and transforms into a strongly distorted form, referred to as 1T. 1T”
structure has a periodicity of 2 x 2. In 1T” structure, the transition metal ions tetramerize
to form diamond shape clusters. These clusters are connected at the corners to form chains
running parallell to each other [174,176]. Kertesz and Hoffman explained the distortion as

arising from strong interactions between in-plane d,, and d,2_,» orbitals [175]. Latest, a

-y
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notion has been conceived that the 1T” phase arises consequent upon a Peierls instability
of the 1T’ phase [177].

In a theorem, proposed by Rudolf Peierls in 1930s, he stated that a one-dimensional
evenly-spaced metallic chain of monatomic lattice with one electron per ion in its ground
state is unstable and spontaneously undergoes a transition leading to an insulating state
with periodic lattice distortion. The energy gap opening associated with the distortion
occurs at the zone boundaries. The proof of the theorem can be given using a simple model
of a 1-D crystal with lattice spacing a [155]. Gaps appear at the edge of the Brillouin
zone ka=4m in the E-k diagram. This is similar to the Kronig-Penney model employed
for studying the origin of band gaps in solids. Each ion contributing one electron will lead
to half-filled band, i.e. upto ka=4x/2, in the ground state.

a
o> <9 o> <9 o> 9
2a

Figure 1.9: Movement of ions in Peierls Distortion for a linear chain of ions

In Peierls distortion in 1-D chain, every other ion moves closer to its neighbor on one side
and further away from the neighbour on the other side [Fig. 1.9]. The energy cost in
creating the longer bond between ions is outweighed by the energy gain in the formation
of the shorter bond [Fig. 1.10]. As a net effect, the period of the lattice has just doubled
from a to 2a along the chain. As a consequence of doubling the period, additional band

gaps would appear at multiples of ka=+7/2 [Fig. 1.11].

short, strong bonds, higher electron density

weak bonds

Figure 1.10: Schematic of Peierls Distortion

Introduction of the new band gaps will cause distortion of the bands in the vicinity of the

these gaps resulting in the electrons having a lower energy than they would have in the
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perfect crystal. Thus there is a energy gain due to the distortion of the bands. The lattice
distortion becomes energetically favorable when the energy gain from the new band gaps

exceeds the energy cost of reorganizing the ions.

(a) 2 (b) .

Figure 1.11: E-k dispersion curves (a) before and (b) after Peierls Distortion

It is important to mention that Peierls transition should be observed only at low tem-
perature, when the system is close to its ground state. Because of the nature of the
distortion where pair of ions come closer together on a periodic fashion, this is also called
dimerization. According to Peierls, the energy gain from a distortion that we are talking

about can be expressed as
AE oc —7%log(7) (1.1)

where 7 is the relative displacement of atoms from their symmetric positions. The distor-
tion happens to be periodic in a way that the Fermi surface intersects the edge of the Bril-
louin zone. For small distortions, the energy gain in Eq. 1.1 exceeds the repulsion between

the atoms which varies as 72

. Thus the one-dimensional chain is intrinsically unstable.
For half-filled valence bands, it leads dimerization of the chain in which every second atom
is displaced by 7. This results in the largest energy gain. One-dimensional carbon chains
undergo dimerization [178,179] that is thought to be resulting from Peierls distortion.
More complex three-dimensional crystals also host Peierls-like transition [180-183]. The
main concept was that lowering of energy band at the Fermi level is the reason behind
the distortion. Johannes and Mazin [184] analyzed a system of Na atoms and argued
that dimerization along the chain is energetically unfavorable. D. Kartoon, U. Arga-
man, and G. Makov reported [185] that “the distortion is not universal but conditional
upon the balance between distorting and stabilizing forces”. They studied the stability
of quasi-one-dimensional equally spaced monatomic chains on the basis of total energy
consideration. Three-dimensional calculations were employed to describe one-dimensional

lattices. This is the reason they called them quasi-one-dimensional. Considering all the
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energy components, they arrived at the conclusion that in the process of dimerization,
it is the coulomb energy that dominates the energy gain. So the main driving forces for
distortion are the electrostatic interactions between the electrons and ions. This is in
contradiction to the earlier held notion that the electron band lowering at the Fermi level
is responsible. This opening of the energy gap at the edges of Brillouin zone is only one of
several factors contributing to the energy gain. This may cancel with other contributions.
The chains are driven toward their symmetric arrangement by the action of stabilizing
force derived from the electronic kinetic energy which causes an energy loss. External
factors e.g., stress, affect both forces and consequently the instability of one-dimensional
nanowires. So the instability of one-dimensional chains is not a universal phenomenon,

rather is found to be dependent on the external stress.

Strain Engineering of Physical Properties in TMDs

Strain engineering has been largely exploited in semiconductor physics over past few
decades. 2D materials has far greater capacity to withstand elastic strain than bulk
materials. This makes 2D materials useful for strain engineering. Compared to bulk
materials, 2D materials have more ways of inducing strain via in-plane and out of plane
deformation. Even a small amount of strain can largely alter the physical propertiesa in
2D materials.
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Figure 1.12: PL spectra of bilayer WSey at different strain. Inset shows the optical
microscope image of the bilayer WSe, flake. Reproduced from [194].
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Electronic structure of 2D materials are altered by strain where the band gap changes
significantly with strain [194,195]. Under uniaxial homogeneous tensile strain, the PL
intensity changes and the PL peak position shifts for bilayer WSe, [194] [Fig. 1.12]. There
also takes place a transition from an indirect band gap to a direct band gap structure
with uniaxial strain in MoS, [195], WS, [196] and WSe,. For nonhomogeneous strain as
in the presence of wrinkles or bubbles, PL intensity is enhanced and the PL peak position
shows a red shift as a result of a ‘funnel effect’ [188,191]. Upon irradiation with laser, in
MoS, flakes with wrinkles, photogenerated excitons move to the vicinity of the wrinkles
which have maximum strain [Fig. 1.13]. They recombine there. Since these regions
have narrowest band gaps, it results in a red shift of PL peak position [188]. Band gap
modulation via strain depends on the number of layers in 2D materials [192,193,197], like
the band gap changes for monolayer and bilayer MoS, are found to be different under 1%
uniaxial strain [193].
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Figure 1.13: Schematic diagram explaining the funnel effect due to the non-homogeneous
strain in the wrinkled MoSs. Reproduced from [188].

Uniaxial or biaxial strain can modify the phonon structure of 2D materials which are
reflected in the splitting and shifting of Raman peaks. For monolayer graphene, uniaxial
tensile strain causes red shifts of G and 2D peaks and splits them [198]. For monolayer
of MoSs, uniaxial strain splits the E’ peak into E'* and E'~ as observed by Bolotin et
al. [199] [Fig. 1.14]. Red shifts of Ej, and Ay, peaks have been observed by Berry et
al. in the wrinkled parts of MoS, flake [200]. In anisotropic 2D materials, uniaxial strain
has dissimilar effects on Raman peaks when applied along various directions. For black
phosphorus (BP) [201], this anisotropic Raman response is predicted to be originated from
the changes of both bond lengths and bond angles upon applying strain in BP flakes.
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Figure 1.14: The splitting of E’ Raman peak of monolayer MoSs under uniaxial strain.
Reproduced from [199].

To induce magnetism in 2D materials, local strain has been proven to be an efficient
way. This facilitates application in spintronics. Strain can directly induce magnetism
in non-magnetic 2D materials. For example, ferromagnetism can be induced via biaxial
tensile strain in TaS, , TaSes, [202] NbSs, NbSey, [203] SnSes, [204] and M;C (M =
Hf, Nb, Sc, Ta, V) [205] monolayers, which are nonmagnetic otherwise. In NbSy or
NbSe,, emergence of spin-polarized states happen because the strain effects the magnetic
moments of S(Se) atoms and Nb atoms differently. Ferromagnetic behaviour is found as a
result of a competition between through-bond and through-space interactions. For some
2D materials, like graphene and MoS,, strain engineering can be combined with doping
or defects to induce and modify magnetism. Strain induced by wrinkles or web buckles

are the widespread in inducing magnetism in nonmagnetic 2D TMDs.

applying tensile strain -G oo A
metalization $€->K_O -;Q?c?:_o-)(%’

releasing tensile strain :
6.1 A 9 :

"R insulation

Figure 1.15: Semiconductor to metal transition in MoTe; induced by strain. Reproduced
from [207].
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Monolayer Mo and W based TMDs are likely to undergo a phase transition from semicon-
ducting 2H phase with trigonal prismatic structure to metallic 1T and 1T" phases with
octahedral and distorted octahedral structures upon applying uniaxial strain, like what
has been achieved in MoTe, [207] [Fig. 1.15].

The entire process occurs in steps, in which a coexistence of 2H and 1T phases is reached
in the intermediate timeline before it completely transforms into 1T'. Upon releasing the
strain, MoTey returns to the 2H phase. In intrinsic 2D magnets, there happens coinci-
dence of atomic and magnetic phase transitions under strain. For example, in Crls [208]
and Re-doped MoTe, [209], in-plane strain can cause transformation from ferromagnetic
phase to Neel antiferromagnetic or ferrimagnetic phase. Such a synchronicity of struc-
tural and magnetic phase transition makes way to novel spintronic and phase-switching
devices. Moreover, in 1T WTes,, transition from semimetal to topological insulator phase
is predicted [210] .

The enhancement in electron mobility [211,212] upon uniaxial and biaxial strain has
offered opportunities for application in transistors and improving the performance of
FETs [213]. The piezoresistivity and piezoelectricity in strained 2D materials renders

them suitable for applications in the sensors and photodetectors [214].

-2

(a) 4% 1 14.5% A (c) 18%
-4 -4 \ 4
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Figure 1.16: Electronic band structures of antimonene under different tensile strains ob-
tained from DFT calculation within HSE functional. The energy at the Fermi level was
set to zero. Band inversion has taken place around I" for strain larger than 14.5%, as in
(c). Reproduced from [216].

Strain can be employed to drive interesting topological transitions in 2D materials. First-
principles calculations indicated that topological insulating (T1T) state can be induced in
antemonene by applying biaxial tensile strain larger than 14.5% which would reduce the
buckling height of the lattice [216]. Hybridization of atomic orbitals get modified by
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the reduction of buckling height. This leads to band inversion in the vicinity of the T’
point [Fig. 1.16] which makes the transition happen from normal semiconductor to a
nontrivial topological insulator. This phase transition induced by strain is reversible and
can be controlled. Dissipationless transport can be achieved in antemonene above room
temperature owing to this transition which makes it befitting for future electronic devices

with low power consumption.

Energy (eV)

1
N

1 |
M r K M r K

Figure 1.17: Band structures of $-InSe, with the upper row corresponding to unstrained
p-InSe (a) without SOC and (b) with SOC; the lower row corresponds to band-inverted
p-InSe (c¢) without SOC and (d) with SOC. The horizontal dashed red lines indicate the
Fermi level. The inset in (d) is a magnified view near the Fermi level. (d) shows an
insulating phase with a band gap of 121 meV established. Reproduced from [220].

C. Moulsdale et al. demonstrated that the topological characteristics get enhanced for
the electron states in bilayer graphene by application of strain. As a result, large topo-
logical magnetic moment generates. L. Li et al. [217] have studied the effect of strain in
zigzag ribbons of monolayer transition metal dichalcogenides. In the absence of strain, the
system exhibits a topological phase. By inspecting the wave functions, they studied the
evolution of the topological phase against application of in-plane uniaxial strain. Strain

is found to shift the energy of 1D edge states leading to a topological phase transition.
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Using first-principles calculations, Zhang et al. [218] have found that the electronic struc-
ture of buckled 2D monolayer tellurium can be tuned by application of strain, and leads
to a topological phase transition. In 1T WTe, also, the electronic structure can be tuned
via strain engineering, where uniaxial strain can open up a gap and make the material
insulating. This phase transition has been confirmed by molecular beam epitaxy and in
situ scanning tunneling microscopy or spectroscopy [219]. -InSe can transform into novel
three dimensional topological insulator (TT) when subjected to external strain [220], as
has been predicted by ab initio calculations [Fig. 1.17]. SOC further opens a large gap
of 121 meV. First-principles calculations demonstrated that with proper strain engineer-
ing, ferroelectricity and topological orders can be simultaneously established in perovskite
CsPbl; [221].

Overview of the Thesis

This thesis deals with the electronic properties of semiconductor heterostructures. We use
the term heterostructure loosely in the thesis and a large part of it is devoted to studying
the properties of transition metal dichalcogenides (TMDs), which are 2D layered materials
that are homostructures where the atoms of one layer sit on top of the atoms in the next

layer with the adjacent layers interacting via weak van der Waals force.

In Chapter 2, the theoretical concepts behind the calculation carried out in the thesis
have been discussed along with the techniques employed. The electronic structure of
the materials have been calculated mostly using density functional theory and sometimes

using tight binding model, both of which have been discussed in this chapter.

In Chapter 3, we have tried to probe the type-I to type-II electronic structure transition
occurring in GaAs/AlAs heterostructures, where a GaAs region is sandwiched between two
AlAs regions on both sides. We enquired whether the transition occurs abruptly or it takes
place gradually over few monolayers. We followed the variation in the localization of the
charge densities of carriers as a function of reducing thickness of the confinement region.
We identified a sudden delocalization of electronic charge densities of the conduction band
minimum occurring between 10 and 9 GaAs layers. This shows that the transition from
type-I to type-II structure occurs abruplty in the system. To support our conclusion
and also to understand the mechanism of the transition more clearly, we calculated the
oscillator strength, which is a measure of the transition probability, for direct transition
between VBM and CBM. Our result for transition probability supports our conclusion
regarding the abrupt nature of the transition. We also calculated the spectral weight of

various primitive cell characters present in the CBM and VBM of the supercell structures.
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The spectral weights show that the Gamma characater in CBM vanishes as we move from
10 to 9 GaAs layers, which is explained by the delocalization of the electronic charges
into the AlAs region. Both the oscillator strength and the spectral weights show sign
of interface scattering. All these results evidently establish the abrupt nature of the

transition.

In Chapter 4, we studied the electronic phase transition in group IVB transition metal
dichalcogenides upon replacement of anions. We took ZrX, and HfX, for our studies. We
found a semiconductor to metal transition upon replacing Se with Te. We first checked if
charge transfer energy, which is the energy difference between the metal d and chalcogen
p states, is playing the fundamental role in making the transition happen. Our results,
as obtained from mapping the ab-initio band dispersions onto a tight binding model,
indicated that charge transfer energy doesn’t account for the phenomena. Next we looked
if the metal-chalcogen bond lengths, which influence the hopping interaction strength
between the metal and chalcogen ions, are important. We found that the metal-chalcogen
bondlength is larger for Te coumpounds than the Se ones, which would lead to smaller
hopping interaction strength for Te compounds. As a result, the gap opening becomes
smaller for Te compounds. This shows that the transition from semiconductor to metal

is dictated by the metal-chalcogen bondlengths.

Mo and W based TMDs are found in 2H polymorph in their ground state. But group
IVB compounds prefer 1T structure as their ground state configuration. We enquired the
reason behind the difference. We found that ZrXs in 2H structure would turn metallic
with some of the notionally antibonding states, primarily contributed by d orbitals of the
metal ion, coming down in energy to cross the fermi level. So the system prefers the 1T
structure as it gains energy by vacating the d orbitals. We supported our results further

with the comparison of the band energies computed for both 1T and 2H structures.

In Chapter 5, we explored our interest in the electronic properties of ReS,, which appear
to be unusual as compared to other TMDs. MoS, prefer 2H polymorph as its ground state
and Mo has a d? configuration in MoS,. Crystal field splitting in 2H structure leads to
the degeneracy lifting of d states of Mo, and the lowest lying level gets occupied by the
2 electrons in the d shell of Mo. This makes MoS, semiconducting. But Re has a d3
cofiguration in ReSy and is still semiconducting, which is strange. Upon looking at the
structure of ReSs, we found that the Re planes consist of diamond chains, which are
one-dimensional chains of interconnected clusters of Re ions. Each cluster is comprised
of 4 Re ions in the shape of a parallellogram. We conjectured that it is the formation
of such Re clusters that may have played the fundamental role in making the material

semiconducting. Using tight-binding model, we switched off various components of the
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interactions within the Re plane and we arrived at the conclusion that it is the mutual
interactions of Re ions within each cluster that is responsible for opening up a band
gap and making the material semiconducting. There is another aspect of ReS, that is
unusual. This is the negligible thickness dependence of the bandgap with the number
of layers. This is in contrast to what have been observed for other TMDs. We found
that it is the strong localization of the wavefunctions associated with the valence band
maximum (VBM) and conduction band minimum (CBM) in the Re plane that leads to

weak interlayer interaction and consequently the weak layer dependence of the bandgap.

Chapter 6 is devoted to investigating the evolution of the electronic structure of mono-
layer ReSs upon application of strain. We found the emergence of a double hump like
feature in the valence band upon compression along in plane lattice vector b. This offers a
fertile ground to induce a topological phase transition of the Fermi surface by doping the
system with carriers. We also observed a band inversion taking place upon compression

which we verified by analysing the charge densities and orbital projected band structures.
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Chapter 2

Theoretical Concepts

2.1 Introduction

In quantum mechanics, all the material properties are derivable from a knowledge of the
wavefuncion which is a function of many variables. By solving the Schrodinger equation
we can find the wavefunction which completely describes the state of a system and from
it we can work out all the measurable quantities. Materials are collections of mutually
interacting nuclei and electrons which interact among themselves through electrostatic
Coulomb interaction. Nuclei, being almost ~1800 times heavier than electrons can be
treated as classical particles fixed at lattice sites, whereas the electrons are treated quan-

tum mechanically.

Presence of more than one mutually interacting electrons which repel each other elec-
trostatically, makes it a many-body problem and the solution of it requires a many-body
Schrodinger equation to be solved which is a difficult task. Various computational methods
have come into existence in an attempt to get an approximate solution to this many-body
problem. But all these methods fall quite insufficient while dealing with large systems.

They can handle at most up to 1000 electrons and they are computationally costly.

So, exact many body wavefunction remains impossible to determine for most systems. As
an approximation, the many-particle Schrodinger equation is reduced to some effective
single particle equations which are easier to solve. In 1960’s, Hohenberg, Kohn and Sham
formulated Density Functional Theory which reduces this many-particle problem into an
effective single particle problem. In DFT, the total energy of a system is expressed as a
functional of its electron density E [n(r)]. From a knowledge of the ground state electron

density one can uniquely determine the ground state energy of the system as well as the

37



38 Chapter 2 Theoretical Concepts

ground state electronic structure. It greatly facilitates the problem as it effectively reduces
to working with a quantity which is a function of only three variables, rather than finding

out the complex wavefunction of 3N variables, where N is the number of electrons.

We use Vienna ab initio Simulation Package (VASP) [2,3] which implements DFT to
calculate the electronic structure and structural properties of the systems. DFT has
become a standard tool for studying material properties and understanding them at the
atomic level. It also turns out to be very useful in predicting material properties which
are challenging to probe experimentally as in extreme conditions, as shown in the work
of Umemoto, Wentzcovitch, and Allen [4].

In this chapter, we give a brief introduction to the density functional theory and its
implementation as a density functional based approach. We also represent some technical
details used in DFT based computations. For a periodic solid, the electronic states are
described in terms of Bloch states [5] which are delocalized/extended electronic states,
each assigned a quantum number k for the crystal momentum, together with a band index
n. An expansion of these states in terms of plane waves as basis states are preferred. Apart

from this, alternative representations are in use too.

In Wannier representation, a real-space picture in terms of localized orbitals is provided
[6-8]. Each wannier function is assigned the lattice vector R of the unitcell where the
orbital is localized, together with a band-like index n. These two quantities serve as
quantum numbers in this scheme. Wannier functions can be a potent tool in the study
of the electronic and dielectric properties of materials. It has got an extra advantage of
lending insight into the nature of chemical bonding, which is absent in the band picture
of extended orbitals [9]. The VASP to WANNIER90 [10-12] interface allows us to map
the Bloch states onto Wannier functions, localized on the respective atoms via a unitary
transformation. This provides us a tight binding representation of the Hamiltonian in
the basis of the maximally localized Wannier functions. It allows us to calculate bonding
energies of specific inter-atomic bonds. So, we also give a brief introduction to Wannier

functions and its properties.

2.2 Formulation of Density Functional Theory

2.2.1 Many body Hamiltonian

The electrostatic interaction between the nuclei and the electrons determine the electronic

property of a solid. The properties of such a collective system of interacting charge carriers
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are governed by the time independent Schrodinger equation which has a simple form of
an eigenvalue equation Hiy=FEy. Here H is the many-body Hamiltonian and ¢ is a set of

eigenstates of H.

H can be expressed as summation of the kinetic energies of the charge carriers and their

mutual electrostatic interaction potential energies.

I " Z1Z e AT
H—_Qme;v?_g_]w[;vi Z|rz—rj| Z’R[—Rﬂ ;m21)

In the above equation, the variables ¢ and j refer to the electrons whereas the indices
I and J correspond to the nuclei. r; and Ry are the positions of the electrons and the
nuclei respectively. Similarly m, and M, represent the masses of the electrons and nuclei

respectively. Zye is the charge of the nucleus and A is the Plank’s constant.

The first term in 2.1 is the kinetic energies of all the electrons collectivel, the second
term is that of the nuclei. The Laplacians involve second derivative with respect to the
electronic and ionic coordinates. The third term is the electron-electron repulsion. The
fourth term is the repulsion among the nuclei. The fifth term represents the attractive

Coulomb interaction between the electrons and the nuclei.

Equation 2.1 can also be written as

H = Te(r) + TN(R) + ‘/ee(r) + VNN(R> + ‘/;N(ra R) (22)

In 2.2, R represents a set of nuclear coordinates, and r represents electronic coor dinates.
T.(r) represents the kinetic energy of the electrons and and V. (r) the electron-electron
Coulomb repulsion. T (R) and Viyy(R) represent the kinetic energy of the nuclei and
repulsive interaction between them respectively. The last term V_n(r, R) represents the
interaction between electrons and nuclei and couples the electronic and nuclear degrees

of freedom.

By solving this many-body Hamiltonian using Schrodinger equation we can get the wave-
function that contains all the relevant information regarding the system. But presence
of a large number of coordinates and their mutual coupling make it a difficult task. So
we resort to various approximations to make it easy. One such approximations is Born-

Oppenheimer Approximation which will be discussed in the next subsection.
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2.2.2 Born-Oppenheimer Approximation

The last term in 2.2 couples the nuclear coordinates with the electronic coordinates and
makes the problem difficult. In the absence of the term, the total wavefunction could
have been written as a product of electronic and nuclear parts ¢ (r; R) = ¢(r)n(R). Since
the nuclei are ~1800 times heavier than the electrons, we can assume that the nuclei are
relatively fixed in position as compared to the electrons. So the R dependence becomes
parametric. The electrons move much rapidly in response to a small change in nuclear
configuration and hence for a given nuclear configuration, the electrons are always at their
ground state. This allows us to separate the nuclear and electronic degrees of freedom.
This is an Adiabatic Approximation called Born-Oppenheimer Approximation, named
after Max Born, and J. Robert Oppenheimer [12].

As the nuclei are considered fixed, their kinetic energy can be ignored and the nuclear-
nuclear interaction term can be considered a constant and is called Madelung energy [13].

Thus the Hamiltonian after applying Born-Oppenheimer Approximation becomes

Hgo 4 =To(r) + Vee(r) + Von (r, R) (2.3)

For any system, the first step would be to get the solution for the hamiltonian, which
would give the ground state energy of the electrons . This ground state energy of electrons
can be expressed as a function of nuclear positions R, E¢({R}). This is called adiabatic
potential energy surface of the electrons. Once we know the adiabatic surface, we can

trace the evolution of the ground state energy with change in nuclear configuration.

The adiabatic approximation facilitates the solution of the problem by simplifying the
form of the hamiltonian to a great extent. But even after BOA, the simplest form of
electronic hamiltonian 2.3 is difficult to solve. This is because of the presence of the term
Vee(r) which represents the electron-electron repulsion. It prevents us from separately
writing out the wavefunction for each electron without requiring to have a knowledge of
the other electrons. If this term was absent, the system under study would turn into a
non-interacting many-electron problem. Then the many-body schrodinger equation would

reduce to a set of single-particle equations of the form

hip(r;) = €p(r;) withi =1,2,3....N (2.4)

where N is the total number of electrons and h; is the summation of the kinetic as well as
the potential energies of the i'* electron. Each of these single-particle equations yields the

same set of eigenfunctions ¢, with eigenenergies ¢,. Thus the ground state wavefunction
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of the many-electron system is given by some simple or complex product of the lowest
energy eigenstates ¢1(ry), ¢o(ra), @d3(rs), ....... dn(rn) associated with the 15t | 2nd
N clectron respectively. In band theory of periodic solids, the same approach has been
adopted and these single-particle states are called Bloch states [5]. But due to the presence
of the electron-electron repulsion term, the wavefuction for an individual electron can’t
be found without knowing the wavefuctions for all the other electrons. This makes it
a many-body problem and we have to make additional approximations to reduce it to
single-particle problem. Various methods have been formulated to this end. Hartee-Fock
and DFT are the two successful theories satisfying the need. A short discussion has been
given in the following chapters on Density Functional Theory (DFT) which underlies the

analysis used in the work presented in this thesis.

2.2.3 Density Functional Theory (DFT)

Hohenberg and Kohn, in 1964, developed Desity Functional Theory (DFT) [15] to solve
the many-body problem and explore its ground state properties, whose aim was to reduce
the number of variables involved. We used DFT as implemented in Vienna Ab-initio
Simulation Package (VASP) [16-19], to study the electronic structure of materials. What
was fundamental in DF'T was based onn the proposition that all the properties we ca ask
about a system in its ground state are derivable from a knowldge of its ground state electro
density which is a function of only three variables. The physical interpretation of this
electron density is the probabilty of finding an electronn in a specific location around an
atom or molecule. Density for an N-electron system is derived from normalized N-electron

wavefunction.

Mathematically, density for an N-electron system can be given as

n(r;) = N/\IJ*(rl, s Ty, TN)W(ry, s - 1y, ey )drydradrs. dr gy .dry (2.5)

Integrating the electron density over all space gives the number of electrons. This electron
density is a measurable quanity and can be measured by X-ray diffraction experiment
[20]. The greatest advantage of using the electron-density instead of the N-electron wave
function is that it allows us to work with ony three varaibles instread of 3N number of
coordinate where N is the number of electrons. If we are able to express the total energy
of the electronic system as a functional of the electron-density n(r), i.e. E[n(r)], then

applying variational principle we can get the ground state electron density ng(r) that
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gives the ground state energy Ey[n(r)] , and from it all the relevant information regarding

the ground state of the electronic system including the ground state wavefunction ¥y.

Similar to the single-particle density in 2.5, a two-particle can be defined as follows

n<ri7rj) - N/‘II*<I.17 =, Iy, ",I'j : ',I'N>\1/(I'17 =, T, "7rj : ',I'N) (26)

drldrg . -dr(i_l)dr(H_l) . -dr(j_l)dr(jH) . 'dI'N

which is the probability of finding an electron at r; in the presence of another electron at
I'j.
For a system of two completely uncorrelated electrons, this two-particle density can be

written as a product of the single-particle densities for the individual electrons as
n(r;,r;) = n(r;)n(r;) (2.7)

But for real systems, there are interactions between two electrons, an in that case the

two-electron density is written as

n(r;,r;) = n(r;)n(r;)An(r;, r;) (2.8)

where An(r;,r;) is the correlation term.

It was the hypothesis, that a knowledge of the ground-state density, n(r), for any electronic
system uniquely determines the system, that became the starting point of modern density
functional theory(DFT) as formulated by Kohn, Hohenberg, and Sham. The validity of
density functional theory rests on two fundamental mathematical theorems proposed by
Hohenberg and Kohn [21] and the derivation of a set of equations by Kohn and Sham [22]
in 1960’s.

2.2.4 The Hohenberg-Kohn Theorems

Theorem 1 : The external potential V,,;(r) of a system of electrons is uniquely deter-
mined by the ground state electron density n(r). Since V. (r) in turn fixes H, the full

many particle ground state is a unique functional of n(r).

Proof: Let V} be an external potential yielding ground state density n(r). The hamiltonian

is H; whose ground state wavefunction is ¥ and ground state energy F;. Hence

Hl\Ijl = El\Ifl. (29)
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Let there be another external potential V5 that yields the same ground state electron
density n(r). The hamiltonian is Hs whose ground state wavefunction is Wy and ground

state energy Fs.

Hy Uy = EyU,. (2.10)

v, and V5 differ atleast by a contant. Hy =T, + V.. + Vi and Hy, =T, + V. + V5, where

T, is the kinetic energy of the electrons and V. is the electron-electron repulsion term.

From 2.9,
Ey = (U, |H,|¥,) (2.11)
= (U[Te + Vee| V1) + (P4 V1]¥y) (2.12)
= (U1|T, + Vo |¥y) +/n(r)1/1(r)d3r (2.13)
From 2.10,
= (Ua|Te + Vee|Wa) + (V2| V2| W) (2.15)
(W |T, 4+ V| W) + / n()Va(r)dr (2.16)

Now since Wy does not corresponds to the ground state wave-function of H, we can write

the following inequality

E1 < <\I’2|H2|\IIQ> + <\I[1|[H1 — Hg]l\II1> (218)
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By < (WoHy|Wy) + (W4|[Vi — V][ W)
In terms of density,
E, < E —i—/n(r)[Vl(r) — Va(r)]|d®r
Similarly we can obtain an expression for Fs
E, < Ej+ /n(r)[VQ(r) — Vi(r)]|d®r
Adding the above two equations we have
.&+Eb<Eﬁ4ﬂ+/ﬁ&mﬂﬂ—V%Mfr+/ﬁ@mﬂﬂ—vﬂﬂfr
or
Bit B < Bt it [ @) - Vo)t = [ n@lte) - vate)ds
which finally gives

Ei+FE, < Ey+ E

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

This is a contradiction and hence proves that there cannot be two different V., (r) that

yield the same ground state electron density, or, in other words, that the ground state

density uniquely specifies the external potential V. (r).

Theorem 2 : The statement of the second theorem is that the energy of a system can

be written as a functional of the electron density, E[n(r)]. This functional delivers the

lowest energy if and only if the input density is the true ground state electron density of

the system ny(r).

Eln'(r)] = Elno(r)]

(2.25)
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2.2.5 Kohn-Sham Formulation

For a system of N interacting electrons, the Hamiltonian can be written as H = T,+ V.. +

V.t The toal energy can be written as a functional of the electron-denstiy as
E[n(r)] = T[n(r)] + Ee[n(r)] + /n(r)Vext(r)dgr (2.26)

T[n(r)] is the kinetic energy and V,.(r)] is the electron-electronn repulsion term. THe

first two terms together can be written as
Fln(r)] = Tln(r)] + Eecln(r)] (2.27)

Fn(r)] is called Hohenberg-Kohn functional.

The ground state energy can be obtained by minimizing the energy functional variationally
subject to constraint that the total number of electrons N [[n(r)d*r = N] remains

constant. This leads to

6n(zr) {F[n(r)] + /n(r)‘/ext<r)d3T — ML(/”(T)dBT - N>] =0 (2.28)

with the Euler equation

_ 0F[n(r)]

ML = T(r) + Ve (T) (2:29)

where p, is a Lagrange multiplier.

The actual form of the energy functional in terms of density for a system of interacting
electrons is unknown. In practice some approximation is used. A way round the problem
is to replace the system of interacting electrons with a hypothetical non-interacting one

with the same ground state electron-density as the interacting system.

Then the density of this system of non-interacting electrons can be written in terms of

single-eletron wavefunctions as

N

n(r) =2 ¢i(r)ei(r) (2.30)

=1

the factor 2 is here to take into account the spin-degeneracy.
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Now the Hohenberg-Kohn funcational can be written as a sum of three tarms,

Fln(r)] = To[n(r)] + Eu[n(r)] + Excln(r)] (2.31)

To[n(r)] is the kinetic energy of the non-interacting electron gas with density n(r) and

can be written in terms of the single electron wavefunctions as

Tln®)] = Y {6 - o 7 I (2.52)

Ey[n(r)] is the classical electron-electron replusion energy called the Hartree energy.

Euln(r)] = 5 / / %d?’rd%/ (2.33)

Ex¢ is the exchange-correlation energy which contains the correction terms to compen-
sate for the difference between the actual interacting system and the hypothetical non-
interacting system of electrons. It is the summation of the difference in kinetic energies

between the two systems and the non-classical contribution to the electron-electron inter-

action.
Exc[n(r)] = T[n(r)] — To[n(r)] + Eee[n(r)] — Egln(r)] (2.34)
From 2.28,
) \ ;
Fn() Toln(r)] + Exln(r)] + Exc[n(r)] + /n(r)Vezt(r)d T — [ (/n(r)d r— N)( .35)
=0

which ultimately leads to the Kohn-Sham equations
h2
[—%VQ + Vem(r) + VH(I‘) + VXC(I’)]¢,L(I') = 6i¢’i<r> (236)

where ¢;’s are Kohn-Sham orbitals.

Vi (r) is the classical part of the Hartree potential which describes the Coulomb repulsion

felt by a single electron in any of the Kohn-Sham orbitals due the electron-density defined
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by all the other electrons in the system. This also includes the self-interaction energy, that
is the interaction of an electron with itself and the correction for it can be incorporated in
Vxc(r), for example in calculations using hybrid functionals, like HSE06. But in all the
work presented in this thesis, we have not done any calculation that included any such

corrections. The expression for Vi (r) would be

_ Euln(r)]

Vi(r) = S () (2.37)
Vxc(r) is the exchange-correlation potential given by
_ Exc[n(r)]
Vxo(r) = on(r) (2.38)
All the terms in 2.36 are known except Vxc. 2.36 can also be written as
hQ
[—%VQ + Vis(r)]oi(r) = eigy(r) (2.39)

We solve the Kohn-Sham equations for the alternative non-interacting system. The so-
lutions to the Kohn-Sham equations are the Kohn-Sham orbitals. The ground state
electron-density is calculated from the ground state Kohn-Sham orbitals. This ground
state electron-density equals exactly to the ground state electron-density of the interact-
ing system of electrons. Now ,to solve the Kohn-Sham equations, we need to know the
Hartree potential Vi (r). A knowledge of the Hartree potential Vi (r) requires a knowledge

of the density. Hence we solve 2.39 iteratively in the following steps:
Step 1 : The electron density is initially guessed by a trial function n(r).

Step 2 : Kohn-Sham equations are solved using the trial electron-density. The solutions

are the single particle wave functions ¢;’s.

Step 3 : From the single particle wave functions, we calculate the free energy E of the
system. We also calculate the electron density nxs(r) =2, ¢} (r)¢;(r) and therefrom,
the charge density. This calculated charge density is then mixed with the older one to

generate a new charge density.

Step 4 : We tally the new free energy E with the initial free energy. If they converge
to some defined precision, we accept this as the ground state energy and the associated
charge density as the ground state charge density. If the two values of free energy are

different, we begin again from step 2 with updated density.

This has been pictorially shown in Figure 2.1
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/ trial-charge pj, and mal-wavevectors ¢y, }

Hartree- and XC-potential and d.c.

set up Hamiltonian

subspace-diagonalization § <= Uy,

iterative diagonalization, optimize ¢,

subspace-dingonalization §,» = U b,

new partial occupancies fi;

new (free) energy E =Y, €, fr— d.c. —68

new charge density Pou(r) = L fuldu(r)[*

mixing of charge density pip, Pog = new pig

no — —
=" AE < Epear =
— e

i

Figure 2.1: Flowchart of DFT (Taken from Vaspwiki)

2.2.6 Approximations for Exchange-Correlation Functional

Here a general discussion is going to be provided on how the approximations are made
for the exchange-correlation functionals. If U be the ground state wavefunction for the

electronic hamiltonian for the system of N electrons, the expectation value for the electron-
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electron repulsion V. is given by,

(U|V,e|T) = d“ a3 (2.40)

!
where P(r,r’) is the pair density, means the probability of simultaneously finding an
electron at r where another electron at r'. For a non-interacting system, where there is no

correlation , the pair density is the simple product of the two individual electron densities,

/

pelassical(p vy = n(r)n(r) (2.41)

which gives the classical Hartree energy 2.33.

But quantum mechanically, due to exchange and correlation effects, the density of electron
at r gets reduced due to the presence of another electron at r'. As aresult, around each
electron, there is a depletion of electron-density, or hole. Taking into account the hole,

the pair density can be written as

!

PM(r vy = n(r)n(r) + n(r)nxe(r,r) (2.42)

nxc(r,r') is the exchange-correlation hole density. The exchange-correlaation functional
can be defined as [23],

Exc[n(r)] = /n(r)exc(r)d?’r (2.43)
where

2 !
e Nge(T,T) 4
€re(r) = — [ ——=d°r 2.44
0= [ (2.49)
is the exchange-correlation energy per particle. There are various approaches inn which
the functional €,.(r) has been constructed, and it depends on how the density has been

sampled around each electron.
Local Density Approximation(LDA ):

Local density approximation(LDA) was proposed by Hohenberg and Kohn in their original
DFT paper [21]. LDA approximates the exchange-correlation energy of a system at some
point in space by the exchange-correlation energy of a homogeneous electron gas (HEG)
of the same density at that point. Homogeneous electron gas is the only system for which

the electron density is explicitly known. The exchange-correlation functional is written
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in terms of the local density as

HEG

EEPAn(r)] = / n(r)e™™ (r)dr) (2.45)

here 51?0 (r), is the exchange-correlation energy density of a homogeneous electron gas of

density n(r). giiG (r) can be separated into exchange and correlation parts as,

(r) +e, (). (2.46)

Dirac derived this exchange part €§EG (r) analytically [23]. But the analytic expression

for the other term EEEG is known only in the limits of high [24,25] and low densities [26].
Generalized Gradient Approximation (GGA) :

For real systems, the density is not uniform. non-uniformity in density arises due to
spatially directed bonds. Generalized gradient approximation (GGA) takes care of this
non-uniformity by expressing the exchange-correlation energy in terms of density as well
as gradient of electron density. The exchange-correlation functional under GGA approx-

imation can be expressed as,

HEG

ES¢ [n(r)] = / n(r)ey. [n(r), [Vn(r)[ld*r (2.47)

Perdew and co-workers had done the most important work towards development of GGA
functional [27]. A number of variants have been devepoled depending on the ways the

grandient of density has been used, some popular forms of them are Perdew and Wang [28],
Becke-Lee-Yang-Par (B-LYP) [29-31] and Burke and Enzerhof (PBE) [32] functionals.

Meta Generalized Gradient Approximation (MGGA) :

The next type of correction is incorporated in Meta Generalized Gradient Approxima-
tion (MGGA) which also includes information of s7?n(r). The kinetic energy density

corresponding to the Kohn-Sham orbitals,

N

) = =3 |7 6o (2.48)

=1

is equivalent to the Laplacian of density, and hence is used in MGGA instead of v/?n(r).
The Modified Perdew-Burke-Johnson potential (MBJLDA) [34, 35] is an example of
MGGA and has been used in the work of the thesis. THis gives better accurcy for
the bandgap value.
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Hybrid Functionals :

Another approximation for exchange-correlation energy are hybrid functionals. It has
contributions from the exact (Hartree-Fock) energy with a GGA functional. Its general

form is

B = a(B{T - B§Y) + ESE" (249

FEF is the exact hartree -fock exchange energy calculated using Kohn-Sham orbitals.
This funcaiotnal is non-local in the sense that to evaluate it at a particular point, the
Kohn-Sham orbitals ¢;’s at all the other points need to be known. « is determines the
amountof mixing with exact exchange energy. One of the various hybrid functionals is
HSE, named after J. Heyd, G. E. Scuseria, and M. Ernzerhof [35]. These functional guve
accurate results for strongly correated systems due to their large self-interaction correction

but are computationally expensive due to their non-local nature.

2.3 Numerical Approximations for DFT Calculations

In DFT, a collection of atoms is defined by a set of equations (Kohn-Sham equations)
with an approximate form for the exchange-correlation functional. The solutions give us
the electronic structure of the system. These equations can’t be solved analytically. So
numerical methods are employed to solve them where they are solved iteratively to give
the ground state electron density. Some approximations are made to solve the numerical
problem. For example, integrations are done over a finite grid to reduce the infinite sum
into a finite one, which adds errors. So, an well-converged solution of the DFT problem
is very close to the exact solution. The numercal approximations are discusssed in the

following chapters.

2.3.1 Plane Wave Basis and Cut-off Energy

To numerically solve the Kohn-Sham equations, we need a basis set to expand the Kohn-
Sham orbitals. Since we are working with periodic crystal, the single-electron wavefunc-

tions, called the Bloch states, can be expressed as
gbk(r) = eik'ruk(r) (250)

uk(r) is a periodic function with the periodicity of the crystal, i.e. ux(r + nja; + nqag +

nsas) = uk(r) where aj, ay, az are the lattice vectors of the crystal and ny, ny, n3 are a set
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of integers. So, Bloch states are basically plane waves modulated by a periodic function
uk(r).

Since uy(r) is periodic, it can be expanded in terms of plane waves,
u(r) = Y Cae'S™ (2.51)
G

G here is the reciprocal lattice vector and is defined in terms of reciprocal unit lattice
vectors by,bs,bs as G = mby +mobs +mgsbgs for a set of integers my, my ;m3. Now using

the definition of uy(r) from Equation 2.51 into the Equation 2.50 we get
gbk(r) = Z C(;_;,_kei(G—i_k)'r (252)
G

Equation 2.52 involves a sum over infinite number of plane waves for infinite number of
possibe values of G. These plane waves have kinetic energies given by £ = %|k + G2
For practical purpose, we need to truncate this infinite sum to a finite one. This is done

by defining a cut off energy as

h2

Ecut - 5
2m

G2, (2.53)

So, only those plane wave whose kinetic energies are lower than the defined cut off energy
are included in the basis set. The error incurred in this approximation can be lowered by
increasing the cutoff energy until the energy of the system converges and no significant

variation in the energy is observed with further change in E.;.

2

3

Energy/atom(eV)

L | L | L | L | L | L | L | L | L
'§60 180 200 220 240 260 280 300 320 340
Cutoff Energy(eV)

Figure 2.2: Total energy per atom of fcc Cu using a 10x10x10 k-points grid as a function
of the cutoff
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Figure gives the convergence of total energy per atom of fcc Cu as a function of E.,.
GGA was considered for the exchange-correlation functional. A 10X 10X 10 Monkhorst-
Pack k-mesh was used for performing the k-space integrations. We can see from that,
changing value of E,,; from 300 to 320 eV, the total energy change per atom is less than
1 meV. Hence we can use F.,; = 300 eV for the above calculation for a well converged

result.

2.3.2 K-Space Integrations

In all DFT calculations, a large amount of time is spent in performing integrals over

Brilloin zone in k-space. These integrals have the general form [19],

‘/cell
g = 2r)? /Bzg(k)dk (2.54)

Here V. is the volume of the unit cell. In order to evaluate the intergral in 2.54 nu-
merically, we evaluate the value of g(k) at some finite k-points in the Brillouin zone with
proper weights. Such methods give more and more accurate results with increase in the
number of k-points, and the numerical result may converge to the exact result. There are
various methods in use to choose the k-points properly. The most widely used one has
been introduced by Monkhorst and Pack [39]. In this scheme, equally spaced k-points are
taken along various unit vectors of the reciprocal space. For a cubic cell, for example, the
reciprocal cell is also cubic. If N equally spaced points are taken along each reciprocal cell
unit vectors, then it will be labelled as Ny, x Nj, x N, k-mesh calculation. A calculation
is considered to have converged, if upon increasing the number of k-points, there is no

significant change in the energy value.
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Figure 2.3: Total energy per atom for fcc Cu as a function of N implying a Nj, x N, x
Ny, k-points calculation

Figure 2.3 shows the convergence of the total energy calculated using DFT, of fcc Cu as a
function of Ny. GGA was considered for exchange-correlation functional with a converged
E..; value of 300 eV. Changing the value of Ny from 7 to 8, the total energy change per
atom is less than 1 meV. Hence convergence is reached for 7 x 7 x 7 or 8 x 8 x 8 k-points

grid.

2.3.3 Pseudopotential and Frozen core approximation

The valence electrons in an atom are those which are chemically active as they take part
in forming bonds. Core electrons remain tightly bound to the nucleus. The wavefunctions
for the valenceelectrons show rapid oscillations near the core region, and for this a large
cutoff energy value is needed to represent the associated states in terms of plane wave
basis. This makes it computationally costly. A way to bypass the problem is to make
approximations that will replace the effects of core electrons in a way that will reduce the

computational cost by lowering the number of plane waves in the basis set.

A popular approach is to use pseudopotentials to replace the effect of the core electrons.
A pseudopitential replaces the charge density of core electrons with a smoothened charge
density that will lead to the same physical and mathematical properties. This is called
frozen core approximation. If |¢)°) and [¢") represent the wavefunctions for the core and

valence electrons respectively, then we can construct a smoother valence wavefunction
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|¢¥) that is orthogonal to |¢¢) as [40]

[0°) = [0*) + ) a(r) (2.55)

The values of «.’s are determined from the orthogonality condition (¢"[¢)°) = 0 here
the orthogonality condition o, = (¥)°|¢”) can be used to determine a,. These pseudo-

wavefunction satisfies the modified Schrodinger equation

H+y (e =€)y WI] 07) = €'[9") (2.56)
hence a pseudo Hamiltonian is given as

HPH —

H+Y (e - eC>|wC><wC\] (2.57)

This pseudo Hamiltonian has the same eigenvalues with smoother eigenfunctions. The

corresponding potential
VPP =V 4} (e = e)|ve)(u] (2.58)

is called pseudo-potantial. In 2.58, V is the nuclear potential. The second term is the
coorection term which is repulsive in nature, as (¢’ > €°) indicating the electrons feel a net
repulsion due to the core electrons. A schematic illustration of pseudo potential approach

is given in Figure 2.4
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/\ m s &

VCoul(r) ) V”S(r)

Figure 2.4: Schematic diagram of the Pseudopotential V5(r) and pseudo-wavefunction
#(r). The left figure shows valence wave function 1(r) and Coulomb potential V<o (r).
In the right figure, r. represents the cutoff radius beyond which the wave function and
the potential are not affected.(Taken from, Atomic and Electronic Structure of Solids, E.
Kaxiras, Cambridge University Press [38])

Beyond a cutoff radius r. the pseudo wavefunction and the pseudo potential coincide with
all electron wavefunction and the all electron potential respectively. Within r. a smoother

potential is experienced by the new set of valence states.

Constant efforts are there to generate pseudo-potentials which are accurate as well as
efficient. In norm-conserving pseudo-potential method, the all-electron and pseudo-wave
function agree beyond some chosen radius (r.). Sometimes the pseudo-potentials gen-
erated using this method not quite smoother. This problem was overcome in ultrasoft
pseudo potentials (USPP) introduced by Vanderbilt in 1990 [42]. The norm-conservation
criteria was relaxed in this case. The energy cutoff is very small and hence the number
of planewaves. Another popular approach better than USPP is projector augmented-
wave(PAW) method.

2.3.4 Projector Augmented-Wave(PAW) Method

One major disadvantage of using USPP’s is that the construction of the potential for
each atom requires the specification of a number of empirical parameters. The DFT
codes currently use ony those USPP’s which have been carefully developed and tested.
But, some of the codes use more than one USPP’s with various degrees of softness for

some elements [19]. The other frozen core approach that overcomes the difficulties in
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USPP is Projector Augmented Wave (PAW) method originally introduced by Blochl [49]

and later adopted for plane-wave calculations by Kresse and Joubert [50].

In this approximation, an all-electron wavefunction is constructed to calculate all the
integrals which is a combination of the smooth function over space and contributions
from localized muffin-tin orbitals [51,53]. As a result, we have the total wavefunction
which is a combination of wavefunction of the valence states ¢(r) as well as a linear
transformation function which relates an all electron valence function 7 (r) to Yo(r).

This is given as
Wi(r +Zwlwzm@ (2.59)

In this equation, the atomic site R is represented by the index i. |p;) represents the
projector functions for localized pseudo partial wave. They satisfy the orthogonality
condition, (fi;|¢;) = &; ;. In this formalism, the all electron charge density can be derived

from Equation 2.59 as
n(r) = a(r) + n'(r) — a'(r), (2.60)
here,
i) = AP (2.61)
ni(r) = Zfz ili;) 65 (1) () (Bl ) (2.62)
#®=:Zﬁ2mm@uammm (2.63)
In this expressions, f;’s are the occupancies of the eigenstates 1;@ n(r) is the pseudo-charge
density which is calculated from the pseudo-wavefunctions with plane wave basis. n'(r)
and n'(r) are the onsite charge densities localized within the augmented sphere around

each atom. The total energy of the system when calculated from these charge densities

can also be divided into three parts.

2.4 Van der Waals Correction: DFT-D2 Method

Long range non-local forces, such as van der Waals (vdW) are not incorporated in the

exchange-correlation functionals used in DFT. So additional estimations need to made to
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take into account these forces. DFT-D2 is one such approach, which was proposed by
Grimme [55]. A semi-empirical term which is attractive in nature is added to the total
energy calculated by DFT. This term takes into consideration the long range dispersive

forces and hence we call it Eg;,. The total energy thus becomes
Eprr—p2 = Eprr + Faisp (2.64)

Elisp is given as

Natfl Nat CZ]

Edisp = —Se¢ Z Z R_gfdamp (RU) (265)

The number of atoms in the system here is given here by N,. sg is a scaling factor and
it depends on the exchange correlation functional used. R;; is the distance between the
atoms ¢ and j. Céj are the dispersion coefficients between the ¢ — th and the j — th atom.

The singularity at R;; can be avoided by the damping factor fgum, (Rij) and is given as

1
1+ e—d(Ri; /Ry —1)

fdamp (Rzg) = (266)
For a pair of atoms, Ré’j is the cut off radius. It is given as the average of their van
der Waal radii [56]. d is a damping constant and it determines the steepness of the
function [55].

2.5 Introduction to Wannier Functions

The electronic structure of a periodic solid is described in terms of extended/delocalized
electronic states, called Bloch states [5]. Each of the Bloch states is assigned a reciprocal
lattice vector k for the crystal momentum and a band index n. This is widely used
in electronic structure calculations but alternate representations are also available. The
Wannier representation [6-8] is a real-space picture in terms of localized orbitals. It
assigns to each state, as quantum numbers, the lattice vector R of the unit cell in which
the orbital is localized and a band-like index n. Wannier functions can be a powerful
tool in the study of the electronic and dielectric properties of materials and can provide
an insightful picture of the nature of chemical bonding, otherwise missing from the band

picture of extended orbitals [9].



2.5 Introduction to Wannier Functions 59

In a periodic solid, the single-electron states for the system of non-interating electrons are

called Bloch states which have the general form
Onc(r) = Ui (r)e™ " (2.67)

where n is the band-index. u,x(r) is periodic in space with the periodicity of the lattice
ie. u(r+ R) = u,k(r) , where R is any lattice vector, R = nja; + nsas + nzaz. In
tight-binding approximation, a crystal is described in terms of a collection of localized
atomic orbitals where there is negilgilble overlap between the valence electrons. Then we
can express @, (r) as linear combination of atomic orbitals 1, (r) located at the lattice

points R :

Op(r) =) e Ry, (r—R) (2.68)

R

¥, (r — R) is the n'® atomic orbital at lattice point R. The wavefunction in 2.68 satisfies

Bloch condition,

Pu(r+R) =Y *®y,(r+ R-R)) (2.69)
-~
= *RY kR Ry (r (R - R)) (2.70)
~
= *Rp ) (1) (2.71)

The resulting energy bands show no dispersion with k. A way round te problem is to

define functions ¢, (r) that are some linear combinations of atomic orbitals as,
n(r) = bntm(r) (2.72)

In terms of these functions the Bloch states are represented as,

Ope(r) =Y e Fo,(r — R) (2.73)

R
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These functions ¢, (r — R) are called Wannier functions, which are the Fourier coefficients

of the inversion formula and are expressed in terms of the Bloch states ®,,x as,

/B ) [Em: U;;n%k(r)} e~k gk (2.74)

The Wannier functions ¢,(r —R) for all n and R form a complete orthogonal set to
describe the Bloch states.

an(r - R) =

V
(2m)?

In the Equation 2.74, V is volume of the unit cell and integration is over the whole
Brillouin zone. Uy is the unitary matrix which is used to mix the Bloch states at each k
point in the Brillouin zone of the crystal and is not a unique one. Depending upon the
choice of Uy, the spatial extensions of Wannier functions vary. This non-uniqueness of Uy
arise from the fact that orbitals represented by Bloch states belong to a set of bands that
are separated by energy gaps from each other but have degeneracies within themselves
and thus at each k point there will be many unitary transformations possible within
themselves. This makes uses of Wannier functions unsuitable for real problems. A way to
eliminate this arbitrariness was proposed by Marzari and Vanderbilt [11]. In this method,
iteratively redefined transformations would lead to uniquely defined set of maximally-
localized Wannier functions (MLWFs). This approach can be applied to a variety of
problems starting from an isolated system to a periodic solid. For the entanglement band

problem, this approach was extended by Souza et al. [12].
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Chapter 3

Type-I to Type-11 Electronic
Structure Transition in GaAs/AlAs

Heterostructure

3.0.1 Introduction

The formation of heterojunctions between two semiconductors paved the way for modern
day electronics [1,3]. Depending on the material, modifications in the layer thickness is a
route by which one can modify the location of the valence band maximum and conduction
band minimum in each layer, thereby modifying the band alignment between them [6].
One could therefore move from a regime where one had a confinement potential for both
electrons and holes, to one where one had a confinement potential for only one type of
charge carrier or sometimes for neither. Depending on the type of device envisaged, one
would like different types of band alignments. For instance, in cases where the material is
a part of a solar cell, separation of the photo-generated electron and hole is essential. In
these materials one would like a band offset in which the hole and electron are localized in
different layers, and so can get harvested easily [4,6]. The thickness dependence allows one
to modify the band alignments keeping the pair of materials the same [7]. The presence
of two different materials across the interface, brings in strain as an additional parameter

to tune relative positions of band edges [6].

The topic of semiconductor heterostructures is more than half a century old. With the
advent of molecular beam epitaxy which allowed a control of the thickness of each layer,

one had unprecedented control on the level of quantum confinement. This proved to be
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important from a basic science point of view as well as technological point of view and the
topic has been investigated extensively. Recent advances in colloidal synthesis [8] routes
have brought forth tremendous control on growth by soft chemistry methods. This allows
the growth of various II-VI semiconductor heterostructures with both layers containing
just a few monolayers. We therefore reinvestigate the evolution of the electronic structure
of the classic heterostructure containing GaAs and AlAs. As these semiconductors are
lattice-matched, strain does not play a major role in the modifications of the band offsets
that one finds. Using functionals that give us the band gaps of both GaAs and AlAs
quite accurately, we examine the localization of the electron and the hole wavefunction as
we explore the change in the nature of the confinement with decreasing layer thickness.
The issue of the abruptness of the change is an aspect that hasn’t been addressed before.
This is monitored by examining the charge density across the transition as well as the
oscillator strength for the band edge optical transition, suggesting how the nature of the
transition can be monitored experimentally. Looking at the nature of the envelopes of the
charge density distributions, assuming the carrier motions to be described by the outer
envelopes, we find that the standing waves generated by the presence of the interface
behave differently for the conduction band minimum and the valence band maximum.

This reflects the potential barrier at the interface.

At this point let us get introduced to some concepts that will prove useful in further

understanding and analysis of the problem.

What are the various types of heterojunctions that can be real-
ized 7

A heterojunction is the interface between two layers of regions of semiconductors with
dissimilar crystalline structures. These semiconductors have unequal bandgaps in contrast
to homojunctions that have equal bandgaps on both sides. The band alignment of a typical

heterojunction has been shown in Figure 3.1.

----------------------------------------- Vacuum level
ECA
ECB
Material A Material B
E I EVB

VA

Figure 3.1: The band alignments of a typical heterojunction



67

Semiconductor interfaces may come in three types of heterojunctions. Each of these three
types of heterojuntions has been shown with the respective band alignements in Figure

3.2.

Eca _I_ Ecn
A B Es A_‘— Ecs
EVA EVB
(@ (b)
ECA A
=
B Ecs
Ew
()

Figure 3.2: Three types of heterojunctions with the associated band alignents (a) type-I
(b) type-II and (c) type-111

In type-I heterojuntion, also called straddling gap heterojunction, the band alignment
is such that the bandgap of one material is completely contained in the bandgap of the
other. Both electrons and holes have their wells inside the same component [Fig. 3.2(a)]
leading to the confinement of electrons and holes in the same material. Both electrons and
holes need energy to travel from the material with smaller bandgap to that with larger
gap.

In type-II heterojuntion, also called staggered gap heterojunction, the band alignment is
such that the bandgaps of the two materials overlap. Electrons and holes have their wells
in alternate componenets of the heterostructure [Fig. 3.2(b)]. Confinement of electrons
and holes occur in the different materials. Here for the charge carriers to move from one
material to the other, one type of carriers need energy while the other type of carriers

gain energy.

In type-III heterojuntion, also called broken gap heterojunction, the bandgaps of the two
materials don’t overlap [Fig. 3.2(c)]. The well for electrons in the conduction band and
the well for holes in the valence band lie in alternate materials. The bottom of the well
for electrons lies below the bottom of the well for the holes along the energy axis. Here
again, like type-II, for the charge carriers to move from one material to the other, one

type of carriers need energy while the other type of carriers gain energy.

For practical purposes, various types of band alignment of the heterojunction are realized

upon taking various combinations of materials. Via doping in one or both the components,
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changes in the band alignement can be induced. We can mention, for example, InAs/AlSb
double quantum wells. They belong to the class of two-dimensional topological insulators
(2DTIs) that have an insulating bulk and gapless helical edges [9-12]. InAs/AlSb DQWs
have a type-1I broken gap band alignment with electrons and holes spatially separated.
The top of the valence band in GaSb lies above the bottom of the conduction band
in InAs. The two bands cross and the coupling of the electrons and holes opens up a
bulk gap [13-20] and there are gapless edge states. With doping, this DQWs can be
transformed into type-I structure that results in strong interband transitions [21]. Upon
proper doping, the InAs layer changes from a barrier to a well for holes. The associated

band bending converts the structure to type-I.

Semiconductior heterostructure quantum wells also provide opportunities for realiz-
ing band inversion and topological insulators. Mercury telluride/cadmium telluride
(HgTe/CdTe) semiconductor quantum wells come first in this category. These QWs ex-
hibits quantum spin Hall (QSH) effect, a state in which the topological properties are
different from band insulators. Upon varying the thickness, the material switches be-
tween normal to inverted band alignment at some critical thickness, associated with a
phase transition between a band insulator and a topological insulator showing QSH ef-
fect [22]. The rich topological properties in HgTe quantum wells can also be explored

with by application of strain [23] and temperature [24].

How a change in the band alignment can be triggered by increas-
ing the confinement : transition from type-I to type-II structure

the various primitive characters present in the CBM and VBM of the supercell In a
semiconductor heterostructure, an increase in the degree of confinement of charge carriers
by way of reducing the confinement length can shift the positions of the band extrema
between alternate components, thereby leading to a transition from one band alignment
to another. In the present project we are focussing on the prospect and nature of such a
transition in (AlAs)/(GaAs) heterostructures. We are now going to analyse the detailed
mechanism of a transition from type-I to type-II electronic structure known to occur
in (AlAs)/(GaAs) heterostructures. Such a transition can be triggered by reducing the
thickness of the confinement region of electrons and holes in the GaAs layers in the type-I
structure that will cause the conducton band bottom to shift from the GaAs layers to the

AlAs layers, resulting in a type-II band alignment.

The (AlAs)/(GaAs) heterostructure is composed by sandwiching a GaAs region in be-
tween two AlAs regions of both sides. When the thickness of the GaAs region is large, the
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conduction band minimum (CBM) lies inside the GaAs region. It provides a confinement
potential inside the GaAs region along the growth direction for the electrons occupying
the CBM. The barriers lie inside the AlAs regions on both sides. Similarly, the valence
band maximum (VBM) lies inside the GaAs region. This creates a confinement potential
inside the GaAs region for the holes occupying the VBM with barriers inside the AlAs
regions on both sides. As a result, both the electrons and holes get trapped inside the
GaAs layers which has a shorter bandgap of ~ 1.424 eV as compared to AlAs, which has
a bandgap of ~ 2.12 eV. Thus the lineup of the band extrema form a type-I electronic

structure for the system.

In parabolic band approximation [Fig. 3.3|, the band structure E(k) near the valleys at
the conduction band minimum and the valence band maximum inside the GaAs region

can be locally approximated as

g

'V

Figure 3.3: Effective masses of the electrons occupying CBM and holes occupying VBM
can be approximated by parabolas

where E(k) is the energy of an electron at wavevector k in that band, Eq is a constant
giving the edge of energy of that band, and m* is a constant (the effective mass). Hence,
the band structure is approximated as parabolas. It can be shown that the electrons or

holes in these band extrema behave as free particles with an effective mass.

We can therefore approximate the situation in type-I (AlAs)/(GaAs) heterostrcuture with
a particle in a box picture, where both the electrons occupying the CBM and the holes
occupying the VBM can be thought of as particles confined in a one-dimensional box

inside the GaAs region along the growth axis with barriers inside the AlAs regions on
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both sides [Fig.3.4]. The ground state energies of these fictitious particles inside their

respective potential wells will correspond to the band extrema.

EAlAs EAlAs

2 c
2| E GaAs
©

AlAs (}QA&S AlAs
GaAs
NI

EAIA5 EAlAs

v v

Figure 3.4: Electrons and holes confined inside the GaAs region in the type-I structure
of (AlAs)/(GaAs) heterostructure can be approximated with particles confined inside a
one-dimensional box along the growth axis.

The effective masses of the electrons and the holes can be computed from the curvatures of

the parabolas corresponding to CBM and VBM respectively using the following formula,

h?
M = BEm (3.2)
dk?
where % is the curvature of the parabola.

In our particle in a box picture, the charge carriers, considered as confined particles, are
supposed to be moving with these effective masses. Depending on the respective effective
masses, the pace with which the ground state energies of the electrons and the holes will
shift in response to a change in the thickness of the wells will vary. This will directly
correspond to the shift in energies of CBM and VBM with change in confinement inside
the GaAs region.

This seems obvious because the energy of the particle is inversely proportional to its

effective mass.

h2k?
2m*

E «x (3.3)
where m* is the effective mass of the particle. Here hk represents the crystal momentum.
k depends on the de Broglie wavelength which keeps changing with change in confinement

length.

Between the two types of charge carries involved, the ground state energy of the repre-
senting particle will rise faster for the one with a smaller effective mass as is implied by
[Eqn. 3.3]. This will decide whether the CBM or the VBM will move faster. It turns out



71

that the holes have heavier effective mass than the electrons [46]. So it is expected that

the VBM will move slower than the CBM upon confinement.
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Figure 3.5: Schematic depiction of the gradual transition from type-I to type-II band
alignment upon confinement in (AlAs)/(GaAs) heterostructure within particle in a box
approximation for the charge carriers : (a) Initial state of type-I alignment (b) Interme-
diate state with the CBM moving up and VBM moving down (c) Final state of type-II
band alignment.

Now, as we gradually start reducing the thickness of the GaAs region, the confinement for
the electrons and the holes increase. As a result, the ground state energies of the particles
in our model start rising inside their respective wells. This is equivalent to CBM rising
up and VBM moving down in energy inside the GaAs region [Fig. 3.5(b)]. This causes
a reduction in the barriers at the interfaces for both the electrons and the holes and an
increase in the bandgap inside the GaAs region. At some critical thickness, the barrier
for the electrons shifts inside the GaAs region which is equivalent to the CBM shifting
inside the AlAs region. At this point, the electrons get delocalized inside the AlAs region.
But the VBM is still lying inside the GaAs region and the holes are trapped in there
because of the confinenemt potential. Thus the structure changes to a type-II alignment
of band extrema [Fig. 3.5(c)]. The fact that the change occurs in conduction band and
not in the valence band is contributed by two factors. First one is that the band offset is
larger for VBM than for CBM. Secondly, the holes are heavier with a larger effective mass
than the electrons. This causes the VBM to shift slower than the CBM with confinement.

The mechanism of gradual transition from type-I to type-II structure is shown in Figure
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3.5. Our obejective is to investigate whether this transition from the type-I to type-II

structure takes place abruptly or it happens gradually over few monolayers.

(b) .
f_;.c (&)

OGa O As OAI O As

Figure 3.6: Convention cubic cell of (a) bulk GaAs and (b) bulk AlAs.

3.0.2 Methodology

(a)

Both bulk GaAs and bulk AlAs are III-V semiconductors with fcc zinc blende crystal
structure. The conventional cells are cubic and are shown in Figure 4.1. The lattice
parameters are a = b = ¢ = 4.00 A. The anions coordinate themselves around each of the

cations in a tetrahedral structure.

OGa O & OAI O a

Figure 3.7: Tetrahedral coordination of anions around each cation in (a) bulk GaAs and
(b) bulk AlAs
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One such tetrahedron for each of the materials is shown in Figure 3.7 with the bondlengths
and bond angles indicated. We can see from Figure 3.7 that the bondlengths and the bond
angles are the same for both the materials. Hence the heterostructure comprised of these

two compounds is lattice matched.

To construct the heterostructure supercells, we grow the conventional cell along any of
the lattice vectors, and then sandwich the GaAs layers between AlAs layers on both sides.
The conventional cubic cell for an fcc structure of GaAs or that of AIAs contains 4 cations
and 4 anions. To reduce the cost for the calculations, we constructed new unit cells with
dimension \% X \% in the ab-plane. a is the lattice constant of the conventional cubic cell

in the ab-plane. The lattice vectors of this new unit cell are given as

+

=>

=
a =

Y (3.4)

+ =9 (3.5)

NN
=>

(RSN \OR S

This new unit cell contains 2 cations and 2 anions. Hence along ¢, one monolayer contains
1 cation and 1 anion. That would mean if we grow the unit cell along ¢ to build a
supercell, the number of monolyers along ¢ is the same as the number of cations or the
number of anions in the supercell. This would greatly lessen the computational burden
and associated cost, at the same time maintaining the freedom to enlarge the supercell

along c.

Heterostructure supercells (AlAs),,/(GaAs),

Number of AlAs layers m | Number of GaAs layers n | (m+n)
48 48 96
54 42 96
64 32 96
73 23 96
81 15 96
85 11 96
86 10 96
87 9 96
88 8 96
89 7 96

Table 3.1: Different heterostructure supercells constructed for the purpose of calculation
by varying the number of GaAs layers

To form a heterostructure, we sandwiched GaAs layers between AlAs regions on both
sides. We kept changing the number of GaAs layers in steps towards smaller values to
increase the degree of confinement of electrons and holes inside the GaAs region. This

gave us a numbe of supercells. But the total number of monolayers was kept constant
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at 96 by ensuring that m+n=96, where m is the number of AlAs layers and n is the
number of GaAs layers. All the supercells for the heterostructure, that we constructed by
varying the number of GaAs layers, have been listed in [Table 3.1]. We could have kept
the number of AlAs layers fixed and vary the number of GaAs layers. That would lead to
the total number of layers to change. We kept the total number of layers fixed because it
would facilitate our calculation of spectral weights, where we would need to employ the
relations between the reciprocal lattice vectors of the supercell and the reciprocal lattice
vectors of the primitive cell. Keeping the size of the supercell the same by keeping the
number of layers fixed offered us the advantage of running the same code for each of the
structures without requiring to change the parameters. If we allowed the total number of
layers in SC to change, we would have to adjust the parameters accordingly each time.
This is because the varying length of the SC reciprocal vector along ¢ would cause the
relations between the SC and PC reciprocal vectors change from one supercell structure
to another. Moreover, in pursuit of tracing the effect of confinement on the localization of
electrons and holes, we plotted the planar averaged charge densities along the direction of
growth with changing confinement. With the length of the supercell kept fixed along the
direction of confinement, the charge density plots would look better and easy to compare

among various structures.

The ground state energies were calculated within a plane-wave implementation of density
functional theory in Vienna Ab-initio Simulation Package (VASP) [53] using projector
augmented wave (PAW) [55,56] potentials. The lattice parameters were kept fixed while
the internal positions were optimized till an energy convergence of 1075 eV and force
convergence of 5 meV/A have been achieved. For all relaxation calculations of the bulks
as well as the heterostructures, we have used the local density approximation (LDA)
for the exchange correlation functional. A I' centred mesh of 4x4x1 k-points has been
used for relaxing all the heterostructure supercells. A cutoff energy of 241.0 eV has
been chosen for the plane wave basis. Since LDA underestimates the bandgap, we used
MBJLDA (Modified Becke Johnson potential) for calculating the bandstructures of bulk
materials. MBJLDA gives bandgaps with accuracies equivalent to the bandgaps generated
using hybrid functionals or GW methods, but with less computational cost. This was
particularly important for more accurate determination of valence band offset. With

MBJLDA, however, we don’t relax the structures.

In our study, where we are working with heterostructure supercells (SC) involving two
different species of cations, it is impossible to construct the primitive cell (PC). As a

consequence, electronic structure for the primitive cell is not available and we have to
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work with the supercells. The E versus k picture corresponding to the PC can be restored

from the SC bandstructure using band unfolding techniques [5-9].

‘ (a) periodic compound | | (b) disordered alloy ‘

primitive cell supercell primitive cell supercell

. -

polymorphic
E(K) E®)
J N AN )
E(K) 0 E(K)
A ||

Figure 3.8: Two-dimensional representation of (a) a simple unfolding of bands for a
periodic fictitious system ABC and (b) the analogy with periodic systems when treating
an alloy A;_,B,C by effective medium and polymorphic model approaches. Reproduced
from [30]

For a fictitious 2D system ABC, the concept has been presented in Figure 3.8(a) and
Figure 3.8(b). The reciprocal space can be defined either in terms of PC wave vectors (k)
or the SC wave vectors (K). The primitive cell energy dispersion E(k) can be recovered
from a supercell energy dispersion E (I? ) calculation, to gain meaningful insight into the
primitive cell bandstructre and to find a one-to-one mapping between the SC and PC

bandstructures, using the unfolding technique.

Determination of the effective band structure (EBS) of the primitive cell requires the
evaluation of spectral weights of a large number [16] of SC eigenstates. A spectral function
needs to be defined out of the data. The popular choice of basis for this purpose are
localized [12,14, 15] or plane-waves [13,17]. Aided by a k-unfolding algorithm [14], the
spectral decomposition would generate the EBS for the PC.

A primitive wave vector k folds onto a supercell wave vector K [Fig.3.9(b)] by translation

through a reciprocal lattice vector Go as

—

K=Fk-G, (3.6)
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| (a) direct space || (b) reciprocal space |
Lamen Sl Sl Soes 1K ) @3 o)

Figure 3.9: The connection between the two representations of a primitive cell (PC) and
a supercell (SC) in (c) direct space and (d) reciprocal space. The PC and SC are related
by a transformation similar to Eq. (1). The corresponding primitive (pbz) and supercell
(SBZ) Brillouin zones, their associated wave vectors k(K ) and translation vectors §(G)
as well as folding (unfoldmg) relations are also illustrated. In panel (d), ko and K¢ are

wave vectors equivalent to kand K by a symmetry operation C of both pbz and SBZ.
Reproduced from [30]

On the other hand, a supercell wave vector K unfolds into primitive wave vectors k; as

ki=K+Gi=1,2...Ng (3.7)

For a given E, the pair ([? ,G70) is unique in Eqn. 3.6. This means that a given wave vector
ke pbz folds onto a definite wave vector K € SBZ , where pbz stands for primitive cell
Brillouin zone and SBZ stands for supercell Brillouin zone. In Eqn. 3.7, however, for a
given wave vector K , a number Ny of different (kz, le) pairs can exist. This implies that

the wave vector K can unfold into a number N ¢ of different wave vectors k_:; € pbz.

Ny = detM (3.8)

In Figure3.9(b), the latter case has been illustrated for the 2D model system. In this case
K unfolds into k: (G1 = O) and ky = k:(Gg GO) [Nz =2].

As consequence of the above, any SC eigenvector |Km) (m is the band index) can be

expressed as a linear combination of PC eigenvectors \k:n) (¢=1,2,...Ng and n is the
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band index) [13,18].
[Km) =" F(ki,n; K, m)|kin) (3.9)

Using the unfolding procedure, we recover from the calculation of SC banstructure, either
(i) the PC eigenvectors |k;n) and their weight in the SC eigenstates |[Km), or (ii) the

- —

E(k) picture of the PC from the F(K) dispersion of the SC.

A quantity spectral weight [12,13] can be defined as
— — — 2
Pz (ki) = [(Kmlkn)] (3.10)

The interpretation of spectral weight is the probability for a set of PC states |k7;n)
folding onto the SC state |Km). In other words, it is the degree in which |k;n) is present
in |Km) at the same energy E, = E,, [12,13]. A spectral function (SF) of continuous

variable E can be defined as

Ak, E) =Y Pg,,,(k)5(Ey, — E) (3.11)

The study of quantum wells and/or a superlattice systems A,,/B,,, where A and B are
zinc-blende I11-V materials [19, 20], are performed using supercell structures. The cor-
responding electronic bandstructure E(Iz ) can be directly calculated. In our present
discussion we have (AlAs),,/(GaAs),, [m +n = 96]. It is indeed difficult to construct the
PC of such a heterostructure and to get the corresponding band dispersion E(E) The
symmetry of the SC is different from that of the PC causing the bulk states ]/%n) to have
different representations in the SC. They also couple between themselves. So more than

one bulk states may fold onto a given SC state.

Though both GaAs and AlAs contituting the heterostructure supercells are ordered com-
pounds, the spectral weights in [Eqn. 3.10] may not be integer values. Instead, PRm(];Z)
may have nonzero values for different k; wave vectors at the same energy FE,,, implying
that a given SC state |I€ m) has contributions from several PC wave vectors k; at the
same energy. An SF analysis will determine which of the PC eigenstates |k7;n> contribute
to a given SC state and also calculate the amount of each such PC states present in the
SC state under discussion. This way the SF decomposition facilitates the analysis of the

SC bandstructure in the Brillouin zone of the underlying PC.



Chapter 3 Type-I to Type-II Electronic Structure Transition in GaAs/AlAs
78 Heterostructure

As a part of this project, we developed a Fortran code which is based on the concept
of folding-unfolding of states as discussed above for our heterostructure supercells of
(AlAs),,/(GaAs), [m +n = 96]. It aptly calculates the contributions of all the bulk
states that fold onto the conduction band minimum and the valence band maximum at
high-symmetry point I' of the heterostructure SC. The aim is to get an estimate of how
the probability for the direct transition at I' of the supercell BZ is affected by change in

the confinement of electrons and holes in the GaAs well region.

In [20], it has been explicitly derived that in a plane wave basis that we have used for our
calculations, the spectral weight [Eqn. 3.10], which quantitatively measures the amount

of PC character ]150) present in the SC eigenvector u? my), can be expressed as

Z|C G+ ko — K)[ (3.12)

The sum in [Eqn. 3.12] is over all PC reciprocal lattice vectors g. Cg, s are expansion

coefliecients of the SC state ][? m) in plane wave expansion,

|Km) = {ZCKm (Ge @F} KT [ e SBZ (3.13)
G

where G’s are the reciprocal lattice vectors of the SC.

From [Eqn. 3.12], it is clear that only those expansion coefficients in [Eqn. 3.13] will
contribute to the spectral weight that are associated with the SC reciprocal lattice vectors

G's satisfying the relation

G=g+hk —K (3.14)

Since we are using VASP for all our calculations, all the information regarding each of the
eigenfunctions and their expansion coefficents are available in the output file WAVECAR.
But WAVECAR is written in machine level language. Using the open source software
WaveTrans to convert WAVECAR into a human readable format [21], we could extract
the expansion coefficients of all the SC eigenstates. The human readable file lists all
the expansion coefficients and the associated reciprocal lattice vectors for each of the SC
eigenstates. Our code reads the coeffiencts and the associated reciprocal lattice vectors G
and runs a checking for the fulfillment of the condition [Eqn. 3.14]. Only those coefficients
that satisfy the test are added up to get the spectral weight in [Eqn. 3.12].
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Figure 3.10: a)Ab-initio bandstructure along the I to X direction for the conventional
cubic cell of CdSe with zinc blende structure. b) The supercell bandstructure along I' to
X direction ¢) The unfolded bandstructure of the 1x2x1 supercell of CdSe along I' to X
direction with the spectral weights proportional to band thickness

To verify the accuracy and efficiency of the code, we first tested it on a purely periodic
system. We took conventional cubic cell of zinc blende CdSe structure as my primitive
cell. Bandstructure was calculated for this PC along I' to X direction. This is shown in
Figure 3.10(a). We then generated a supercell out of this PC by doubling it along §. We
calculated the bandstructure of this SC along the primitive cell I" to X direction, which
has been shown in Figure 3.10(b). The bandstructure of the PC recovered from the SC

bandstructure using the method described above is shown in Figure 3.10(c).

3.0.3 Results and Discussion

The bandstructures for the bulk materials constituting the heterostructure have been
calculated using the MBJLDA potential. MBJLDA gives better estimate for the bandgaps
and at the same time is less expensive than the hybrid functionals or the GW method. The
resulting bandstructures have been plotted in Figure 3.11. From Figure 3.11(a), we see
that bulk GaAs has a direct bandgap of 1.5 eV. The bandgap is close to the experimentally
found bandgap of 1.42 eV. The CBM and VBM both lie at I" for GaAs. On the other
hand, bulk AlAs is found to have an indirect bandgap in its electronic structure and the
bandgap is 2 eV. The experimentally found bandgap for AlAs is 2.12 eV. The VBM for
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AlAs lies at I while the CBM lies at X-point. VBM of both the materials are seen to

have a threefold degeneracy.
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Figure 3.11: Bandstructures of (a) bulk GaAs and (b) bulk AlAs. Both have been calcu-
lated with MBJLDA potentials for better estimate of the bandgaps.

When two constituent materials are brought together to form a heterostructure, they
interact between themselves causing the bandstructures of the two materials align them-
selves at the interface. This alignment is done to ensure that the Fermi level remains
continuous throughout the material. This relative alignment of the energy bands of the
two materials at the heterojunction is called band offset. A good estimate of the band
offsets will help us determine whether the heterostructure has a type-I or type-II band
alignment to start with. Correct estimation of the conduction band offset requires the
accurate determination of the bandgaps which is achieved in our calculation by the use
of MBJLDA potentials. There have been a lot of efforts, both in experiments and theory,
to measure the valence band offset for GaAs/AlAs heterojunctions. The range of values

suggest the valence band offset to be centred around 0.45 eV.
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Figure 3.12: Valence band offset and conduction band offset values for GaAs/AlAs het-
erostructure as calculated using MBJLDA potentials

Figure 3.12 shows the band offsets for GaAs/AlAs heterojunction as have been found
from our own calculations. We used the method laid down in [51] to calculate the valence

band offset. The relevant formula is given as

s aAs GaAs/AlAs
AE,(GaAs/AlAs) = AEN) — ABGE™ + AEGS) (3.15)
where
AESehs = EGeds — gGods (3.16)

is the energy separation from a core level (C) to valence band maximum for bulk GaAs.

and
AE® = BN — BOY (3.17)
is the energy separation from a core level (C') to valence band maximum for bulk AlAs.

GaAs/AlAs s aAs
AEZ A = EoA — Bget (3.18)

gives the difference in the core level energies between GaAs and AlAs at the GaAs/AlAs

heterojunction.
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We took the electrostatic potential on the As atoms in the bulk as our reference core level
energy for both GaAs and AlAs. Our calculation gave AE, = 0.38 and AE, = 0.12 eV
[Fig. 3.12].
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Figure 3.13: Charge densities of electrons occupying the CBM along the growth direction
of the heterostructure supercell (AlAs)ss/(GaAs)s

To examine the variation in the localization of the electron and the hole wavefunctions
with increasing confinement, we plotted the planar averaged charge density distributions
of the electrons occupying the conduction band minimum and the holes occupying the
valence band maximum along the growth direction ¢ for all the supercell structures that we
considered. From the charge density distribution of CBM electrons for (AlAs),s /(GaAs)s
[Fig. 3.13], we see that it is well localized inside the GaAs region. The envelope function is
mostly smooth but has a flat shape in the middle region. It almost resembles the ground

state wave function of a particle confined inside a one-dimensional box.

Upon looking at the charge densities of the holes occupying the VBM for the same su-
percell structure [Fig. 3.14], we find similar feature of the envelope function, i.e. the
hole wavefunction is also localized inside the GaAs region and the enevelope function of
the hole charge density distribution resembles the ground state wavefunction of a parti-
cle confined inside a one-dimensional box. This justifies our particle in a box picture to

interprete the changes in energy quantization of electrons and holes with confinement.
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Figure 3.14: Charge densities of electrons occupying the VBM along the growth direction
of the heterostructure supercell (AlAs),s/(GaAs)s
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supercell with a sin?(z) function
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We could fit the envelope of the charge density distribution with a sin*(kz) function [Fig.
3.15]. This shows our particle in a box approximation to be valid. Combining the facts
that both the electron and hole wavefunctions are localized inside the GaAs region for
(AlAs)ys /(GaAs)ys structure, we can say that the GaAs region provides a confinement
potential for both the electrons and holes. This establishes the type-I nature of the band

alignment of the heterostructure for this confinement regime.
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Figure 3.16: Charge densities of electrons occupying the CBM along the growth direction
of the heterostructure supercell (AlAs)gs/(GaAs)g

As we gradually move towards smaller thickness of the GaAs region, we find that the
envelope function of the CBM charge distribution starts deviating gradually from the
shape of the ground state wave function of a particle in a box. The envelope function
starts becoming jagged more and more with increase in the degree confinement inside the
GaAs region. If we consider the case of (AlAs)ss /(GaAs)yg [Fig. 3.16], we find this feature
to have manifested quite prominently. The electronic charge density also starts spreading
into the AlAs region upon increasing the confinement due to tunnelling through barrier
at the interfaces. This can be explained by the fact that with increasing confinement,
the depth of the well for the electrons keeps reducing which leads to enhanced tunnelling
of electronic wavefunctions through the interfaces and also the deviation of the envelope

function from the shape of the ground state wave function of a particle in a box.
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Figure 3.17: Charge densities of electrons occupying the VBM along the growth direction
of the heterostructure supercell (AlAs)gs/(GaAs)ig

But if we look at the charge densities of the holes occupying the VBM for the (AlAs)gg
/(GaAs)yo structure [Fig. 3.17], we find the tunnelling of the hole wavefunctions into the
AlAs region to be small. The envelope function of the hole charge distribution remains
smooth and its resemblance with the ground state wave function of a particle inside a
one-dimensional box remains intact. The jaggedness which appears in the electron charge
distribution does not appear in the hole charge distribution. These phenomena can be
explained by taking into account the fact that the barriers at the interfaces are larger for
holes because of the larger band offset for VBM. This tries to prevent the tunnelling of the
holes from GaAs into the AlAs region through the interfaces. The hole charge densities
remain well localized inside the GaAs part and it retains its semblance with the smooth

ground state wavefunction of a particle in a box.

Until 10 GaAs layers, the charge density distribution for the electrons occupying the
CBM remain localized inside GaAs region with considerable tunnelling into the AlAs
layers. There takes place a sudden transfer of the electronic charge density into the AlAs
layers at 9 GaAs layers [Fig. 3.18], i.e. the (AlAs)s; /(GaAs)g structure, which marks a
complete delocalization of the electronic wavefunction into the AlAs region. This indicates
that between 10 and 9 GaAs layers, there takes place a transition in the alignment of the

CBM throughout the heterostructure along the growth direction.
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Figure 3.18: Charge densities of electrons occupying the CBM along the growth direction
of the heterostructure supercell (AlAs)s7/(GaAs)g
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Figure 3.19: Charge densities of electrons occupying the CBM along the growth direction

of the heterostructure supercells for various degrees of confinement in the GaAs region

This becomes evident upon looking at the electronic charge densities for all the various su-

percell structures that we considered [Fig. 3.19]. Upon gradual reduction in the thickness



87

of the confinement region inside the GaAs part, the depth of the confinement potential
for the electrons keeps reducing. This phenomenon can be better understood in terms of
our particle in a box model. In this scheme, the confinement potential for the electrons
inside the GaAs region has been approximated by a one-dimensional well. A reduction in
thickness in the GaAs layers in equivalent to the reduction in the thickness of the well.
As a consequence, the ground state energy of the electrons inside the well keeps gradually
moving up along the energy axis, leading to the reduction in the depth of the well. At
some point, the well gets shifted inside the AlAs region. This occurs when the ground
state energy of the electrons inside the GaAs region becomes higher than that indside the
AlAs region. The electrons prefer to get trapped inside the AlAs region and this should
be marked by a transfer of the electronic charge densities from GaAs to AlAs region. This

is what we observe from our results on the electronic charge densities.

Till 10 GaAs layers, the CBM would lie inside the GaAs region, providing the confinement
potential for the electrons inside the GaAs region. Equivalently, in our particle in a box
model, the well for the electrons is located inside the GaAs region. The electrons are
trapped inside the GaAs region and the electronic wavefunction remains localized inside
GaAs part till this point. At 9 GaAs layers, the CBM shifts inside the AlAs region.
The confinement potential or the well for the electrons is now inside the AlAs layers.
As a result, the electrons are now trapped inside the AlAs part and this is reflected in
the sudden delocalization of the electronic charge densities from GaAs region into AlAs

region.

But if we look at the charge densities of the holes occupying the VBM, we find that there
takes place no such transfer of hole charge densities [Fig. 3.20] until 7 GaAs layers. So the
alignment of the VBM retains its profile till this point. This striking difference in the case
of VBM alignement in contrast to the CBM alignment can be accounted for by noting that
the offset for VBM is larger than the offset for CBM. From the electronic and hole charge
density profiles, we figure out that until 10 GaAs layers, the confinement potential for the
electrons as well as that for the holes remain located inside the GaAs layers. This shows
that the heterostructure remains type-I. At 9 GaAs layers, the confinement potential for
the electrons is located inside the AlAs region, but the confinement potential for the holes
is located inside the GaAs region. As a result, the band alignement is rendered type-II.
Hence we can say that a transition from type-I to type-II band alignment is taking place

between 10 and 9 GaAs layers and it turns out to be abrupt in nature.
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Figure 3.20: Charge density distribution of holes occupying the VBM along the growth
direction of the heterostructure supercells for various degrees of confinement in the GaAs
region

There is another point worth mentioning here. The fact that upon increasing the degree
of confinement, the change in the band alignment occurs in CBM and not in the VBM
is not only contributed by the fact that the offset is larger for VBM than CBM. There
is another factor at play. It is the effective masses of the respective charge carriers. For
GaAs, we see from Figure 3.11, the curvature of the CBM is greater than the curvature
of VBM. As a result, from Eqn. 3.2, the effective mass of a CBM electron is smaller
than the effective mass of a VBM hole. From literature, we see that the experimentally
found values for the effective masses to be 0.067 for the electrons and 0.57 for the heavy
holes [46]. Consequently, the electrons in the CBM respond quicker to the change in
confinement than the holes in the VBM. From 3.3, we can therefore infer that the ground
state energy of the CBM electrons would rise much faster inside the well as compared to
the the ground state energy of the holes. This adds to the phenomenon of the change of
band alignement, in which the confinement potential shifts from GaAs to AlAs region,
occurring in CBM and not in VBM.

Associated with the transition from type-I to type-II band alignment, there should take
place a transition from direct to indirect bandgap electronic structure. As long as the

electrons remain confined inside the GaAs region in the type-I structure, the heterostruc-
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ture should follow the nature of bulk GaAs and remain a direct bandgap material. Upon
transition to type-II structure, as the electrons get shifted inside the AlAs region, the
bandgap should follow the nature of bulk AlAs and change into indirect. This change
from direct to indirect bandgap accompanied with the type-I to type-II transition should
get reflected in the transition probability. The transition probability for direct transition
should fall to zero upon transition to type-II structure. So we have the opportunity to
harness this phenomenon to further confirm the nature of the transition, as to whether it
happens abruptly or gradually over few monolayers. Interface scattering causes the elec-
trons to scatter to other states. As a result, an electron with momentum k gets scattered
into other states with different momenta. So, CBM and VBM gains contribution from
primitive cell k-points other than I'. This may cause gradual reduction in the optical
transition probability in lower thickness regime. Loss due to tunnelling should add to this
effect. We should be able to characterize all these phenomena from the variation of the
transition probability with confinement. To this end, we plotted the band edge optical
transition probability for direct transition between CBM and VBM at I' of the supercell

for varying degrees of confinement [Fig. 3.21].

In spectroscopy, optical transition probability is given by the oscillator strength of the
associated transition. Oscillator strength is a dimensionless quantity and it presents
the probability of absorption or emission of radiation while making a transition between
two energy levels of an atom or molecule [22,23]. The physical significance of oscillator
strength can be cast in terms of a single electron oscillator. When the oscillator has the
same frequency as the transition [24], the oscillator strength gives the ratio between the
quantum mechanical transition rate and the classical rate of absorption or emission. Let
us assume an atom or molecule undergoing a transition from a lower quantum state |1)

to an upper quantum state |2) as a result of absorbing a photon.

The associated oscillator strength fio is given by

2m,

fro = 375 (B2 = Ey) > [{1ma|Ra|2ma) (3.19)

a=x,Y,z

where m, is the electronic mass and h is reduced Planck constant. Is has been assumed

that the quantum states |n), n = 1,2 have multiple degenerate sub-states denoted by m,,.

The operator R, represents the sum of the z-coordinates r;, of all the electrons in the

system.

Ro=> Tia (3.20)

=1
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We calculated the probability of direct transition between CBM and VBM at I' of the
Brillouin zones of the heterostructure supercells by enumerating the oscillator strengths
of the associated transitions using an facility implemented within VASP. We computed
the transition probabilities for optical transitions between CBM and VBM at I for all the
different heterostructure supercells that we considered. We plotted the values against the

number of GaAs layers in Figure 3.21.
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Figure 3.21: Variation of the Normalized Transition Probability for optical transition
between CBM and VBM of the heterostructure supercells as a function of the number of
GaAs layers

In Figure 3.21, all the values of the transition probabilities have been normalized with
respect to its value at (AlAs)4s/(GaAs)ss. We see that the probability for direct transition
at I for (AlAs)4s/(GaAs)ys structure almost sustains its value until (AlAs)gs/(GaAs)ss su-
percell. Starting from (AlAs)gs/(GaAs)s, onwards, the value of the transition probability
starts falling gradually. This gradual fall continues to happen untill (AlAs)ss/(GaAs)io.
The gradual fall in the transition probability can be accounted for by the interface scat-
tering and tunnelling of the charge carriers into the AlAs region, both of which increase

upon narrowing down the confinement potential.
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We see that the normalized transition probability falls sharply from some finite value at 10
GaAs layers to zero at 9 GaAs layers. We can interprete the result by contemplating upon
our charge density results. Our charge density results showed that till 10 GaAs layers,
the heterostructure has a type-I band alignment. Until this point, the electrons remain
localized inside the GaAs region. As bulk GaAs is direct bandgap, the transition proba-
bility for direct transition is appreciable. At 9 GaAs layers, the electrons get delocalized
inside the AlAs region. The structure changes to type-II. As bulk AlAs has an indirect
bandgap, the bandstructure changes sharply from direct to indirect. Consequently, the
transition probability for direct transition drops sharply to zero. Hence the sudden fall
in the transition probability reflects the abrupt nature of the transition from type-I to
type-1I structure. This is in conformity with our charge density results and hence further

strengthens our conclusion.

When we build a supercell out of a primitive cell, several points of the Brillouin zone of
the primitive cell get folded onto the Brillouin zone of the supercell, because the BZ of
the supercell is smaller in size. Here we build up the heterostructure supercell, starting
from the fcc primitive cell of GaAs. If the supercell was pure bulk GaAs, the CBM and
VBM would be purely derived from the CBM and VBM characters of bulk GaAs and
hence they would possess I' character alone. But we made heterostructures out of bulk
GaAs and bulk AlAs. The CBM and VBM of the supercell will no longer be contributed
solely by the bulk GaAs characters. Hence the CBM and VBM of the supercell won’t be
purely I' derived. Due to mixing of species and scattering at the interfaces, the CBM and
VBM of the supercell will have contributions from a number of other primitive characters.
Upon transition to type-II structure, the bandgap becomes indirect. This should lead to
total loss of I' character in the CBM. If we could trace all these changes in the CBM
and VBM characters, we should be able to combine them to accurately interprete the
variation in the optical transition probabilities. An estimation of the spectral weights for
the various primitive characters present in the CBM and VBM of the supercell would help
us. It would further elucidate the underlying physical mechanism of the transition and

the associated changes in the characters of the eigenstates.

We wrote a code of our own to accomplish this job. The process of buliding up the
heterostructure supercells out of the fcc primitive cell has been described in detail in
the methodology section. In the beginning, we took the conventional cubic cell and

made the % X \% cell out of it. A folding of the BZ has happened associated with this

transformation. Let us label the reciprocal lattice vectors of the \% X \% cell by G, Gy, Gs.

a a

Further we built the heterostructure supercell by growing the B X5 cell along lattice

vector ¢. Let us label the reciprocal lattice vectors of the supercell by G71, G72, Gs. As a
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result, multiple states along reciprocal lattice vector C%, which corresponds to ¢, will fold
onto the I' of the SC. The number of such states will depend on the relative lengths of GZ,
and 63 which are along the direction corresponding to ¢. Our heterostructure supercells
have a length along ¢ that is 48 times as large as the length of the % \% cell in the
same direction. Hence, in the reciprocal space, SC reciprocal lattice vector G3 should be
8 times the length of G It becomes evident that there are 48 wave vectors along G
that will fold onto I'-point of the BZ of SC, and there are similar wave vectors along G
that will fold onto I'-point of the BZ of SC. We went on to calculate the spectral weights
of the PC characters corresponding to these points that fold onto the CBM and VBM of
SC at I'. Our code for calculating the spectral weights carried out this job accurately.
The underlying principle has been discussed in the methodology section. The spectral
weights calculated in this way have been tabulated in Table 3.2 and Table 3.3 for various

choices of supercells that we considered in the our calculation.

Recip.rotcal
oimets
p _ Heterostructure Supercells
(n17n2a_7}3) =
ngr
1292 + 393 (AlAs)is | (AlAs)es | (AlAs)rs | (AlAs)s: | (AlAs)s; | (AlAs)ss | (AlAs)s; | (AlAs)ss | (AlAs)sg
(GaAs)ys (GaAs)32 (GaAs)as (GaAs)s (GaAs)11 (GaAs)io (GaAs)g (GaAs)g (GaAs)y
(335 0) 071 | 0.79 | 0.77
47
3, 5, 0) 0.14 0.11
(&, =,0) 0.12 0.12 0.10
( 555 355 0) 0.25 0.24 0.20 0.16 0.13 0.11
r(o, o, 0) 0.45 0.32 0.24 0.17 0.13 0.12
(—&s —2,0) | 025 0.24 0.20 0.16 0.13 0.11
(-&, - 96, 0) 0.12 0.12 0.10
(—5% =355+ 0) 0.14 0.11

Table 3.2: Spectral decomposition of CBM of SC at I' in the BZ of PC. g1, g3, g3 are
reciprocal vectors of the fcc primitive cell

Table 3.2 contains the spectral decomposition of CBM of SC at the I'-point of the SC BZ
in the BZ of the PC. From Table 3.2, we see that the CBM electrons get scattered into
various PC states other than I'. This is supposed to have caused by mixing of species and

impurity scattering at the GaAs/AlAs interfaces.
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Reciprocal
oints
P Heterostructure Supercells
(n17n27n3)
+n5ﬂj{9n S (AlAs)is | (AlAs)es | (AlAs)73 | (AlAs)s: | (AlAs)ss | (AlAs)ss | (AlAs)s; | (AlAs)ss | (AlAs)s
29 39 (GaAs)s | (GaAs)sz | (GaAs)os | (GaAs)is | (GaAs)i, | (GaAs)ip | (GaAs)y | (GaAs)s | (GaAs);
(335 0)
47 47
96° 96° O)
(&, =,0) 0.12 0.12 0.11 0.10
( 555 555 0) 0.25 0.23 0.20 0.15 0.13 0.12 0.11 0.11 0.10
r( o, 0, 0) 0.43 0.30 0.23 0.16 0.14 0.13 0.12 0.11 0.11
(-5, 5,0 | 025 0.23 0.20 0.15 0.13 0.12 0.11 0.11 0.10
(—&, —=,0) 0.12 0.12 0.11 0.10
( 7%9 *%a 0)

Table 3.3: Spectral decomposition of VBM of SC at I' in the BZ of PC. g7, g3, g3 are
reciprocal vectors of the fcc primitive cell

We note that the the I' contribution gradually keeps reducing towards the narrower thick-
ness of the the GaAs region. Its value goes from 0.45 for (AlAs)ss/(GaAs)s to 0.32 for
(AlAs)es/(GaAs)se to 0.13 for (AlAs)ss/(GaAs);;. As we narrow down the GaAs region,
the interfaces come closer and the effect of impurity scattering increases. As a result, the
I' character in CBM gets smaller. The picture is similar for the VBM [Table 3.3]. The
value of the I' character of PC in the VBM of SC changes from 0.43 for (AlAs)4s/(GaAs)s
to 0.30 for (AlAs)es/(GaAs)ss to 0.14 for for (AlAs)gs/(GaAs)i;. This gradual reduction
in the I character in the CBM as well as in the VBM leads to the gradual fall in the
optical transition probability for direct transition at I', as has been observed in Figure
3.21.

The I" character in the CBM remains finite till 10 GaAs layers, but vanishes completely at
9 GaAs layers. But VBM continues to have finite I' character till 7 GaAs layers. For the
SC, this marks a transition from a direct to indirect bandgap material happening between
10 and 9 GaAs layers. This is consistent with the charge density results. In Figure 3.19,
we saw that the CBM charge density remains localized inside the GaAs region until 10
GaAs layers and suddenly gets delocalized into the AlAs region at 9 GaAs layers. Bulk
AlAs, having its CBM at X, makes the I' character vanish. Thus a transition from type-I
to type-II should be associated with a transition from direct to indirect bandgap. Due
to this sudden transition from direct to indirect gap, the optical transition probability
for direct transition at T' drops drastically to zero at 9 GaAs layers [Fig. 3.21]. So,

our spectral decomposition results are consistent with the charge density results and it
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explains well the variation of transition probability and thereby establishes the type-I to

type-1I transition in (GaAs),,/(AlAs), heterostructure as an abrupt occurrence.

3.0.4 Conclusion

In our study on GaAs/AlAs heterostructure, we probed the type-I to type-II transition in
this heterostructure in a quest to figure out whether this transition is abrupt or gradual.
Our plots on the planar averaged charge densities of CBM electrons and VBM holes clearly
pointed out the transition to be an abrupt one occurring between 10 and 9 GaAs layers.
The CBM electrons are found to get delocalized from GaAs region into the AlAs region at
9 GaAs layers. Band edge optical transition probability showed sharp fall between 10 and
9 GaAs layers due to the transition from direct to indirect bandgap which accompanies
the delocalization of electrons into AlAs region. This further strengthens our conclusion
regarding the abrupt nature of the transition. Finally, the spectral decomposition of CBM
and VBM of supercells bring forth the detailed physical mechanism of the transition by
depicting in elaboration the changes in the CBM and VBM characters. Our results from
sprectral decomposition could aptly explain the variation in optical transition probability
and are in complete consistency with the charge density results. So, we could conclusively

establish that the transition is an abrupt one.



Bibliography

[1] H. Morkoc, S. N. Mohammad. Science 267, 51-55, 1995
2] P. S. Zory, (Academic, 1993).
[3] T. Minura, S. Hiyamizu, T. Fujii, K. Nanbu, J. Appl. Phys. 19, 225-227, 1980

[4] C. Huang, S. Wu, A. M. Sanchez, J. J. P. Peters, R. Beanland, J. S. Ross, P. Rivera;,
W. Yao, D. H. Cobden, X. Xu. Nature Mater. 13, 1096-1011, 2014

[5] Y. Gong, J. Lin, X. Wang, G. Shi, S. Lei, Z. Lin, X. Zou, G. Ye, R. Vajtai, B. L.
Yakobson, H. Terrones, M. Terrones, B. K. Tay, J. Lou, S. T. Pantelides, Z. Liu,
W. Zhou, P. M. Ajayan, Nature Mater. 13, 1135-1142, 2014

[6] W. Wei, Y. Dai, C. Niu and B. Huang, Sci. Rep. 5, 17578, 2015

[7] P. T. K. Chin, C. D. M. Donega, S. S. Bavel, S. C. J. Meskers, N. Sommerdijk, R.
A. J. Janssen, J. Am. Chem. Soc. , 129 , 14880, 2007

8] J. J. Li, J. M. Tsay, X. Michalet, S. Weiss, Chem. Phys. 318, 82, 2005
9] C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 226801 (2005).
[10] B. A. Bernevig and S.-C. Zhang, Phys. Rev. Lett. 96, 106802 (2006).
[11] B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Science 314, 1757 (2006).

[12] M. Koénig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann, L. W. Molenkamp, X.-L.
Qi, and S.-C. Zhang, Science 318, 766 (2007).

[13] S. de-Leon, L. D. Shvartsman, and B. Laikhtman, Phys. Rev. B 60, 1861 (1999).

[14] M. Yang, C. H. Yang, B. R. Bennett, and B. V. Shanabrook, Phys. Rev. Lett. 78,
4613 (1997).

[15] M. Altarelli, Phys. Rev. B 28, 842 (1983).

95



96

BIBLIOGRAPHY

[16]

[17]

[18]

[19]

[20]

[28]
[29]
[30]
[31]

[32]

M. Lakrimi, S. Khym, R. J. Nicholas, D. M. Symons, F. M. Peeters, N. J. Mason,
and P. J. Walker, Phys. Rev. Lett. 79, 3034 (1997).

. Knez, R. R. Du, and G. Sullivan, Phys. Rev. B 81, 201301 (2010).

F. Nichele, A. N. Pal, P. Pietsch, T. Thn, K. Ensslin, C. Charpentier, and W.
Wegscheider, Phys. Rev. Lett. 112, 036802 (2014).

K. Suzuki, Y. Harada, K. Onomitsu, and K. Muraki, Phys. Rev. B 87, 235311
(2013).

W. Pan, J. F. Klem, J. K. Kim, M. Thalakulam, M. J. Cich, and S. K. Lyo, Appl.
Phys. Lett. 102, 033504 (2013).

K. I. Kolokolov and C. Z. Ning, Appl. Phys. Lett. 83, 8 (2003)
B. A. Bernevig, T. L. Hughes and S.-C. Zhang, Science 314 , 1757-1761 (2006)

C. Briine, C. X. Liu, E. G. Novik, E. M. Hankiewicz, H. Buhmann, Y. L. Chen,
X. L. Qi, Z. X. Shen, S. C. Zhang, and L. W. Molenkamp, Phys. Rev. Lett. 106,
126803 (2011)

A. M. Kadykov, S. S. Krishtopenko, B. Jouault, W. Desrat, W. Knap, S. Ruffenach,
C. Consejo, J. Torres, S. V. Morozov, N. N. Mikhailov, S. A. Dvoretskii, and F.
Teppe, Phys. Rev. Lett. 120, 086401 (2018)

T. G. Dargam, R. B. Capaz, and B. Koiller, Phys. Rev. B 56, 9625 (1997).

L.-W. Wang, L. Bellaiche, S.-H. Wei, and A. Zunger, Phys. Rev. Lett. 80, 4725
(1998).

T. B. Boykin, N. Kharche, G. Klimeck, and M. Korkusinski, J. Phys.: Condens.
Matter 19, 036203 (2007).

W. Ku, T. Berlijn, and C.-C. Lee, Phys. Rev. Lett. 104, 216401 (2010).
Y. Zhang and L.-W. Wang, Phys. Rev. B 83, 165208 (2011).
V. Popescu and A. Zunger, Phys. Rev. B 85, 085201 (2012)
W. Ku, T. Berlijn, and C.-C. Lee, Phys. Rev. Lett. 104, 216401 (2010).

T. G. Dargam, R. B. Capaz, and B. Koiller, Phys. Rev. B 56, 9625 (1997).



BIBLIOGRAPHY 97

[33]

[34]

[35]
[36]
[37]
[38]
[39]
[40]

[41]

[42]

[43]
[44]

[45]

[46]
[47]
[48]

[49]

L.-W. Wang, L. Bellaiche, S.-H. Wei, and A. Zunger, Phys. Rev. Lett. 80, 4725
(1998).

T. B. Boykin, N. Kharche, G. Klimeck, and M. Korkusinski, J. Phys.: Condens.
Matter 19, 036203 (2007).

W. Ku, T. Berlijn, and C.-C. Lee, Phys. Rev. Lett. 104, 216401 (2010).

Y. Zhang and L.-W. Wang, Phys. Rev. B 83, 165208 (2011).

Y. Zhang, A. Mascarenhas, and L.-W. Wang, Phys. Rev. Lett. 101, 036403 (2008).
L. Bellaiche, S.-H. Wei, and A. Zunger, Phys. Rev. B 56, 10233 (1997).

R. G. Dandrea and A. Zunger, Phys. Rev. B 43, 8962 (1991).

V. Popescu and A. Zunger, Phys. Rev. B 84, 125315 (2011).

R. M. Feenstra, N. Srivastava, Q. Gao, B. D. M. Widom, T. Ohta, G. L. Kellogg,
J. T. Robinsonand, and I. V. Vlassiouk, Phys. Rev. B 87, 041406 (2013).

W. Demtroder, Laser Spectroscopy: Basic Concepts and Instrumentation, Springer
(2003)

James W. Robinson, Atomic Spectroscopy (1996)
R. C. Hilborn, Am. J. Phys. 50 , 982 (1982)

E. A. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Eowalczyk, Phys. Rev. Lett.
44, 24 (1980)

N. Bouarissa, H. Aourag, Infrared Physics & Technology 40 343-349 (1999)
G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169 (1996).
G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).

P. E. Blochl, Phys. Rev. 50, 17953 (1994)



98

BIBLIOGRAPHY




Chapter 4

Electronic Structure of ZrSes and

ZrTe-

4.1 What determines the electronic structure in ZrX,

4.1.1 Introduction

Transition metal dichalcogenides (TMDCs) [2-4] are recently gaining enhanced interest
in research, especially, over the past few decades owing to their potential applications
in spintronics [5-9] and in optoelectronics [10-14]. The interest and utility of this class
of materials come from their wide range of electronic properties, like transition from the
metallic [15-17], to the semimetallic [18-21], to the semiconducting [22-25], and to the
Mott-insulators [26-28]. Such transitions are obtained mainly by the band engineering
[20-31]. In addition, the plethora of electronic properties of TMDCs include the charge
density wave (CDW) [32,33], the magnetism [34-36], the superconductivity [37-39], and
the tunable band gap [40-43].

In this project, we studied the ground-state electronic structure of bulk ZrTe, and ZrSes
using density functional theory. Earlier experimental studies with ARPES report the elec-
tronic structure of Zr(Se;_, S.)2 to be semiconducting [44-48]. Several theoretical reports
on ZrTey predicted it to be a metal [49-51]. A recent ARPES study on monolayer ZrTe,

hints at its being another topological system [57]. So we went on to study the electronic

LA large part of this chapter is based on a publication in Physical Review B in the year 2020 [1]
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structure of ZrTey to find any evidence of a topological property. Our calculations show,
in agreement with existing reports, that ZrSe; is a semiconductor with an indirect band

gap. On the other hand, ZrTe, is found to be metallic in nature.

In Zr'Te,, we realize three holelike non-degenerate band dispersions near the I' point and
an electron like band dispersion at the M. Our DF'T calculations show that all hole pockets
are composed by the Te p orbital characters and the electron pocket is composed by the Zr
d,2 orbital character. In addition, our DF'T calculations on ZrTe,y in presence of spin-orbit
coupling (SOC) predict a level inversion involving Te p and Zr d orbitals near I' point,

indicating the likelihood of ZrTe; to be a topological system.

In order to understand the origin of metallic state in ZrTe, and semiconducting state in
ZeSey, we quantified the electronic structure by mapping it onto a tight-binding model.
This allows us to trace the dependence of the electronic structure on metal-chalcogen
bondlengths and demonstrate how the change in the Zr-X bondlength in going from

ZrSey to ZrTes leads to the transition from semiconductor to metal.

Further, by studying other compounds belonging to the same column of periodic table,
namely HfX,, we arrived at the conclusion that a similar mechanism governs the electronic
structure of Hf based compounds too. Here also, the metal-chalcogen bond length dictates
the nature of the underlying ground state, rendering HfSe, semiconducting while HfTe,

is metallic.

4.1.2 Methodology

The electronic structure of ZrSe, and ZrTe, have been calculated within a projected
augmented plane wave (PAW) method of density functional theory as implemented in
the Vienna Ab-initio Simulation Package (VASP) [57,58]. A k-mesh of 16 x 16 x 16 was
considered for the k-point integration while plane-wave cutoff 700 eV was used for the basis
sets. The GGA-PBE approximation to the exchange correlation functional was used [59].
The experimental crystal structures were taken for the starting structural information. A
full optimization of the lattice parameters as well as the internal positions was carried out.
The optimized in-plane lattice parameter for ZrSe, was found to be a = b = 3.735 A and
that along the stacking direction ¢ = 6.206 A. Similarly for ZrTe, , the optimized lattice
parameters along the in-plane direction a = b = 3.909 A and that along the stacking
direction ¢ = 6.749 Awere obtained. They represent about 1-2 % deviations from the
experimental values. In order to quantify the electronic structure changes between ZrTe,
and ZrSe, , we carried out a DF'T band mapping onto a tight-binding model using the
VASP to Wannier90 interface [60,61] which had maximally localized Wannier function for
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the radial parts of the wave function. Zr d and Se/Te s and p states were included for the
band mapping. Similar calculations are performed on HfSe; and HfTe, . The structural

parameters used for the calculations are shown in [4.3].

4.1.3 Results and Discussions

The crystal structures of both ZrTe, and ZrSe, are trigonal [Fig. 4.1]. But, interestingly,

the ground state electronic structures of Zr'Te, and ZrSe, widely differ from each other.

Figure 4.1: (a) Trigonal crystal structure of ZrTey; and ZrSes . (b) ZrX, layer projected
on the ab-plane, showing the metal-chalcogen hexagonal pattern.

S = NN W

E-EF (eV)

Figure 4.2: Calculated bandstructures of ZrSe, with and without SOC
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The electronic structure of ZrSe, shows characteristic of semiconductors [Fig. 4.2]. It has
an indirect bandgap with the conduction band minimum lying at high-symmetry point M
and the valence band maximum lying at high-symmetry point I'. The conduction states
are primarily contributed by the Zr d orbitals [Fig. 4.3] whereas the valence states are

primarily contributed by the Se p orbitals [Fig. 4.4].

Energy (eV)

Figure 4.3: Orbital resolved calculated band structure of ZrSe, without SOC for Zr d

states
: lO:
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Figure 4.4: Orbital resolved calculated band structure of ZrSe, without SOC for Se p

states
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E-E_ (eV)

r M K r
Figure 4.5: Calculated bandstructures of ZrTe, with and without SOC

In contrast, ZrTe, shows metallic character [Fig. 4.5] where the valence band and the
conduction band overlap above Fermi level at I' point. Here also, the bands lying above
the Fermi level are primarily contributed by the Zr d orbitals [Fig.4.6], and the bands
lying below the Fermi level are primarily contributed by Te p orbitals [Fig. 4.7].

Energy (eV)

I | L L
FM K rTF M K ITF M K Ir M K Fr M K T

Figure 4.6: Orbital resolved calculated band structure of ZrTe, without SOC for Zr d
states
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Figure 4.7: Orbital resolved calculated band structure of ZrTe, without SOC for Te p
states
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Figure 4.8: Calculated band structure of ZrTe, (a) without SOC and (b) with SOC. (c)
and (d) are same as (a) and (b) but with orbital information. Inset in (b) shows a gap of
10 meV opening at the I' point due to the band inversion under the SOC.
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A band inversion is observed to happen at I', occurring between the non spin-orbit and
spin-orbit bandstructures of ZrTey [Fig. 4.8]. This can be clearly identified from the
orbital-projected bandstructures of ZrTe, for non spin-orbit and spin-orbit calculations.
The conduction band at I' is composed of Zr d-orbitals. But in ZrTe,, the Zr d.» state
comes quite below so as to almost touch the valence band at I". In the presence of spin-
orbit coupling, Zr d,» state moves even lower into the valence band at I'. On the other
hand, the Te p, state at I' moves upward into the conduction band. Hence there is clearly
a band inversion happening at I' and a bandgap of 10 meV has been observed to happen

[inset of Fig. 4.8(b)]. This shows that ZrTe; is topologically interesting.

In order to better understand the mechanism underlying the transition from semiconduc-
tor to metal in going form ZrSe; to ZrTey, we map the ab-initio bandstructures of these
two materials onto a tight-binding model. The hamiltonian in a tight-binding model is

given as
H = Z EiC;rCZ' — Zti,jc;[cj + h.c. (41)
i Y]

Here t; ; is the hopping interaction parameter between the i* and j™ orbitals. and ¢;
is the on-site energy of orbital 7. From the tight-binding parameters, the charge transfer

energy A is measured between cation d and anion p orbitals, A = €;(Zr) — €,(X).

The tight-binding bandstructures of the bulk materials have been calculated using WAN-
NIER90 to VASP interface. In WANNIER90, the radial parts of the wavefunctions are
given by maximally localized wannier functions. This successfully reproduced the ab-
initio bandstructures of both ZrSey [Fig. 4.9] and ZrTe, [Fig. 4.10]. This allowewd us to
use this tight-binding model and the associated parameters to study further changes in

the electronic structure.

Se lies above Te in the periodic table. It implies that Se is more electronegative than
Te. Hence the p-states of Se should lie deeper below the Fermi level compared to Te
p states. This is reflected in the values of the charge transfer energy, A = ¢;(Zr) —
€,(X), when compared between the two compounds. A is smaller by 0.141 eV for ZrTe,
than ZrSey [Table 4.1]. Since Zr is in a +4 valence state in ZrTe, and ZrSey, Zr has
a d° electron configuration. The interactions between Zr d and X p states give rise to
bonding-antibonding splitting and opens up a gap. The splitting should depend on the
p-d interaction strength in the compound as well as the value of A. For the same p-d
hopping interaction strength (t) between Zr d and X p orbitals, A decreases in going from
ZrSey to ZrTey. This should lead to larger bonding-antibonding splitting in ZrTe,. This is
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because for a smaller A, the Zr d and X p orbitals come closer in energy and consequently

they interact more to cause larger splitting.

Energy, E-E_ (eV)
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Figure 4.9: Energy-momentum plots of ZrSe, obtained from the DFT calculations and
with overlapped bands derived from the tight-binding (TB) fittings

Energy, E-E_ (eV)

Figure 4.10: Energy-momentum plots of ZrTe, obtained from the DFT calculations and
with overlapped bands derived from the tight-binding (TB) fittings

This is, of course, in contrary to what has been found from the electronic structure

calculation for ZrTe,y, as we saw that ZrTe, is metallic. So, the charge transfer energy, A,
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does not account for the transition from semiconducting to metallic eletronic character in

going from ZrSey to ZrTes.

ZrSe,
Element | On-site energies | Charge transfer Lattice parameters Lattice parameters
(eV) energy A (eV) | before optimization (A) | after optimization (A)
4.140 3.771 3.735
4.175 3.771 3.735
Zr (d) 4.209 6.184 6.206
5.281
5.323
1.784 2.282 Zr-Zr bondlength= Zr-Se bondlength=
Sel (p) 1.830 3.735 A 2.690 A
1.858
1.783
Se2 (p) 1.830
1.858
ZrTe,
Element | On-site energies | Charge trasfer Lattice parameters Lattice parameters
(eV) energy A (eV) | before optimization (A) | after optimization (A)
6.201 3.950 3.908
6.202 3.950 3.908
Zr (d) 6.236 6.630 6.749
7.345
7.346
3.951 2.141 Zr-Zr bondlength= Zr-Te bondlength=
Tel (p) 4.060 3.909 A 2.894 A
4.060
3.951
Te2 (p) 4.060
4.060

Table 4.1: Lattice parameters, Bond lengths, On-site energies and Charge transfer energies
of ZrSe, and ZrTes.

The assumption of the similar values of ¢ for both systems is what was wrong in our

analysis that led to the discrepancy.

Here, it is not A that determines the bonding-

antibonding splitting and the semiconductor to metal transition, but it is the hopping

interaction strength t that does it. Moreover, the hopping interaction strength is expected

to scale as = for p-d interaction, according to the Harrison’s empirical law [62]. Here,
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Composition A (eV) M-M bondlength (A)| M-X bondlength (A)
ZrSe, 2.282 3.735 2.690
ZrTe, 2.141 3.908 2.894
HfSe, 3.015 2.710 2.660
HfTe, 2.332 3.846 2.856

Table 4.2: Tight binding parameters of MXy (M= Zr and Hf; X=Se and Te). Here (A)
is the charge transfer energy between transition-metal (M) and chalcogen ion (X).

r is the distance between the Zr and X ions. If we look at the crystal structures of
ZrSey and ZrTey, we see that the Zr-Te bondlength is 2.894 A which is larger than the
Zr-Se bondlength in ZrSe,, which is 2.690 A. Hence the value of ¢ should be smaller
for ZrTe, compared to ZrSes. This smaller value of ¢ in ZrTe; dominates the electronic
structure changes. Hence, though A decreses as we go from ZrSes to ZrTe,y, the bonding-
antibonding splitting may be smaller for ZrTe,. Hence the metallicity of Zr'Tes is induced
by the metal-chalcogen bondlength. For the same reasons, the larger value of ¢ in ZrSes

makes it semiconducting.

It is worth noting that the Zr-Zr distances [Table 4.2] are larger than the Zr-X distances
in ZrSey and ZrTey. This is reason why the effect of Zr-Zr bondlength has weaker effect on
the electronic structure changes. This property is opposite to what is observed in WTe,
and MoTe,, both having the same ctrystal structure of 17°. W-W distance in WTe, is
2.857 A which is comaparble to the W-Te distance which is 2.706 A. Mo-Mo distance in
MoTe, is 2.899 A which is comaparble to the Mo-Te distance which is 2.699 A.

E-E_ (eV)

Figure 4.11: Calculated bandstructures of HfSe, with and without SOC
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We went on to examine further whether this is the generic feature of Group-IV compounds
in the periodic table. We replaced Zr by Hf and performed similar calculations as done
for ZrSe, and ZrTes. One extra advantage of working with HfXs is that both ZrX, and
HfX, share same crystal structure that is 1T. Similar to ZrXs, our ab-initio electronic
structure calculations showed HfSey to be semiconducting [Fig. 4.11] and HfTes to be
metallic [Fig. 4.12]. The calculated electronic properties are in accordance with existing
literature [53,54].

E-E, (eV)

ady M K r

Figure 4.12: Calculated bandstructures of Hf Te; with and without SOC

We fitted the ab-initio bandstructures of HfSe;, and HfTey; with tight-binding model and
obtained reasonably good description [Fig. 4.13 and Fig. 4.14].
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<>
e

T M K r

Energy, E-E_ (eV)

Figure 4.13: Energy-momentum plots of HfSe, obtained from the DFT calculations and
with overlapped bands derived from the tight-binding (TB) fittings

Energy, E-EF (eV)

Figure 4.14: Energy-momentum plots of HfTe; obtained from the DFT calculations and
with overlapped bands derived from the tight-binding (TB) fittings

From our tight-binding calculations, we extracted out the onsite-energies of metal as well
as chalcogen ions and calculated the charge transfer energies A for both the materials.
Here again, we found that A is smaller for HfTes as copmpared to HfSe, [Table 4.3]. We
found similar trends in the bondlengths for ZrX, and HfX,. Hf - Te bond length is larger
than that of Hf - Se [Table 4.2]. Consequently, HfTe, has smaller bonding-antibonding

splitting compared to HfSe; which explains the metallic character of Hf Te,. Thus, similar
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to ZrXs, the electronic properties of the HfXy; compounds also are being dictated by the
Hf d - X p interactions.

HfSe,
Element | On-site energies | Charge trasfer Lattice parameters Lattice parameters
(eV) energy A (eV) | before optimization (A) | after optimization (A)
5.161 3.733 3.710
5.165 3.733 3.710
Hf (d) 5.215 6.146 6.043
6.672
6.697
1.870 3.017 Hf-Hf bond length= Hf-Se bond length=
Sel (p) 1.906 3.710 A 2.660 A
2.140
1.949
Se2 (p) 1.981
2.144
HfTe,
Element | On-site energies | Charge trasfer Lattice parameters Lattice parameters
(eV) energy A (eV) | before optimization (A) | after optimization (A)
6.986 3.910 3.846
7.028 3.910 3.846
Hf (d) 7.067 6.658 6.673
8.155
8.189
4.441 2.332 Hf-Hf bond length= Hf-Te bondlength=
Tel (p) 4.628 3.846 A 2.856 A
4.653
4.373
Te2 (p) 4.607
4.631

Table 4.3: Lattice parameters, Bond lengths, On-site energies and Charge transfer energies

of HfSey; and HfTe,.
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4.2 What determines the ground state crystal struc-

ture in ZrSe,

There is another issue that evoked our curiosity study this material further. We know
that MoXs stabilizes in 2H polymorph in its ground state. But for ZrXs, in contrast, the
ground state configuration is 1T. 2H phase of MX, has hexagonal structure where 1T

phase has a tetragonal unit cell [Fig. 4.15].

o VA O Se
Figure 4.15: Arrangement of atoms in the two possible polymorphs of ZrSe,. Top views

of (a) 1T structure, (b) 2H structure

In 2H ZrSe,, the coordination of six chalcogen atoms about each cation would form a
trigonal prismatic structure [Fig. 4.16(b)]. In 1T structure, on the other hand, the

chalcogens atoms have an octahedral coordination about each cation. [Fig.4.16(a)]

(@ (b)

¥ 69'C

o Zr OSe

Figure 4.16: Coordination of chalcogens around a cation for ZrSe, in (a) 1T structure,
(b) 2H structure
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The interlayer separations of the two possible polymorphs after optimization of the ionic
positions differ little [Fig. 4.17]

@ q ®o o o ¢

SRR AR

J
299 A 3.05A
qa—al_a—a o T W T
¢ x '$-6.8°4
& v ¥ Y b d ¥ &4 ¢ o
O zr O Se

Figure 4.17: Distance between two consecutive layers of ZrSes in (a) 1T structure, (b) 2H
structure

We enquire the reason behind this unusual behaviour in ZrXs;. We took first ZrSe, for our
study. We went on to calculate the bandstructure of 2H ZrSe, and compare its various
features with those of the banstructure of 1T ZrSes.

7 7

e Non SOC
[ = = socC

Energy (eV)

Figure 4.18: Energy-momentum plots of 2H bulk ZrSe, with spin-orbit interaction and
without spin-orbit interaction,as obtained from the DFT calculations, superposed over
each other
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Where bulk 1T structure of ZrSes is semiconducting [Fig. 4.2], the 2H polymorph is
found to be metallic in its bulk structure [Fig. 4.18]. We found little difference between
bandstructures for spin-orbit and non spin-orbit calculations for 2H [Fig. 4.18]. Monolayer
structure of 2H ZrSe, is found to be semiconducting in nature [Fig. 4.19]. In each of the

figures, 0 represents the Fermi energy.

Energy (eV)

-2 '

—
<

Figure 4.19: Energy-momentum plots of monolayer of 2H ZrSes with spin-orbit interaction
incorporated

Se has an electron configuration of 4s? 4p? in its outermost shell. Zr has the electron
arrangement as 4d? 5s% in its outer shell. In ZrSe,, Zr is in 4" valence state with its d
shell empty. Se has its p shell completely filled rendering itself in 27 valence state. In
order of energy, the Se p states being completely filled should lie below the empty Zr d
states in ZrSey. In transition metal dichalcogenides, the conduction states are generally
contributed by the transition metal d orbitals and the valence states are contributed by
the chalcogen p orbitals. Since it is a d” system, we can think of it as a two level system
where an interaction between the transition metal d level and the chalcogen p level gives
rise to bonding-antibonding like splitting of energy levels opening up a gap in between.
The bonding states are the valence states lying below the fermi level and have primarily
the chalcogen p characters. The antibonding states are the conduction states lying above

the fermi level and are primarily contributed by the metal d characters.

From the orbital projected bandstructures, we find that for 1T structure in bulk [Fig. 4.3],
the conduction states are contributed chiefly by Zr d orbitals and they can be identified
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as the antibonding states here. The bonding states [Fig. 4.4] are the valence states lying
below the Fermi level and are principally contributed by Se p orbitals.

Energy (eV)

Energy (eV)

Figure 4.20: Orbital resolved calculated band structure of 2H ZrSe, with SOC for Zr d
and Se p states

For 2H structure, however, the Fermi energy passes through one of the antibonding states
[Fig. 4.20] as two of the antibonding states come down in energy. Hence some of the
antibonding states get partially occupied in 2H structure. But in 1T, all the antibonding
states were completely empty. Since ZrSe, is a d” system, this partial occupation of its
antibonding states contributed by Zr d orbitals, which would otherwise be left empty,
leads to rise in the total energy of the system. Hence the 2H structure of ZrSe, is higher
in energy as compared to 1T. We found confirmation to our conclusion by looking at
the band energies, which are summation of the eigenenergies, as obtained from our DFT
calculations. We see that the gain from band energies for 1T is -28.66 eV per formula
unit which is higher than that in the 2H structure. For 2H structure, the value is -28.11
eV per formula unit. This justifies why the 2H polymorph is unstable for ZrSe; and 1T

polymorph is preferred as the ground state for this material.

The next question that comes is why there happens a transition from semiconductor to

metal as we go from 1T to 2H structure in ZrSey ?
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We first suspected the charge transfer energy, A = €,(Zr) — €,(X) to be responsible. So
we mapped the ab-initio bandstructure of 2H bulk ZrSe, onto a tight binding model and

obtained a good description [Fig. 4.21]. We took Zr d and Se p into our basis.

Figure 4.21: Energy-momentum plots of 2H ZrSe; obtained from the DFT calculations
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Energy (eV)
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K

overlapped with bands derived from the tight-binding (TB) fittings

1T bulk ZrSe,

Element | On-site energies | Charge trasfer Lattice parameters Lattice parameters
(eV) energy A (eV) | before optimization (A) | after optimization (A)
4.140 3.771 3.735
4.175 3.771 3.735

Zr (d) 4.209 6.184 6.206
5.281
5.323
1.784 2.282 Zr-Zr bondlength= Zr-Se bondlength=

Sel (p) 1.830 3.735 A 2.690 A
1.858
1.783

Se2 (p) 1.830
1.858

Table 4.4: Lattice parameters, Bond lengths, On-site energies and Charge transfer energies

of 1T and 2H bulk ZrSe,.
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2H bulk ZrSe,

Element | On-site energies | Charge trasfer Lattice parameters Lattice parameters
(eV) energy A (eV) | before optimization (A) | after optimization (A)
4.38 3.771 3.679
4.38 3.771 3.679
Zr (d) 4.43 12.927 12.838
5.20
520 2.61
1.68 Zr-Zr bond length= Zr-Se bondlength=
Se (p) 1.77 3.679 A 2.711 A
1.77

Table 4.5: Lattice parameters, Bond lengths, On-site energies and Charge transfer energies

of 1T and 2H bulk ZrSe,.

From the onsite energies derived from the tight-binding hamiltonian, we calculated A for
1T as well as for 2H structure. We found A to be 2.61 eV for 2H structure which is larger
than the value of A for 1T ZrSey which is 2.282 eV [Table 4.5]. A larger A would imply
a smaller bonding-antibonding splitting in 2H ZrSe,. That would explain the metallic

behaviour in 2H structure of this compound.

Energy (eV)

Figure 4.22: Energy-momentum plot of 2H ZrSe, derived from tight-binding fittings using
the on-site energies of 1T ZrSe,.
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To confirm our conclusion, we replaced the onsite energies in the tight binding model for
2H structure with the onsite energies from the tight binding model for 1T. We found that
the resulting bandstructure continues to be metallic [Fig. 4.22]. This establishes that A
is not playing the fundamental role here in dictating the transition from semiconductor

to metal in going from 1T to 2H structure.

Composition A (eV) Zr-Zr bondlength (A)| Zr-Se bondlength (A)
1T ZrSey 2.282 3.735 2.690
2H ZrSe, 2.61 3.679 2.711

Table 4.6: Charge transfer energy (A) and bondlengths of 1T and 2H structures of ZrSe,.
Here (A) is calculated between transition-metal Zr and chalcogen ion Se

The next possibility is that the bondlengths are at play. We see that the Zr-Zr bondlengths
change only by 0.05 A between 1T and 2H. The Zr-X bondlengths also change very little
[Table 4.6]. To be more precise about the effect of bondlengths on the transtion, we
adjusted the Zr-Zr bondlength and Zr-Se bondlength in 2H structure to make them equal
to their values in 1T ZrSe;. We replaced the in-plane lattice parameters in 2H structure
with those of the 1T structure such that the value of Zr-Zr bondlength becomes exactly
equal to that in 1T ZrSe,.

Energy (eV)

Figure 4.23: Energy-momentum plot of 2H ZrSe, with Zr-Zr bondlength and Zr-Se
bondlength set equal to those in 1T ZrSes
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Further we adjusted the metal-chalcogen bondlength in 2H structure by manualy shifting
the positions of the chalcogen atoms. This way we set the Zr-X bondlength in 2H ZrSe,
exactly equal to that in 1T ZrSe;. The resultng band structure again turns out to be
metallic [Fig. 4.23]. Hence we can safely conclude that the metal-metal or the metal-

chalcogen bondlengths are not dictating the trasition.

The metallic character can be understood by examining the Se network around each
transition metal atom. One finds that the TMSeg polyhedra lead to wider bands in the
2H polymorph than in the 1T structure, emerging from the phases of the associated
hopping integrals. This therefore leads to the notionally anti-bonding states arising from
transition metal d and anion p interactions being partially occupied in 2H. That makes

the 2H structure metallic.

4.3 Conclusion

In conclusion, we systematically studied the low energy electronic structure of ZrTe, and
ZrSes using density functional theory calculations. The DFT calculations of ZrTe, in the
presence of spin-orbit coupling shows metallic character and suggests a band inversion
involving Te p and Zr d orbitals near I" point. This suggests that ZrTe, is a topological
metal. Our studies on ZrSe, further suggest it to be a semiconductor with an indirect
band gap between I' and M high-symmetry points. Our calculations further establishes
that it is the metal-chalcogen bondlengths that is vital in causing the electronic phase
transition from semiconductor to topological metal in going from ZrSe; to ZrTes . This
trend is observed to be true for other Group-IV compounds as well. This is supported by

our systematic calculations performed on another composition HfX,.

In ZrSe,, 1T polymorph is favoured as the ground state cnfiguration unlike other TMDs in
which the ground state is 2H. This turns out to be resulting from the chalcogen network
around each cation that leads to wider bands, phase factors in the hopping integrals
playing the major role. This larger bandwidth leads to some of the antibonding states to
be occupied which enhances the total energy in 2H structure, causing 1T polymorph to

be the favoured ground state configuration in ZrSe, and HfSes.
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Chapter 5

Anomalous Electronic Properties of

Rhenium Based Dichalcogenides,

ReXs (X=S, Se)

5.1 Introduction

The transition metal dichalcogenides [1-4] have been studied closely among the two-
dimensional materials, a story which began with the isolation of a single layer of graphene
[5,6]. The presence of a band gap in most of these members has led to exploring their
use in electronics based on two-dimensional materials. The Mo and W based members in
their most stable ground state, referred to as the 2H polymorph, are found to be semi-
conducting [7-10]. This happens because they have a formal d electron count of two on
the transition metal site which is located in a trigonal prismatic crystal field arising from
its anion neighbours. This leads to a level ordering in which the lowest set of crystal field
levels with transition metal d character are doubly degenerate, thereby explaining the
semiconducting ground state. However the same arguments should have us expect the Re
based compounds which have three d electrons at each transition metal site to be metal-
lic. For an odd number of electrons at each transitions metal site, one could have strong
electron-electron interaction effects being responsible for the insulating ground state as
in various transition metal monoxides. However electron-electron interactions are not ex-
pected to be strong among these materials. Further, an effective single particle calculation
as carried out in the present work for ReS, has an insulating ground state. An alternative

explanation for this could be the presence of magnetic order, however, we do not see any
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evidence of magnetic ordering. MoS, in another polymorph, referred to as 1T, is found
to be metallic by crystal field arguments. However, the system is unstable and dimerises,
with pairs of Mo atoms coming closer by 0.43 A, leading to a small bandgap of 0.045-0.09
eV opening up with the structural transition [11,12]. ReS, also has a 4 Re atom cluster in
each unit cell which is suggestive of a Peierl’s transition [13] in this system also. However,
usually the band gap scales with the distortion in such instances, while here the bandgap
is 1.08 eV which is significantly larger than what is expected. Alternate explanations that
have been suggested are of a charge density wave that drives the tetramerisation [14], as
well as the half-filling of the ¢y, band that drives the distortions [15].

An aspect of these systems that has received a lot of attention in recent times has been
the nature of the band gap as well as its variation as a function of the number of lay-
ers [16-20]. The close proximity of the direct and indirect band gap has contributed to
this confusion. The Mo and W based TMDCs show a change in both the nature as well
as the magnitude of the band gap. Taking the example of MoS,, one finds that it has
a direct band gap of 1.71 eV at the monolayer limit. This changes to an indirect band
gap of 1.16 eV for a bilayer [18]. Additionally, there is a decrease in the bandgap with
layers, reaching a value of 0.82 eV for the bulk. In contrast, ReS; has been unusual in
the layer dependence of the band gap. It has been found to change by less than 0.1
eV in going from monolayer to bilayer, after which it remains almost constant. As the
electronic structure changes with the number of layers have been found to be determined
by interlayer hopping interactions [21], the small changes found here indicate that the

interlayer hopping interactions are small.

In this work we have examined the unusual aspects of the electronic and structural prop-
erties of ReS;. In order to probe the role of the presence of the four Re atom clusters,
we have calculated the ab-initio electronic structure and mapped it onto a tight binding
model. These calculations find an insulating state as the ground state. However, when
hopping between the Re atoms of the cluster are switched off, the system is found to
become metallic. This indicates that the formation of the Re clusters is responsible for
the insulating state, with the cluster eigenfunctions determining the character of the band
extrema. As a result, one has weakly dispersing bands contributing to the valence band
maximum and conduction band minimum, in addition to being strongly localized on the
Re atoms. This leads to the weak layer dependence of the band gap. Inspite of there being
a large contribution to the bonding from Re-Re interactions, the shortest bondlengths are

still those between Re and S atoms, implying that one would still find significant Re-S
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interactions. This, we show, leads to a double hump feature in the vicinity of the I'" point
for the highest occupied band of the monolayer. This is exemplified by artificially tuning
the relative contributions arising from p-d and d-d interactions. This also leads to the
close proximity of the direct and the indirect band gaps in these systems at the monolayer

limit.

5.2 Methodology

The electronic structure of ReSs has been calculated using a plane wave implementation of
density functional theory within the Vienna ab-initio simulation package (VASP) [25-28]
which uses projected augmented wave (PAW) [29,30] potentials. The generalized gradi-
ent approximation [31] was used for the exchange-correlation functional, and dispersional
corrections were included within the DFT-D2 approach [32]. The experimental crystal
structure [33] has been taken in the case of bulk ReS;. A monolayer was constructed
out of the bulk unit cell and a vacuum of 12 A was included along the stacking direction
which was along @ in this case. While the lattice parameters were kept fixed at the ex-
perimental values, the internal positions were optimized in each case. To calculate the
electronic structure self-consistently we used a k-points mesh of 8 x 8 x 8 for bulk and 1
x 8 x 8 for monolayer. A cutoff energy of 258.7 eV was used for the plane waves included
in the basis. As Re is a 5d transition metal atom, spin-orbit interactions may be large.
Hence spin-orbit interactions were included in the calculation of the electronic structure.
In order to understand features of the electronic structure, the ab-initio bandstructure
calculated without spin-orbit interactions was mapped onto a tight-binding model which
had maximally localized wannier functions for its radial part. We used the VASP to
Wannier90 interface for this analysis [34,35]. Re d as well as S p states were included in

the basis for the mapping.

5.3 Results and Discussions

The calculated band structure for bulk ReS, incorporating spin-orbit coupling is shown
in Figure 5.1 along various symmetry directions. A direct band gap of 1.08 eV is found
in this case with both the valence band maximum and conduction band minimum at the

X point. This is similar to the values reported in the literature from experiment which
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ranges from 1.3 eV [36,37] to 1.6 eV [22]. The calculated band structure for the monolayer

is shown in Figure 5.2. Here, the band gap is found to increase to 1.32 eV.

Energy (eV)

Energy (eV)

Figure 5.2: Band structure of monolayer ReS,, incorporating spin-orbit coupling
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Figure 5.3: The difference in energy between highest occupied band at I' and the VBM
in the band structure of monolayer ReSs

As the X point which had the band extrema for the bulk case is along the stacking direc-
tion of the van der Waals layers, we find that at the monolayer limit, the X point folds
to I'. The CBM is therefore found at I', however, the VBM is now at a k-point along the
I'-Z direction. This makes monolayer ReSs an indirect bandgap material. The highest
occupied band at I' is just 3 meV below the valence band maximum and this is shown in
Figure 5.3. It is not often that we find two band extrema for the valence band maximum
so close in energy, and we will examine this aspect later in the chapter. These values for
the bandgap are similar to the values found in the literature using GGA for the exchange
correlation functional [38], though approaches using GW have found a bandgap of 1.85 eV
at the monolayer limit and a value of 1.57 eV for the bulk [39]. When we do not include
spin-orbit interactions, the band gap for the bulk limit is found to be 1.23 eV [Fig. 5.4].
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Figure 5.4: Ab-initio band dispersion of bulk ReS,, without incorporating spin-orbit
coupling

A dependence of both the nature of the band gap as well as the magnitude on the number
of layers has been seen in other transition metal dichalcogenides. Contrasting the present
results to the Mo based transition metal dichalcogenides, one finds that the decrease in
the band gap in going from the monolayer to the bulk is just 0.24 eV. In contrast it is
much larger for the Mo based transition metal dichalcogenides. This has been pointed out
earlier from experiments by Tongay et al. [22]. Additionally the Mo based counterparts
are direct band gap at the monolayer limit and become indirect beyond, in contrast to

what is found here.

Re has a formal d® configuration in ReS,, associated with the +4 oxidation state. The
first question that follows is the origin of the insulating state. As the GGA based ab-initio
electronic structure calculations are able to capture the insulating nature, we can infer
that electron-electron interaction effects at the Re site do not play such an important role
in opening up a bandgap in ReS,. This is to be expected as ReSs involves a 5d transition
metal atom for which the electron-electron interaction effects are expected to be weaker
due to wider bands being formed. There is also no magnetic order found here, which

could provide a possible explanation for the insulating state.

A closer examination of the structure, reveals some possible clues. The Re network that
one finds in each layer consists of parallely running chains of interconnected Re clusters

[Fig. 5.5(a)]. The Re plane is normal to the lattice vector @. Each cluster is composed



5.3 Results and Discussions 131

(a) Q 0 Q
o <D (3 (D o O
90 9 9 ¢9 o
C) - () O <D o—9o
¢ o oo 9 o
O <3 () o—P o9
Q G---@‘e—o oo

375 A
< ) ) o

N 0 =

Figure 5.5: (a) Network of Re atoms in a plane. (b) Bondlengths between Re atoms
belonging to adjacent Re clusters connected at their corners.

of four Re atoms located at the corners of a parallelogram, with two consecutive clusters
along the chain connected through a bond of length 2.89 A. All the bonds within a given
cluster are smaller than the bond connecting two clusters along the chain by atleast 0.08
A, and their bondlengths are shown in Figure 5.5(b). A quick scan of the literature of Re
compounds with Re-Re bondlengths less than 2.81 A finds that the nature of the bonding
at these separations is discussed in terms of Re-Re bonding [40]. This then prompted us
to examine the role of various structural components on the electronic structure. This
was done by mapping the ab-initio band structure calculated without spin-orbit inter-
actions onto a tight-binding model. We incorporated Re d states and S p states in the
basis of our tight-binding model as they are the states that chiefly contribute around the
Fermi energy [Fig. 5.6]. These states had maximally localized wannier functions as their
radial parts, with the process of mapping involving optimization of the localization of the
wannier functions. The spatial extent as measured by <r? > is found to be less than 2.3
A?. Additionally we have a good description of the ab-initio band structure within the
tight-binding model [Fig. 5.7], which allows us to selectively switch off certain interactions

and examine its effect on the electronic structure.
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Figure 5.6: Orbital projected density of states for Re d and S p states of ReS;. Fermi
energy is set to zero.
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Figure 5.7: Ab-initio band structure of bulk ReS,, without incorporating spin-orbit cou-
pling, superposed with the band dispersions from the tight-binding model

[Fig. 5.9] shows the Brillouin zone of ReS,. It appears that I'-X direction in the reciprocal

space corresponds to the out of plane direction in the direct lattice.
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Figure 5.8: Tight-binding band dispersion of bulk ReS, without incorporating spin-orbit

coupling

In order to probe the role of the Re-Re interactions, we first switch off the interactions
betwen Re atoms belonging to different chains. The system remains insulating, however,
we find a reduction in the band gap from 1.23 eV [Fig. 5.8] to 1.06 eV [Fig. 5.10]. The

small change of 14% is consistent with the fact that the interchain Re-Re separation is

3.75 A, suggesting a weak coupling between the chains.
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Figure 5.9: Brillouin zone of structure of ReSs in triclininc crystal structure with space
group P-1 (Taken from ‘Bilbao Crystallographic Server’)
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[Fig. 5.9] shows the Brillouin zone of ReSs. It appears that I'-X direction in reciprocal

space corresponds to the out of plane direction in direct lattice.
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Figure 5.10: Band structure of bulk ReS,, with the coulping between adjacent Re-chains
switched off in the tight-binding model

We then proceeded to switch off the intercluster Re-Re interactions. The resulting band
structure we find is still insulating, though the band gap is now reduced to 0.5 eV [Fig.
5.11]. As a final step we switched off the Re-Re interactions present in the 4 atom clusters.
This led to a collapse of the band gap as shown in Figure 5.12, verifying that the formation

of the clusters was responsible for the insulating state.
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Figure 5.11: Band structure of bulk ReS,, with the coupling between any two adjacent
Re-clusters switched off in addition to switching off the coupling between Re-chains, as
obtained from the tight-binding model
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Figure 5.12: Band structure of bulk ReS,, with all Re-Re hopping interactions switched
off in the tight-binding model

We then go on to quantify the role of the Re-Re bonding. This is done by calculating the
band energy within our tight-binding Hamiltonian, which is calculated as the sum over
the occupied eigenvalues. The difference in the band energy for the full Hamiltonian and

that calculated with the d-d interactions switched off gives us the contribution emerging
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from Re-Re interactions alone. This turns out to contribute 13.37 eV, indicating the

presence of significant Re-Re interactions, which is what drives the cluster formation.

Having understood the origin of the insulating state, we went on to examine the weak
thickness dependence of the band gap that is found experimentally and reproduced within
our calculations. In an earlier study [41], it was observed that in MX, (M=Mo,W and
X=S,Se and Te), it is the interlayer interactions which are responsible for the change in the
electronic structure with thickness. So for ReS,, the weak dependence of the bandgap on
thickness indicates negligible interlayer interactions. The most obvious factor governing
the interlayer interactions could be the interlayer separation. Harrison’s law [42], which
provides a power law relationship between the hopping parameters and the interatomic
distance, suggests that the interactions between two adjacent layers should be larger for
a smaller interlayer separation. So we examined the experimental structure to determine
the interlayer separation and compared it with that for 2H-MoS,.The interlayer separa-
tion in ReS, is found to be 2.72 A [Fig. 5.13(a)] and that in MoS, to be 2.98 A [Fig.
5.13(b)]. So it appears puzzling that despite the interlayer separation being smaller, the
interlayer interactions are weak. This also indicates that the interlayer separation is not
a good parameter as a measure of the interlayer interaction in a material. Here, as the
coupling is weak between the layers, it could be that the layers come closer to maximize

the energy gain from interlayer interactions leading to a smaller separation compared to
MOSQ.
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Figure 5.13: Interlayer spacing in (a) ReS; and (b) MoS,. Charge density of (c¢) valence
band maximum and (d) conduction band minimum in ReSy

The next possibility that can influence the interlayer interaction is the nature of the or-
bitals associated with the conduction band minimum and the valence band maximum.
Earlier work had shown that for MoSs,, the highest occupied band at I' is contributed
by d,2 of Mo and p, of S, both of which are directed out-of-plane. On the other hand,
the highest occupied band at K is contributed by in-plane d,>_,» and d,, orbitals of Mo.
Adding the next layer for the bilayer allows for interactions between the orbitals of the
two layers. This shifts the valence band maximum of the monolayer from K to I". Simi-
larly, the conduction band minimum of monolayer MoS, at K is contributed by in-plane
d-orbitals of Mo whereas at T it is contributed by out-of-plane orbitals. Hence for the
bilayer, the CBM shifts to T due to interactions between the out-of-plane orbitals of two
adjacent layers. This also explains the large changes that we see in the electronic struc-
ture with thickness in MoS,. As we have discussed earlier, in ReSs a band gap opens up
as a result of the interactions between the Re atoms within each cluster that we find in
the structure. The interactions between neighbouring clusters along the one-dimensional
chains formed enhance the band gap, with the coupling between the chains enhancing it

further. This analysis clearly indicates that the wavefunctions corresponding to the VBM
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and the CBM are found to be dominantly localized on the Re atoms. This is consistent
with earlier reports in the literature [38]. Plotting the corresponding charge densities [Fig.
5.13(c) and 5.13(d)], we find that they remain confined principally in the plane containing
the transition metal atoms and don’t spread into the van der Waals gap. Consequently,

the interlayer hopping interaction is quite weak here.

One finds another aspect about the electronic structure of ReS, that is unusual. At the
monolayer limit, one finds that it is indirect gap, with the direct gap transition energy
just 3 meV higher in energy. For the bulk case, however, we find that it is direct. These
results are in contrast with the Mo based TMDs where one finds a direct band gap at the
monolayer limit and an indirect band gap beyond. Also the presence of two closely lying
band gap transitions at the monolayer limit is puzzling. Examining the band dispersions,
one finds that for the bulk case, the band extrema lie at the X point, where I'X is parallel
to the stacking direction. In the monolayer case, we have the VBM along ['Z direction.
Examining the structure, the intercluster coupling could have a larger value along this
direction in contrast to the I'Y direction where the electronic structure is dictated by in-
terchain interactions. A part of the intercluster interaction emerges from p-d interactions
and so has a different dependence compared to the part originating from d-d interactions.
This results in the small rise as we move away from I' along this direction, and hence
the VBM lies along this direction. This effect would have been there for the bulk case
also, except that the stronger inter-layer hopping interactions leads to the valence band
maximum at the X point. To examine the hypothesis of competing p-d and d-d inter-
actions giving rise to the hump of the highest occupied band along the I'Z direction, we
work with the tight-binding Hamiltonian which allows us to vary one set of interactions,
keeping the other fixed. The results of the calculations varying the strength of the p-d
interactions keeping the d-d interactions fixed for three cases are shown in Figure 5.14
along I'Y and I'Z directions. The first is the result in the the absence of any scaling.
The second is for the case where the p-d interaction strengths are scaled to 80 % of their
values. The third is for the case where the p-d interaction strengths are scaled to 120 %
of their values. The hump that we find becomes more prominent for the case where the
p-d interaction strengths are scaled down. This indicates that while the d-d interactions
would like the band to disperse downwards, the p-d interactions would like the band to
disperse upwards. Increasing the component of the p-d interactions to 120 % removes the
observed hump. In the context of MX semiconductors, the hump has been discussed in
terms of a level repulsion picture of higher and lower energy levels [43]. We present an

alternate explanation in the present case.
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Figure 5.14: Dispersion of the highest occupied band along I'Y and I'Z directions calcu-
lated for monolayer ReS, within the mapped tight-binding model with the p-d interactions
at 80% (blue dashed), 100% (red solid) and 120% (green dotted) of their mapped values.

There has been a lot of discussion in the literature of the nature of the bandgap at the
monolayer as well as the bulk limit. Gehlman at al. [39] use GW calculations to address
this question and find an indirect bandgap at both the monolayer as well as the bulk limit.
On the other hand Zhong et al. [38] find a direct gap for the monolayer. Our work finds
the monolayer to have an indirect gap, though the direct one is just 3 meV larger. The
small energetics therefore make it difficult to conclusively settle the issue. The cluster
formation leads to small intercluster interactions. Additionally we find that the simul-
taneous presence of p-d interactions as well as d-d interactions leads to the small rise in
the dispersion of the highest occupied band along I'Z direction before it decreases again.
An additional problem is that the interlayer separation from experiment is found to be
2.72 A while an optimization using dispersion corrections gives us 2.50 A. This modifies
the dispersional width of the highest occupied band in the I'X direction by 0.05 eV. So a
competition of the dispersional width in the I'X and I'Z directions determines the nature
of the bandgap. While calculations have played an important role in addressing the na-
ture of the bandgap, uncertainties between different approaches exist because of the need

for accurate values of the interlayer separations.
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We went further on to investigate another Rhenium based dichalcogenide, namely ReSes.
We enquire whether ReSe; has similar issues as we witnessed in ReS,. Figure 5.15 shows
the ab-initio band structure of bulk ReSey as calculated by us incorporating spin-orbit
coupling. Farlier experimental studies using optical absorption spectroscopy had found
bulk ReSes; to have an indirect bandgap of 1.17 to 1.19 eV [44,45]. From our calculated
band structure, we found bulk ReSes to have a direct bandgap of 1.01 eV with both the
conduction band minimum and the valence band maximum lying at the high-symmetry
k-point X. We remind ourselves that for bulk ReS, also, the VBM and CBM were at X-
point. Our calculated value of the bandgap of ReSes is similar to the values found in earlier
density functional theory based calculations that range from 0.86 to 1.06 eV [46,48]. But
these calculations found the bandgap to be indirect. However, use of GAW approximation
has found the bandgap to turn direct with a value of 1.49 eV [48].

So, same as ReS,, our band structure calculations establishes bulk ReSe; to be semicon-
ducting. In ReSe, also, the Re ion is in 4+ valence state, leading to d® configuration. So,
going by the same logic as we put forth in the case of ReS,, the origin of the semicon-

ducting property of ReSey is worth probing into.
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Figure 5.15: Band structure of bulk ReSes, incorporating spin-orbit coupling

The calculated band structure of monolayer ReSe; has been shown in Figure 5.16 which
finds an indirect gap of 1.10 eV with the valence band maximum lying at a k-point between

high-symmetry points Y and I". For monolayer ReS,, the VBM was at a k-point between
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I' and Z, making monolayer ReSs indirect bandgap. Earlier density functional theory
based calculations had found monolayer ReSe; to have an indirect gap ranging from 1.15
to of 1.34 eV [46,47,49]. Most of these calculations showed an indirect nature of the gap
while one set of calculations has found the bandgap to be direct [47]. Incorporation of
self-energy corrections in GW method finds the gap to be direct with a value of 2.3 eV [49].
So, as found from our calculations, in going from bulk to monolayer, the bandgap changes
by 0.09 eV, which is small. So, similar to ReSs, ReSe; shows weak thickness dependence
of bandgap. It is worth noting that the change in the bandgap in going from bulk to
monolayer is much smaller in ReSe; than in ReS,. For ReSs, it was 0.24 eV. So the layer

dependence of bandgap is weaker in ReSe,.
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Figure 5.16: Band structure of monolayer ReSes, incorporating spin-orbit coupling
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Figure 5.17: (a) Network of Re atoms in a plane in ReSe,. (b) Bondlengths between Re
atoms belonging to adjacent Re clusters connected at their corners in ReSe,.

Looking at the structure, we see that similar to ReS,, each Re plane in ReSey consists of
diamond chains, i.e. interconnected clusters of Re atoms in shape of parallellograms [Fig.
5.17(b)]. All the Re-Re bondlengths within each cluster are smaller than the bondlength
connecting two adjacent clusters [Fig. 5.17(a)]. The intracluster bondlengths vary from
2.75 A to 2.87 A. The intercluster bondlength is 3.01 A. The distance between two neigh-
bouring chains is 3.93 A.

To study the effect of different structural motifs on the electronic structure, we mapped
the ab-initio band structure of ReSey calculated without spin-orbit interactions [Fig. 5.18]
onto a tight-binding model with maximally localized wannier functions as the basis states,
similar to the case for ReS;. We took Re d and Se p states into our basis. We got a good
agreement between the ab-initio band structure and the tight-binding bands [Fig. 5.19].
We note that the bandgap for bulk ReSe; without incorporating spin-orbit coupling is
1.13 eV and it turns out to be indirect. The valence band maximum lies between high-

symmetry points X and V [Fig. 5.18].
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Figure 5.18: Ab-initio band dispersion of bulk ReSey, without incorporating spin-orbit
coupling
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Figure 5.19: Ab-initio band structure of bulk ReSe,, without incorporating spin-orbit
coupling, superposed with the band dispersions from the tight-binding model

We follow the same series of steps as were performed for ReSy;. We first switch off all
the Re-Re hopping interactions and the resulting band structure shows metallic character
[Fig. 5.20]. Next we switch off the interchain coupling and the system continues to be
insulating [Fig. 5.21]. The bandgap reduces from 1.13 eV [Fig. 5.18] to 0.97 eV [Fig.
5.21]. So the change in the bandgap due to switching off the interchain interaction is 14
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% which reflects weak coupling between chains similar to the case of ReSy. This can be
justified by considering the fact that the distance between chains is 3.93 A [Fig. 5.17(b)].

IR N

.

Figure 5.20: Band structure of bulk ReSesy, with all Re-Re hopping interactions switched
off in the tight-binding model
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Figure 5.21: Band structure of bulk ReSe,y, with the coulping between adjacent Re-chains
switched off in the tight-binding model
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Figure 5.22: Band structure of bulk ReSey, with the coupling between any two adjacent
Re-clusters switched off in addition to switching off the coupling between Re-chains, as
obtained from the tight-binding model

In the following step, we switched off the Re-Re coupling between any two adjacent
clusters connected at the corners and the resulting band structure still remains insulating
with the band gap reduced to 0.62 eV [Fig. 5.22]. This establishes the fact that it is the
intracluster interactions that are responsible for the insulating character. So, instead of
considering individual Re atoms, we should consider the Re-clusters. Re ions within each
cluster interact among themselves and the resulting molecular like orbitals get occupied

with electrons to result in the semiconducting ground state for this material.

We then focussed our attention on the other issue which is the weak layer dependence
of the bandgap found in ReSey, which is even weaker than ReS;. We followed the same
approach as we adopted for ReS, to investigate the underlying physics behind the weak
layer dependence of bandgap in ReSe;. We first enquired whether the interlayer separation
can account for the weak layer dependence. A weak layer dependence of bandgap reflects
a weak interlayer hopping interaction in ReSes. A weaker interlayer interaction in ReSes
would have one expect a larger interlayer spacing in ReSe;. We compared the interlayer
spacing in ReSep with that in MoSs [Fig. 5.23(a) and (b)]. We found that the interlayer
spacing is 2.61 A for ReSe, [Fig. 5.23(a)] while it is 2.98 A for MoS, [Fig. 5.23(b)]. So,
the interlayer separation is indeed smaller in ReSey despite the interlayer interaction being
weaker. This establishes the fact that, similar to ReS,, it is not the interlayer spacing

that is dictating the interlayer interaction in ReSe,.
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Figure 5.23: Interlayer spacing in (a) ReSes and (b) MoS,. Charge density of (c) valence
band maximum and (d) conduction band minimum in ReSe,

The next factor capable of influencing the interlayer hopping interaction is the nature
of the orbitals associated with the valence band maximum and the conduction band
minimum. We plotted the charge densities corresponding to VBM [Fig. 5.23(c)] and
CBM [Fig. 5.23(d)] of ReSes. We find them to be strongly localized on the Re atoms
with Se atoms having small in-plane contribution. So there is very weak overlap of the
associated wavefunctions between two adjacent layers. This leads to very weak interlayer

hopping interaction. Thus the weak layer dependence of bandgap in ReSe, is explained.

5.4 Conclusion

In conclusion, we have examined the unusual insulating state associated with a d® config-
uration at the Re site in ReS,. and ReSe,. We find that this is associated with the 4 Re
atoms cluster found in its crystal structure. The presence of metallic bonding between

these Re atoms results in the insulating state with VBM and CBM strongly localized in
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the Re layer. This leads to the weak interaction between any two layers in ReS,; and
ReSes, despite the interlayer separation being much smaller than the 2H-MoS, which ex-

hibits a strong layer dependence.
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Chapter 6

Strain Induced Electronic Structure

Changes in Monolayer ReS-

6.1 Introduction

There is broad interest in tuning the electronic and optical properties of semiconductors by
application of strain. Among 2D layered semiconductors, monolayer TMDs (MX,, where
M = Mo, W is a transition metal, and X = S, Se is a chalcogen atom) are most suitable
for strain engineering owing to their durability to large amount of strain before rupture.
In contrast to earlier work on silicon semiconductors [5], GaAs based semiconductors,
quantum wells, TMDs transcend in performance because of their band gap which is ap-
propriate for optoelectronic applications and their large strain handling capacity. TMDs
can withstand strain higher than 10% [6,7] and by controlling strain, their electronic
and optical properties can be tuned. A direct-to-indirect band gap transition [1,2] and
a semiconducting-to-metal transition [3,4] have been found in them upon application of

uniaxial /biaxial tensile strain.

For MoS,, bandgap tuning has been achieved using tensile strain [8-11] which even led to
a direct to indirect bandgap transition [12-17]. Photoluminescence spectroscopy showed
almost linear decrease in the optical bandgap of monolayer of MoS, [22] with strain which
can be interpreted as a result of reduced orbital overlap. The band gap ultimately becomes
an indirect [20] with further increase in strain. Under compressive strain, the direct band
gap increases first and then reduces to undergo a direct-to-indirect transition [19,21]. Tt
is the small energy difference between the direct gap and the indirect gap in MoS,; which

makes it possible for a direct to an indirect gap (at ~ 2% uniaxial strain) transition
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and a semiconductor-to-metal transition (at ~ 10% biaxial strain) to take place at small
tensile strain. Blue shift [23] of the optical bandgap occurs in MoSs with out-of-plane
uniaxial tensile strain. In [18], they have explored the interplay between strain and
electronic structure in single layer MoSe; using Raman and PL spectroscopy, supported
by density functional theory based calculations. Here also, the direct bandgap is observed
to gradually decrease as the strain is varied from compression to tension, and a direct-to-

indirect transition is observed on the compressive side.

In a work [24], based on density functional theory calculations, they found the bandgap
to increase with the tensile strain for group IVB TMDs. For group VB TMDs (TaXs),
ferromagnetism is induced or enhanced by the tensile strain, and a direct-to-indirect
bandgap transition is induced for group VIB TMDs (CrXs).

Being incited by the earlier studies of strain effect on the electronic structures of TMDs,
we went on to investigate the changes that take place in ReS, which is a group VIIB
TMD. We find the bandgap to reduce monotonically for both tensile and compressive
strain along in-plane lattice vectors. Interestingly, a double hump like feature emerges in
the valence band of monolayer of ReS, that can be manipulated by strain. There are two
interactions at play behind the double hump. They are the Re d - Re d interactions and
the Re d - S p interactions. We use strain along in-plane lattice vectors as a parameter and
play around with these two interactions to induce a topological transition of the Fermi

surface by engineering this double hump.

6.2 Methodology

We started with unstrained structures of monolayer ReS,. Internal positions were opti-
mized using projected augmented wave (PAW) [25] implementation of density functional
theory within the Vienna Ab-initio Simulation Package (VASP) [26,27]. The exchange-
correlation functional was approximated by generalized gradient approximation [28] func-
tional. We made the monolayer structure out of bulk ReS, by incorporating 24 A of
vacuum along the out-of-plane direction, which is along lattice vector @. The in-plane
lattice parameters were kept fixed at their experimental values of 6.51 A and 6.46 A [29].
We used a k-points mesh of 1 x 8 x 8 for optimization. An energy cutoff of 258.7 eV was
used for plane wave basis. We applied uniaxial strain along each of the in-plane lattice

vectors and varied them in steps of 1% to generate different structures for our study.
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6.3 Results and Discussion
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Figure 6.1: Change in the Re-Re bondlengths upon application of compressive strain
along lattice vector b in increment of 1%. Re-Re bondlengths shown for (a) No strain,
(b) 1% compressive strain, (c¢) 2% compressive strain, (d) 3% compressive strain, (e) 4%
compressive strain, (f) 5% compressive strain

We applied uniaxial compressive as well as tensile strain along each of the in-plane lattice
vectors and studied the resulting changes in the electronic structure of monolayer ReSs.
First, let us focus on the modifications in electronic structure that emerge after applying
strain along lattice vector b. We began by identifying the changes that take place in the
lattice structure and bondlengths. In Figure 6.1, the Re-Re bondlengths have been shown
for different compressive strain percentages along lattice vector b. We find that all the
Re-Re bondlengths within each cluster, labelled as «, 8 and 7, decrease with compression
along 5, while the bondlength connecting two adjacent clusters at the corners, labelled
by §, increases. There is considerable change in o from 2.78 A for 0% strain to 2.68
A for -5% strain. But change in ¢ is small, only from 2.89 A to 2.90 A. Since the
Re-Re interactions are mediated by d orbitals of the Re atoms, a change in the Re-Re
bondlengths is equivalent to scaling the d-d interaction strength. Figure 6.2(a) shows the
Re-S bondlengths for 0% strain and Figure 6.2(b) shows them for -5% strain. From the

figures we find that the Re-S bondlengths also contract with compression with only one
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of them rather elongating by 0.01 A to adjust. Most of the Re-S bondlengths change
very little while two of them change considrably with strain. The largest change in Re-S
bondlengths is 0.05 A. Since Re-S interactions are mediated by S p and Re d orbitals,

this scales the p-d interaction strength.

( a) sS4

0 % strain 1 % strain 2 % strain

Figure 6.3: Change in the Re-Re bondlengths upon application of tensile strain along
lattice vector b in increment of 1%. Re-Re bondlengths shown for (a) No strain, (b) 1%
tensile strain, (c) 2% tensile strain, (d) 3% tensile strain, (e) 4% tensile strain, (f) 5%
tensile strain
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Figure 6.3 shows the Re-Re bondlengths for different values of tensile strain along lat-
tice vector b. We find that all the Re-Re bondlengths within each cluster increase with
stretching along b while the bondlength connecting two adjacent clusters at the corners,
0, decreases. Here also the change is larger for all the intracluster bondlengths while it is

small for the bondlength connecting two clusters.
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Figure 6.4: Evolution of the bandstructure of monolayer of ReSy with strain, both com-
pressive and tensile, along lattice vector b

We then went on to explore the effects of strain on the bandstructure. The evolution of
the monolayer bandstructure with strain along b has been shown in Figure 6.4 for all our
different choices of compressive as well as tensile strain perecentages. For unstrained case
(0%), we see that the material possesses an indirect bandgap of 1.42 eV. The valence band
is well separated from the band just below and a double hump like feature is present in
the valence band. We find that the bandgap remains indirect upon applying compressive
strain and keeps gradually reducing in value with increase in strain perecentage. It drops
form its value of 1.42 eV at 0% strain to 1.23 eV for -5% strain. Interestingly, the bandgap
turns direct with tensile strain. The value of the bandgap shows similar trend of gradual
reduction as it drops form its value of 1.42 eV at 0% strain to 1.18 eV for 5% strain.

We see that the double hump like feature in the valence band becomes more prominent
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upon moving towards larger value of compressive strain. But the double hump vanishes

for tensile strain.

To examine in more detail the factors that contribute to the reduction in bandgap for
both compressive and tensile strain, we aligned the bandstructures for all the various
strained configurations with respect to the electrostatic core potentials associated with
the S atoms. This will help us better compare among the scenario for various structures
and trace the shift in valence band energy with strain along b [Fig. 6.5], and the same for

the conduction band energy [Fig. 6.6].
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Figure 6.5: Valence band of monolayer of ReS, for various strain percentages along lattice
vector b, all aligned with respect to the electrostatic potential of S ions

From Figure 6.5, we find that the valence band maximum shifts upwards in energy with
compression. It moves up by 0.28 eV in going from 0% to -5% strain. From Figure 6.6, we
also note that the conduction band minimum is pushed upwards with compression where
it comes down in energy with tension. The conduction band minimum moves up in energy
by 0.1 €V in going from 0% to -5% strain. Since the amount of rising of the valence band
maximum is higher than the amount by which the conduction band minimum moves up,
this results in a decrease in bandgap upon compression. For tensile strain, again the VBM
rises slightly from its value at 0% strain, but the rate is slower. It moves up by 0.07 eV
in going from 0% to 5% strain. On the other hand, the conduction band minimum comes
down quicker with tension. It moves down by 0.17 eV in going from 0% to 5% strain.

Due to the composite effect of both, the bandgap decreases and the decrease in bandgap
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is larger for tensile strain. We find that the bandgap is 1.23 eV for 5% compression while
it is 1.18 eV for 5% tensile strain.
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Figure 6.6: Conduction band of monolayer of ReS, for various strain percentages along
lattice vector b, all aligned with respect to the electrostatic potential of S ions

Since there are two kinds of fundamental contributors to the shift in the band energy
eigenvalues, one is from the onsite energies of the ions and the other is from the hopping
interactions between different ions, we wished to estimate their relative weight. We first
enquired about the onsite energies. We mapped the ab-inito bandstructure onto a tight-
binding model for few of the strained structures using the VASP to WANNIER90 interface,
and from our tight-binding calculations, extracted out the onsite energies of the ions. We
performed the calculations for 0%, -4% and 4% strain cases. The results have been
tabulated in Figure 6.7. We have aligned the energy values with respect to the core
potential at Re ion. We additionally subtracted a reference energy of 46.43 eV to reduce
the figures. We find that the onsite energies change very little with strain. Hence, we can
conclude that the change in the electronic structure with strain is primarily due to the
variation in the hopping interaction strengths between ions associated with the change in
bondlengths.



160 Chapter 6 Strain Induced Electronic Structure Changes in Monolayer ReS,

MONOLAYER
0 % strain -4 % strain along b 4 % strain along b
Core potential -50.88 eV -50.70 eV -50.98 eV
(Ec) =
Energies | (E,- E¢) | (E,- Ec- | Energies | (E,- E¢) | (E,- Ec- | Energies | (E,- E¢) | (E,- Ec-

(E))ineV | ineV E.) |(E,)ineV | ineV E.p |(EpineV| ineV E.)
in eV in eV in eV

-4.38 46.50 0.07 -4.27 46.44 0.01 -4.45 46.53 0.1

-4.29 46.59 0.16 -4.20 46.50 0.07 -4.37 46.61 0.18

Reld -4.21 46.68 0.25 -4.07 46.63 0.20 -4.30 46.69 0.26
-2.76 48.13 1.70 -2.55 48.15 1.68 -2.94 46.05 1.61

-2.71 48.17 1.74 -2.51 48.19 1.76 -2.85 48.13 1.70

-4.39 46.50 0.07 -4.26 46.44 0.01 -4.45 | 46.53 0.1

-4.29 46.60 0.17 -4.20 46.50 0.07 -4.37 | 46.61 0.18

-4.20 46.68 0.25 -4.07 46.63 0.20 -4.30 46.69 0.26

Re2 d

-2.75 48.13 1.70 -2.55 48.15 1.68 -2.94 48.04 1.61

-2.72 48.17 1.74 -2.51 48.19 1.76 -2.85 48.13 1.70

-4.38 46.50 0.07 -4.27 46.43 0.00 -4.50 46.49 0.06

-4.32 46.57 0.14 -4.22 46.48 0.05 -4.34 46.64 0.21

Re3 d -4.31 46.58 0.15 -4.20 46.50 0.07 -4.33 46.65 0.22
-2.76 48.12 1.69 -2.61 48.10 1.67 -2.87 48.11 1.68

-2.70 48.18 1.75 -2.52 48.18 1.75 -2.83 48.15 1.72

-4.38 46.50 0.07 -4.27 46.43 0.00 -4.50 46.49 0.06

EErel’

-4.32 46.57 0.14 -4.22 46.48 0.05 -4.34 46.64 0.21

Re4 d -4.31 46.58 0.15 -4.20 46.50 0.07 -4.33 46.65 0.22
-2.76 48.12 1.69 -2.61 48.10 1.67 -2.8720 | 46.11 1.68

-2.70 48.18 1.75 -2.52 48.18 1.75 -2.8346 | 48.15 1.72
-6.23 44.66 | -1.77 -6.11 44.59 -1.84 -6.29 44.69 -1.74
Slp -5.54 45.35 -1.08 -5.30 45.40 -1.03 -5.74 45.25 -1.18
-5.39 45.50 | -0.93 -5.18 45.52 -0.91 -5.52 | 45.46 | -0.97

Figure 6.7
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We have already noted, from Figure 6.4, that the valence band is well isolated from the
band immediately below for 0% strain and shows a double hump like feature with middle
point of the humps lying at I'. But upon increasing compressive strain, the two bands seem
to gradually move closer to each other. The double hump becomes more pronounced and
the valence band shows a tendency to yield a more prominent dip at I' for compression
and the band just below rises in energy and gradually approaches the valence band (-
2%). The two bands ultimately touch together at I' for -3% strain. We find them again
separated from each other at -4% strain and they continue moving away from each other
with increasing compression. We speculate that associated with this band crossing of the
valence band and the band immediately below at I" between -2% and -4% strain values, a
topological transition has taken place involving an inversion of orbital characters between
the two bands.

1 T T T
(a) | (b) | (©) L (d)

0.5 — 0% strain — -2% strain — -3% strain — -4% strain —

Energy (eV)
(=}

;

N

T\
y r 7Yy o' 7z Yy ' Z Y I

Figure 6.8: Evolution of the valence states in the bandstructure of monolayer of ReS,
with compressive strain along lattice vector b

The phenomenon of band crossing has been highlighted in Figure 6.8. In Figure 6.8(b), we
see that for -2% strain, the double hump becomes more pronounced and the valence band
at I' comes down in energy. The band just below valence band comes up as if to touch
the valence band at I'. For -3% strain [Figure 6.8(c)], the two bands touch each other at
['. We see they are again separate from each other at -4% strain in Figure 6.8(d). So,
between -2% and -4% strain, there might have taken place an interchange of characters

between the valence band and the band below.
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Figure 6.9: Charge densities at I" for (a) band immediately below the valence band for
-2% strain, (b) valence band for -2% strain, (¢) band immediately below the valence band
for -4% strain, (b) valence band for -4% strain

To confirm any possible inversion of orbital character between the two band at I', we
plotted the charge densities for the valence band and the band immediately below the
valence band at ' in Figure 6.9. We see that orbital characters of the two bands at I’
got interchanged between the -2% and -4% strain. For -2% strain, the valence band at
I' seems to be primarily contributed by Re d orbitals with negligible contribution from S
p states [Fig. 6.9(b)]. The band just below the valence band is seen to have appreciable
contribution from S p orbitals [Fig. 6.9(a)]. For -4% strain, the scenario is just the
opposite where the orbitals characters seem to have got interchanged between the two
bands at I' [Fig. 6.9(c) and (d)].

To lend further support to the orbital interchange, we plotted the orbital projected band
dispersion that will more explicitly show each orbital contribution to the two bands in-
volved. We plotted them for -2% [Fig. 6.10] and -4% [Fig. 6.11] strain. We see that
for 2% compressive strain [Fig. 6.10], the valence band at I" is primarily contributed by
Re d;, and Re d,, orbitals. The band immediately below the valence band is chiefly
contributed by S p, and S p. orbitals.
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Figure 6.10: Orbital projected bandstructures for monolayer ReS, with 2% compressive
strain along lattice vector b
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Figure 6.11: Orbital projected bandstructures for monolayer ReS, with 4% compressive
strain along lattice vector b
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For 4% compressive strain, the picture is inverted [Fig. 6.11]. Here the the valence band
at I' is majorly contributed by S p, and S p, orbitals. The band immediately below
the valence band is mainly contributed by Re d,, and Re d,. orbitals. Combining with
the charge density results, we can proclaim with confidence that there took place an
inversion of orbital characters between the valence band and the band immediately below
the valence band associated with the band crossing at I'. This establishes a topological

transition to have taken place involving the two bands.

The emergence of the double hump in the valence band in Figure 6.4(a),(b),(c),(d) and
(e), for the compressive strain along 5, provides us with an opportunity to trigger a
transition involving the Fermi surface, also called Lifshitz transition in the system via
carrier doping. Doping the system with holes will bring the Fermi level down and make
it cross the valence band. Due to the double hump, hole pockets will appear in the
reciprocal space. By controlling the doping, we can conveniently shift the Fermi level
along the energy axis to manipulate such hole pockets and thereby realize a topological

phase transition of the Fermi surface.

(a) (b) (c)
-5 % strain -3 % strain -1 % strain
0a=2.78 A
B=2.78 A
y=2.64 A a o
5=2.79 A
c Q
\%b
(e)
0 % strain 3 % strain 5 % strain
a=2.78 A a=2.78 A a=2.78 A
B=2.81 A o B=2.84 A o B=2.86 A
y=2.70 A o y=2.75 A o y=2.79 A o
5=2.89 A 0=3.00 A 5=3.08 A o
c K C Q C Q
\éb \éb \%b

Figure 6.12: Change in the Re-Re bondlengths upon application of compressive as well
as tensile strain along lattice vector ¢. Re-Re bondlengths shown for (a) 5% compressive
strain, (b) 3% compressive strain, (¢) 1% compressive strain, (d) 0% strain, (e) 3% tensile
strain, (f) 5% tensile strain
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Now let us focus on the situation consequent upon applying strain along lattice vector ¢.
The resulting Re-networks have been shown in Figure 6.12 for different strain percentages,
both compressive and tensile. We find that « remains invariant with strain, while £
changes little. The greatest impact is on v and the intercluster bondlength §. Between
-5% to 5% strain, § changes from 2.74 A to 3.08 A. But all the bonds have similar trend,
either contracting on compression or elongating on tension. The Re-S coordination has
been shown for 0% and -5% strain along ¢ in Figure 6.13. Re-S bondlengths appear to
change only slightly with strain.

(a)

s

Figure 6.13: Re-S bondlengths for strain along ¢ : (a) 0% strain, (b) -5% strain

In Figure 6.14, the evolution of the monolayer bandstructure with strain along lattice
vector ¢ has been shown. Here also, the bandgap reduces from its value at 0% strain for
both compressive as well as tensile strain. It drops from 1.42 eV at 0% strain to 1.39 eV
for -5% strain and to 1.25 eV for 5% strain. The double hump like feature in the valence
band is not so pronounced and it vanishes for large compressive strain. Note that for
strain along I;, in contrast, the double hump would rather become more prominent upon
application of compressive strain. Another point to note here is the change in the shape
of the valence band is monotonic with tensile as well as compressive strain. The reduction
in the bandgap with either kind of strain is also smaller as compared to the case of strain
along b [Fig. 6.4].

Similar to the case of strain along 5, we align the valence bands and the conduction
bands with respect to the electrostatic potential at S ion. We see that the valence band
maximum moves down monotonically as we go from the compressive to the tensile strain
regime [Fig. 6.15]. The valence band maximum moves down by 0.23 eV in going from
-5% to 0% strain.
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Figure 6.14: Evolution of the bandstructure of monolayer of ReS, with strain, both com-
pressive and tensile, along lattice vector ¢
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Figure 6.15: Valence band of monolayer of ReS; for various strain percentages along
lattice vector ¢, all aligned with respect to the electrostatic potential of S ions
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The conduction band minimum moves down monotonically while going from compressive
to tensile strain [Fig. 6.16]. It comes down by 0.19 eV in going from -5% to 0% strain.
Hence it is the monotonic rise in the valence band maximum with increasing compression
that is contributing to the reduction in bandgap for compressive strain. The valence band
maximum comes down by 0.07 eV in going from 0% to 5% strain. The conduction band
minimum comes down by 0.25 eV in going from 0% to 5% strain. Hence it is the gradual
lowering of the conduction band minimum that is responsible for the reduction in the

bandgap for tensile strain.
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Figure 6.16: Conduction band of monolayer of ReS, for various strain percentages along
lattice vector ¢, all aligned with respect to the electrostatic potential of S ions

6.4 Conclusion

We decided to study the effect of strain on the electronic structure of ReSs. We chose
ReSs for our study, because it shows interesting features owing to the various structural
motifs that are found in them, like the Re clusters and the one-dimensional chains that
interact weakly among themselves. Since by means of strain we can manipulate the various
structural motifs, we went on to investigate the changes that take place upon applying
compressive as well as tensile strain along the in-plane lattice vectors b and & We observe
different behaviour of the electronic sructure in response to strain along b and ¢ We

found a topological transition to be occurring for the compressive starin along b.
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Chapter 7

Summary of the Thesis Work and
Future Plans

In the first project (Chapter 3), we have examined the type-I to type-1I transition oc-
curring in GaAs/AlAs heterostructure with varying the thickness of GaAs region. We
investigated whether the transition occurs abruptly or gradually. We found it to occur
abruptly between 10 and 9 GaAs layers, but the onset of the transition begins much before

the actual transition. This has to be experimentally investigated.

In the second project (Chapter 4), we have studied the microscopic origin for differing
ground states in ZrX,; and HfX;. We have found that it is the metal-chalcogen bond
length and hence the hopping parameters that dominates over the charge transfer energy
and becomes responsible for the transition. We can also study the effect of pressure and
strain to tune these transitions. Experiment can explore the topological transition that

we have observed in these systems.

In the third project (Chapter 5), we have probed the physics behind ReS2 being semicon-
ducting despite having an odd number of electrons in outermost d shell. We also probed
the origin of weak interlayer interaction in ReS,. We found the formation of Re clusters
to be responsible for opening up a bandgap in ReS2 thereby making it semiconducting.
The weak interlayer interaction is attributable to localization of charge densities in the

Re plane.

In the fourth project (Chapter 6), we have studied the changes in the electronic structure
of monolayer of ReSy. We have identified a Lifshitz transition under application of strain

that can be studied experimentally.
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