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Abstract

Two dimensional (2D) WX2 for X= S, Se and Te in various supercell sizes are considered
in monolayer and heterobilayer. The structural, electronic, magnetic, and optical properties
of 2D- WX2 are investigated using density functional theory (DFT) with respect to a plane
wave ultra-soft Pseudopotentials (PW-USPPs) and normconserving pseudopotentials (NCPPs)
in a generalized gradient approximation (GGA) and the Hubbard correction (GGA + U) with
the implementation of quantum espresso package. The optimized lattice parameters have been
investigated interactively in each type of material. The band gaps for monolayer WTe2 are
investigated for unstrained, 2% biaxial compressive and tensile strain to the slab of the mono-
layer using GGA and GGA+U approximations. In GGA+U approximation, the energy band
gap becomes slightly wider than with that of the GGA approximation. Monolayer WTe2 under
biaxial compression exhibits an expanded energy band resulting in blue shift and in biaxial
tension red shift by narrowing of the energy band gap in comparison to the equilibrium.

Pristine WSe2 monolayer is identified as a nonmagnetic direct band gap semiconductor with
a band gap of 1.55 eV. Upon substituting Mn for W in the WSe2 monolayer, the resulting
structure exhibits enhanced stability, indicated by a negative formation energy. The Mn doped
monolayer of WSe2 has slightly shorter bond length with 2.4294Å than the pure with 2.5405Å
for the Mn-Se and W-Se respectively. The doped system becomes FM and total magnetic mo-
ment within the nearest neighboring interactions of the impurity atoms increases notably and it
is attributed to the electron-correlation effect in the high spin state under the GGA+U approx-
imation. However, this correlation effect proves insignificant on the total magnetic moment
for the second nearest neighboring interactions, yielding consistent outcomes in both GGA and
GGA+U approximations. The transition of FM to AFM state occurs above room temperature
for low impurity concentration, 443 k and 450 k for 8% and 12.5% substitution with Mn re-
spectively. This indicates long-range FM ordering and crucial for high-temperature 2D-diluted
magnetic semiconductors. However, at high concentrations of impurity atoms, the temperature
drops below room temperature (220 K in 22.2%) in the doped monolayer WSe2, showing weak
magnetic interaction. Lastly, the optical property of a doped system is studied by applying
polarization in perpendicular and parallel directions to the plane of the monolayer.

For two-dimensional WS2/WSe2 hetero structure lattice constant and the vertical interlayer
distance between slabs are a= 3.28Å and c= 13.14Å respectively. The band gaps for WS2/WSe2
hetero structure are investigated for unstrained, (0-4)% biaxial compression and tension using
GGA approximations. Direct band gap of 0.51eV is obtained for unstrained heterostructure.
The band gap value of the heterobilayer is affected by the application of strain. When the
heterobilayer is imposed to biaxial compression the band gap value increases. However, the
tensile stress results in reducing the band gap value of the heterobilayer and the system attains
its metallic or semimetalic state at 4% biaxial tensile strain. Tunability of the band gap is very
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crucial in developing photovoltaic and optoelectronic devices. The strained heterostructure
shows different optical property when it is under biaxial tension and compression due to the
change in the values of the band gap. The heterobilayer has also high absorption coefficient in
the visible light spectrum which makes it a promising material for photovoltaic applications.
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Chapter 1

Introduction

1.1 Background of the Study

After successful isolation of graphene, single layer graphite 2004 , two dimensional (2D)

materials become an interesting area of investigation [1]. Graphene is an extraordinary 2D ma-

terial with high Young’s modulus, high electron mobility and good thermal conductivity [2, 3].

Because of these exciting properties, graphene is expected to be used in nano-devices as trans-

parent conducting electrodes, energy storage, field effect transistors, sensors, photo-detectors,

solar cells and others [3, 4]. Despite these interesting profile, graphene is zero bandgap material

and this limits its applications for logical operations and searching for 2D-semiconductors with

finite band-gap becomes important to overcome the limitations. 2D materials found in nature

with different characteristics including insulators hexagonal boron-nitride (hBN), direct band

gap semiconductors (MoS2, WS2), semi-metals (WTe2) and metals ( NbSe2) [5, 6, 7].

Recently, two dimensional materials including transition metal dichalcogenides (TMDs) are

highly initiating the scientific community because of their unique properties [4, 6]. Accord-

ing to the statistical data recorded on publications of 2D and 2D composite materials, shown in

(Figure-1.1), are growing fast from year to year [8]. TMDs are characterized by MX2, where M

stands for a transition metal elements consisting (Mo, W, Nb, Cr etc.) and X stands for chalco-

gen elements (S, Se, and Te). MX2 are strongly bonded in a 2D layer, while neighboring layers

are stacked by weak van der Waals (vdW) forces [2, 9]. Even though bulk TMDs were well
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Figure 1.1: Evolution of studies on 2D and 2D-composite materials

known for a long, their application was limited [7, 10, 11]. After the discovery of graphene, 2D

TMDs become exciting for further investigations. For example, 2D MoS2, WS2, MoSe2, and

WSe2 semiconductors with direct bandgap are taken to be potential complement to graphene

[12, 13]. 2D CrX2, MoX2, and WX2, show direct bandgaps according to Rasmussen et al. [14]

and Graedel et al. stated the environmental impacts [15] of these materials. These foundations

enforce to identify and develop high-performing, cost-effective, energy-saving and environ-

mentally friendly materials. Reduced dimension and novel compositions of these structures

lead for further improvement and develop additional strategies for best performance including

doping and heterostructure formations [16, 17].

Bulk TMD materials can be thinned to a few or single layer structures because of the weak

interactions between the layers and these layers are different from their bulk counterparts [18].

Among TMDs, 2D MoS2 is well studied with high on/off ratio, high cut-off frequency, and

photo-detectors with high sensitivity have been successfully demonstrated. On the other hand,

WS2 is another typical 2D semiconducting TMD, with a direct band gap depending on the

number of layers [19, 20]. The room-temperature electron mobility in monolayer WS2 is over

1000cm2/V s, which is the highest among semiconducting TMD materials [21]. Although there

are other interesting properties, 2D-tungsten dichalcogenide materials are less explored than

2



that of 2D-molybdenum dichalcogenides. The investigate electronic structure, lattice vibration

and optical properties of WTe2 with the application of strain important since it has low and

direct band gap against small strain and this leads the material promising for electronic and

photovoltaic applications with external stress. The magnetic property of 2D tungsten dichalco-

genides is also another interesting area since pure 2D WX2 are nonmagnetic semiconducting

materials. Incorporating magnetic properties by doping with magnetic elements to WX2 made

the family of materials more applicable in wide range of applications like spintronics. Het-

erostructure with WS2/WSe2 is also targeted to be explored. Since the hetrobilayers have nar-

rower band gap than individual monolayers and direct band gaps in contrast to homobilayers

investigation of is electronic and optical properties with and without application of strain is

also important to explore a wide range of applications in WX2. Therefore, designing efficient

model of the material computationally in first principles method using Quantum - Espresso

open source software is the target.

1.2 Statement of the problem

2D Tungsten dichalcogenides (WX2) are among 2D TMDs which are promising novel ma-

terials. Molybdenum dichalcogenide have been extensively explored in advance in comparison

to tungsten families. MoX2 materials have low carrier mobility at room temperature than WX2

and this leads to examine WX2 more better outcomes theoretically as well as experimentally. In

addition, WX2 have direct band gaps in monolayers comparatively less than that of 2D MoX2

families. In general, WX2 family of 2D materials require profound investigations for the me-

chanical, electronic, optical and magnetic proprieties. Employing first principle calculations on

the family of WX2, the following target points are used to be addressed throughout the study:

- The kind of crystal structural that 2D WS2, WSe2 and WTe2 mono-layers and hetero-

bilayers have with and without biaxial strain and in substitutional doping to one or more

atoms of the pristine WX2.

- The response in band structure and the density of states of 2D WSe2 to an external stress

(compressive/tensile) and doping by manganese in substitution to one or more tungsten
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atoms in a monolayer.

- The effect of on site coulomb repulsion and the importance of utilizing the Hubbard

correction on computation.

- The nature of optical parameters such as complex dielectric function, index of refraction

and absorption coefficients in 2D WS2, WSe2 and WTe2 with substitutional doping and

biaxial strain

- Tuning of magnetic property under substitutional doping to 2D WX2 with magnetic ele-

ment in response to impurity concentration.

- Determination of optimum concentration of dopant to the pure WX2 that keep stable

ferromagnetism and the resulting curie temperature.

1.3 Objectives of the Study

1.3.1 General Objective

The general objective of this study is to investigate the structural, electronic, magnetic and

optical properties of 2D WX2, for X=S, Se and Te using density functional theory (GGA and

GGA+U approximations).

1.3.2 Specific Objectives

The specific objectives of this study are:

1. To calculate the structural parameters of 2D mono and hetero bilayes of WX2 in first

principles method.

2. To analyze the electronic structure (band gap and the density of states) of 2D WX2 under

the effect of strain using first principles method.

3. To compute the optical parameters such as dielectric function, refractive index and ab-

sorption coefficients of 2D WX2 using TD-DFT.
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4. To determine the ferromagnetic property and its stability in Mn-doped 2D WSe2 in DFT

and DFT+U methods.

5. To analyze the effect of biaxial strain on electronic and optical properties of 2D WX2

with mono and heterobilayers using the first principles method.

1.4 Significance of the study

2D materials are the future materials and among these the 2D-TMDs are expected to solve

some of drawbacks on the field because of their wide range of band gaps in contrast to graphene.

Therefore, the importance of this study is to determine necessary properties of WS2, WSe2,

WTe2 theoretically in first principle calculations. Using DFT and DFT+U, the structural, elec-

tronic, optical and magnetic properties of 2D WX2 were intensively analyzed with Quantum-

Espresso open source package. The findings of this research showed tungsten dichalcogenide

have promising electronic, magnetic and optical properties. Thus, this work is significantly im-

portant for further experimental investigations and add some important values on the science.

1.5 Outline of structure of the Dissertation

The dissertation is organized in different chapters and sections by beginning with background

of the basic principles of condensed matter physics behind the two dimensional transition metal

dichalcogenides basically of tungsten families and the first principles approach in the study of

such materials. The first chapter discusses the background and general introduction about the

focus of the study. In addition the general and specific objectives of the study have been listed

in this chapter and finally, structure of the Dissertation works is described.

Chapter two deals with reviewing literature related to two dimensional tungsten dichalco-

genides. The basic parameters of the family of 2D-TMDs are examined to investigate founda-

tion of structural, electronic, lattice vibration, magnetic and optical properties of the material

and its advancement up to date. Chapter three deals with the methodology mainly the density
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functional theory (DFT) and gives the detail insight of the basic principles of the density func-

tional theory (DFT), the spin polarized DFT and the Hubbard correction (DFT+U) used in this

study. Under the chapter, the software packages, pseudopotential selection and computation

strategies used in of the study are described.

Chapter four discuses on the results of the study in different sections for each section dealing

with independent results and analysis. This chapter is the main part of this study and contains

all the results in different form as tables, graphs and discussions in detail. Finally, chapter five

gives conclusions and summaries of the works by condensing the whole picture of the study in

short and clear expressions.
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Chapter 2

Review of Related Literature

2.1 Structure of Two Dimensional WX2

Two dimensional TMDs have mostly two polymorphs, trigonal prismatic (2H) and octa-

hedral (1T) phase structures [22, 23]. In the 2H phase, a single layer of atoms are vertically

aligned. Thus, the stacking state of this phase shows X-W-X, where X is for chalcogen layers

and W is for transition-metal layers. In 1T phase, one of the single layers is shifted relative to

the other. For WX2 structure at room temperature, the 2H phase is stable whereas the 1T phase

is metastable.

Figure 2.1: Different structural models of the 2H and 1T polymorphs in 2D-TMDs
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The 2H phase could be converted to 1T phase under certain conditions, such as Li-ion in-

tercalation, electron beam, laser beam irradiation, as well as plasma bombardment [24]. The

chemically exfoliated 1T MoS2 phase is known to be 107 times more conductive than the semi-

conducting 2H phase [25]. On the other hand, the 1T phase could also be converted to 2H

phase [26, 27]. The most prominent feature of the group VIB TMDs is the layer-dependent

band structure tunability that they own an indirect bandgap in bulk, which becomes direct one

when being thinned down to monolayer limit [6].

2.2 Mechanical properties of Two dimensional-WX2

There are numerous benefits to 2D TMDs containing chalcogens and heavier transition

metals. It has been expected that among 2D TMDs, monolayer (1L) tungsten disulfide (WS2)

will perform best in field-effect transistors (FETs) and have the maximum mobility because to

its reduced effective mass[28]. In tungsten dichalcogenide, for example the Young’s modulus

of CVD-grown 1L WS2 was measured by indentation and found to be (272± 18GPa) [29]

and different layers of 2 prepared by mechanical exfoliation were also measured with different

values for each layer [30]. The experimental elasticity and strength values of atomically thin

WS2, 2, and WTe2 are still not verified despite theoretical predictions [31]. Ab initio vdW-

corrected density functional theory (DFT) calculations is used to reveal the distinct sliding

tendencies in WS2, WSe2, and WTe2 under strain[32].

Two-dimensional (2D) materials are particularly suited for strain engineering because they

combine a high in-plane mechanical strength and an extremely small bending rigidity with sub-

stantial strain tunability of electronic band structure [33, 34]. The unique mechanical strength,

flexibility, and tunability of 2D materials have therefore enabled their applications for wearable

and flexible technologies[35, 36] as well as fundamental studies of material properties under

carefully engineered strain conditions. The semiconducting layered transition-metal dichalco-

genides (TMDs) have emerged as particularly interesting candidates for strain engineering,

[37, 27] since they have exhibited exciton funneling strain-mediated phase transitions.
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Strain engineering has been explored in TMDC monolayers, multilayers, and heterostruc-

tures. Multilayer TMDCs are particularly interesting because they are known to exhibit in-

terlayer exciton transitions, that is, optical transitions where the electron-hole pairs are lo-

cated in different constituent layers bounded by strong Coulomb interaction[38]. These in-

terlayer excitons have been observed to be strain tunable in homobilayers of molybdenum

disulfide (MoS2)[39] and heterobilayers of molybdenum diselenide and tungsten diselenide

(MoSe2/WSe2)[40] with deformation potentials.

2.3 Lattice vibration of Two Dimensional-WX2

2D TMDs are expected to be used in field effect transistors with high on/off ratio. In addition,

biaxial strain can shift the band gap which makes them efficient in solar spectrum. In these

and other areas of applications, the efficiency of 2D TMD materials is highly affected by ther-

mal properties of the materials. According to different theoretical and experimental findings,

thermal conductivity of 2D TMDs is much lower than graphene. Because of their ultra-small

thickness, handling thermal properties of these materials become much complicated. It is im-

portant to take the lattice vibrational mode (phonon) into account to understand the thermal

properties of these materials. For 2D MoS2 the unit cell contains three atoms (S-Mo-S) which

creates three acoustic and six optical phonon modes with the three acoustic phonon modes

are longitudinal acoustic (LA) mode, transverse acoustic (TA) and flexural acoustic (ZA) mode

[41]. The frequency of the LA and TA modes have linear dispersion with vector q for small near

the center of the Brillouin zone. The group velocities of monolayer MoS2 are VLA=1108.8m/s

and VTA= 693.5m/s are much lower than those in graphene . However, ZA modes have approx-

imately quadratic dispersion. According to the first principle calculation at low temperature,

most TMDs like WS2, WSe2, MoS2, and MoSe2 have positive thermal expansion but it is neg-

ative in the case of graphene [42]. One of the corrective schemes widely used to alleviate the

challenges of residual self-interaction is the GGA + U approach [43, 44]. Moreover, the density

functional perturbation theory with Hubbard correction (DFPT + U functional) [45] gives more

precise results for phonon dispersion as compared to the density functional perturbation theory
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(DFPT) [46].

2.4 Heterostructure in Two-Dimensional - WX2

Semiconductor heterostructure are of two and a greater number of layers grown vertically and

have received high attention because of their adjustable electronic structures and optical prop-

erties [2]. The emergence of such ultra-thin TMDs materials as a new class of two-dimensional

semiconductors, which are almost as thin, transparent, and flexible as graphene and rich in

new physical phenomena [6, 47, 48], creates exciting new opportunities to push semiconductor

heterostructures toward a new frontier [49, 50]. Vertically stacked van der Waals TMDs het-

erostructures are recognized as a powerful platform to create atomically thin heterostructures

[51, 52, 53]. - Among the various stacking configurations, the two AA and AB stackings are

the most frequently used in TMDs. While one layer in AB stacking is significantly moved with

respect to the other by the hexagon lattice’s edge length, the two levels in AA stacking have the

same lateral coordinates.

Figure 2.2: Heterostructure features of 2D-stacked MX2 bilayers (a) AA stacking, (b) AB
stacking

The AB-stacking heterostructure has a stronger interlayer coupling with a narrower band

gap, larger band offset, and shorter interlayer distance than AA-stacking [54]. Consequently,

compared to AA-stacking, the AB-stacking heterostructure produces a stronger piezoelectric

response to strain with a bigger output voltage [55]. Such heterostructures have optically ac-

tive band gap with bound electrons and holes limited in individual monolayers [56, 57]. Based
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on the density functional theory (DFT) calculations, an interesting phenomenon is found that

MoS2/WS2, MoS2/WSe2, and WS2/WSe2 heterostructures turn into direct-gap semiconduc-

tors from indirect-gap semiconductors with increasing the interlayer space. However, in those

bilayer heterostructures, the change of the bandgap properties with interlayer spacing differs

from each other. The results have been observed in the variable-temperature experiment and the

results lead to new directions for various applications [58]. Strain engineering in TMDs mono-

layers, multilayers, and heterostructures is one of the methods to adjust the electronic structure

or the band gap and optical properties of materials by the application of strain on it. Multi-

layer TMDs are predominantly interesting because they are known to exhibit interlayer exciton

transitions where the electron-hole pairs are located in different constituent layers bounded by

strong Coulomb interaction [38]. These interlayer excitons have been observed to be strain

tunable in homobilayers of molybdenum disulfide (MoS2) [39] and heterobilayers of molyb-

denum diselenide and tungsten diselenide (MoSe2/WSe2) [40] with deformation potentials of

few millielectron volts.

The strain characteristics of momentum-space indirect interlayer exciton in a crumpled MoS2/WSe2

heterobilayer is investigated [59]. According to the theoretical calculations based on density

functional theory (DFT) [60, 61], there is a considerable drop in the direct gap energy of the

quasi-particle in MoS2 with a biaxial strain. As biaxial strain is applied in MoS2, an even

greater fall in the indirect gap energy results, and a direct-to-indirect bandgap transition is con-

firmed. This is anticipated to occur in other families of 2D-TMDs as well. The practicality

of strain-based band gap engineering of 2D semiconductors is demonstrated by the signifi-

cant bandgap alterations achieved in both cases with the application of moderate strain levels.

Many studies have experimentally proven that applying uniaxial and biaxial strain can tune the

bandgap of mono and few layers homo or hetero structures of TMDs [62, 63].
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2.5 Electronic and magnetic Properties of Two-Dimensional

WX2

2.5.1 Electronic properties

The band structure has been used to explain many important physical properties of a given

material. In 2012, A. Kumar and P.K. Ahluwalia have performed an investigation of the elec-

tronic structure of all TMDs by using first principle calculations. The result of their investiga-

tions were in good agreement with the experimental measurements [64]. Family of tungsten

dichalcogenide, WS2, and WSe2 [65] undergo a transition from indirect to direct gap when

tuned from multilayer to monolayer. Many of the 2D TMDs show a number of interesting

phases with unusual electronic properties including charge density wave (CDW) phases [66]

and superconducting phases [67].

Due to their tunable direct band gaps, monolayer transition metal dichalcogenides (TMDs)

are a preferred family of 2D materials. The range of these band gaps is also of interest to several

scientific communities, who are looking for enhanced applications for them in electronic and

optical devices [68, 69]. Due to their significant chemical and physical features molybdenum

and tungsten dichalcogenides (MoS2, MoSe2, WS2, WSe2) with a band gap of 1.88, 1.57, 2.03,

and 1.67 respectively have received high attention as a 2D-layered material [70]. The band

gap values fall within the spectrum of photovoltaic materials. Moreover, 2D layered structures

enable doping with additional atoms in substitution of one or more atoms to adjust and tune

its electronic and optical properties [71, 72]. While the bulk material has an indirect band gap,

the direct band gap is limited to mono-layered TMDs. First principles calculations show that

direct band gap bi-layers with a range of 0.79 eV to 1.157 eV may be produced by alternating

individual layers of distinct TMDs (MoS2, WS2, WSe2, and MoSe2) to build heterobilayers

as shown in Figure 2.3 with specific stackings [73]. It is interesting to note that electrons and

holes are concentrated in distinct layers and physically separated in this direct band gap.
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Figure 2.3: Band structure of transition metal dichalcogenides a - for bulk, b- for monolayer, c
- for bilayer and d-f for heterostructure of different layers

2.5.2 Magnetism in Two-Dimensional WX2 Doped with Transition Met-

als

The pristine monolayer transition metal dichalcogenides are nonmagnetic semiconductors

[74, 75]. Thus, poor magnetism hinders their application in spintronic devices. Hence to

broaden the applications of 2D-TMDs to spintronics it is essential to introduce the magnetic

dopant into pure system in order to modulate electronic and magnetic properties. Transition

metal element doping has been proven to be an effective means to introduce magnetism into

2D TMDs and has been widely used in many traditional magnetic semiconductors. Exploring

the impact of transition metal doping on the magnetic properties of 2D-TMDs has the potential

to advance the use of 2D TMDs in spintronics, and to introduce a new category of 2D magnetic

materials for future technology. Currently in TMDs (WX2), there are investigations supported

by experiment [74] and theoretical simulations on monolayer TMDs by substitutional doping

with different transition metals like Mn, Co, Fe and Ni instead of the molybdenum and tungsten

atoms [74, 75, 76]. Still the magnetic properties of the doped monolayers and few layers of
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TMDS with the selected transition metals is still not completely controlled open for further

investigation.

Mn-doped MoS2 [77] by first-principles calculations verified that the valley polarization de-

pends on the strength of spin orbit coupling (SOC) and the exchange interaction. Separation

of charge carriers in reciprocal space can lead to the formation of numerous quasi-particles

including Dirac fermions [78], polaritons [79] and inter valley (bi)excitons [80, 81]. Several

studies have been conducted on magnetism in W-based TMDs from bulk magnetization mea-

surements. For instance, the formation of ferromagnetism conducted for Vanadium doped WS2

[82] and WSe2 [83] monolayers with (∼ 0.5-4%) of V-content and these materials are classi-

fied as a dilute-magnetic semiconductor (DMS). Substitutional doping can bring new features

in bandgap of TMDs, leading to variations in their electronic, optical and magnetic character-

istics [72]. Doping a semiconductor with transition metals is a common method of making

ferromagnetism for spintronic application in materials and such materials are known as di-

luted magnetic semiconductors (DMSs) [75, 84, 85], which provides an electronic means of

manipulating magnetism since carriers mediate magnetism [86, 87]. TMDs are of particular

importance among 2D semiconductors that can aid as a foundation for two dimensional di-

luted magnetic semiconductors (2D-DMSs). Greater magnetic anisotropy, which is necessary

for magnetic order to exist in two dimensions [88] can result from TMD heavy atomic mass.

Finding steady magnetic order in TMDs containing a transition metal impurity [89, 90, 91] has

sparked additional interest in the area of TMDs based materials. DFT+U with Hubbard cor-

rection (Ue f f ) for Mn atom and high correlation effects are among the electronic and magnetic

features of the Mn doped 2D-TMDs [92] and GGA+U becomes real. The Hubbard potential

Ue f f strongly influences the impacts impurity states and the magnetic moment of impurity

atom which signifies to a high spin state. When minority spin crosses the Fermi level, the oc-

cupied states clearly rise and the impurity states migrate to the valence band. In this scenario,

the magnetic moment of the doped TMDs is greatly influenced by the significant correlation

effects [93]. In Mn-doped monolayer WSe2 it is revealed that the exchange interaction strongly

depends on the spatial locations, concentrations, and distances between the dopant (Mn-Mn)

atoms [92]. Under the effect of strain, which changes the way of charge distribution, the influ-
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ence on the magnetic properties has also been investigated. This includes the coupling among

orbitals of atoms (Mn− 3d,W − 5d,Se− 4p) and the potential for semiconductor spintronics

is explored that Mn-doped WSe2 monolayers under strain is promising for 2D-dilute magnetic

semiconductors [93]. Magnetic response in Mn-doped bilayer MoS2 is influenced by inter-layer

interaction in a bilayer MoS2 and estimated Curie temperature becomes higher than room tem-

perature with noticeable variations for the dopant concentration and the neighboring distance

(Mn−Mn) between the impurity atoms [94].

The important parameter of a dilute magnetic semiconductor (DMS) is the Curie temper-

ature (TC) below which the system develops a long-range ferromagnetic ordering [modify].

The realization of two dimensional DMS and half-metallic behavior has received attention not

only to enhance Tc but also due to both in fundamental aspects of physics [95, 96, 97] and

for prospective applications such as the integration between 2D semiconductors and magnetic

data storage enables the development of two dimensional spintronics devices such as spin valve

and spin-based transistors [modfy]. It has been reported theoretically 2d DMS in ML MoS2 by

replacing Mo by other transition metal atom [84] and their result demonstrate that room temper-

ature 2d DMS can be achieved for the dopant concentrations in the range of 10-15 %. Besides,

more recently room temperature ferromagnetism has been reported in manganese oxide doped

MoS2 experimentally [98]. The experimental measured intensity versus Raman shift for pure

and Mn doped MoS2 confirms that electronic state can be altered in the presence of magnetic

impurities. In 2D-WSe2, substitution of Ti and V results delocalized antiferromagnetism but

localized ferromagnetism arises in doping with Cr, Mn, Fe, and Co [99].

Large magnetic moments and significant magnetic anisotropy is observed in single layer

chromium trihalides with Curie temperatures as high as 90 K [100]. For monolayer VSe2, in-

trinsic ferromagnetism with lower limit, while increasing defect concentration will increase it

to the upper limit and room-temperature ferromagnetism is confirmed [101]. Recently, clus-

tering of dopant on WSe2 doped with transition metals (Mn, Fe and V) made more stable than

discretely doped and realized an interesting Curie temperature [102].
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2.6 Optical Properties Two-Dimensional WX2

The transition of the band gap has been studied theoretically and experimentally in the typi-

cal TMD, MoS2, by DFT [103, 104] and angle-resolved photoelectron spectroscopy (ARPES)

[105]. As the number of layers is reduced, there exists a point at which the band gap transi-

tions from an indirect to a direct gap. Similar behaviour is predicted for other TMDs including

tungsten dichalcogenides [104] and has been confirmed experimentally in WS2 and WSe2 [65]

and MoTe2 [106]. DFT simulations were used to determine the optical absorption character-

istics of WS2, and these characteristics make WS2 a promising photovoltaic material [107].

MoS2, MoSe2, WS2 and WSe2 monolayers complex dielectric functions for photon energies

between 1.5 and 3.0eV have been experimentally calculated and these materials have a peak

absorbance of more than 15% and the dielectric functions predict extensive light-matter inter-

actions in monolayers. Exciton splitting is extrapolated from the measured dielectric function

in conformity with density functional models [108]. For 2D-MoSe2 and 2D-WSe2, the bi-axial

strain has been used to identify the direct-to-indirect bandgap transition in compressive strain.

It has also been reported that the peaks for real and imaginary values of the dielectric constant,

optical absorption, and electron energy loss spectra, may allow for appealing applications for

photovoltaic and electroluminescent devices. They were strong prospects for digital electronics

and optoelectronics device applications due to their optical performance and light absorption

under tensile strain [109]. As the layer number is reduced, the indirect PL peak moves to

higher energy which indicates the increasing of band gap. The direct PL peak also becomes

more intense with decreasing layer number [65]. Generally, the absorption spectrum of a 2D

material within the infrared-visible part of the electromagnetic spectrum is dominated by a step

function-like spectrum resulting from the joint density of states [110]. Doped TMD monolay-

ers have also been observed to exhibit trion quasiparticles [111, 112], and there is evidence

of bi-excitons [81, 113]in monolayer TMDs. A tunable excitonic LED has been demonstrated

using monolayer WSe2 p-n junctions [114]. Manipulation of the excitons can also allow for the

nonlinear generation of light [115], by second-harmonic generation, which can be controlled

electrically using a FET device structure [116]. Pure monolayer WS2 system has larger absorp-

tion in range of 6-9.5ev and more suitable for high energy photodetectors but doped monolayer
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WS2 is preferable to make an infrared photodetector due to red-shift phenomenon near zero

energy [117].

2.7 Applications of Two Dimensional-WX2

2D TMD are considered to be promising materials for diverse applications including elec-

tronics, photonics, sensing, and energy storage [118, 119]. These applications are inspired by

the unique properties of layered materials such as thin atomic profile that represents the ideal

conditions for maximum electrostatic efficiency, mechanical strength, tunable electronic struc-

ture, optical transparency, and sensitivity [120]. Of particular interest for applications is flexible

nanotechnology, which is considered for potentially ubiquitous electronics and energy devices

that can benefit from the range of outstanding properties afforded by 2D materials. Flexible

technology comprises a wide array of scalable large-area devices including thin film transistors

(TFTs), displays, sensors, transducers, solar cells and energy storage on mechanically compli-

ant substrates. Highly conductive nature together with large surface area, excellent chemical

stability, and flexibility make 2D materials as suitable candidates for future technology appli-

cations [121].
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Chapter 3

Methodology

3.1 Introduction

Computational simulations are growing in advance in theoretical materials science and engi-

neering. These simulations are effective from different aspects in researching for new material

innovations than the experimental method. First-principles calculations, which involve the

density functional theory (DFT) has become vital tool in theoretical condensed matter physics

research. Hohenberg and Kohn in 1964 [122] introduced the Density functional theory (DFT)

[123] and currently this technique is one of the successful methods in quantum mechanical

system of many body problems. A great range of material events have been successfully pre-

dicted, simulated, and explained by this approach with remarkable success. It has shown to be

incredibly effective at characterizing the structural and electronic properties of a wide range of

materials, from atoms and molecules to basic crystals and intricate extended systems [124].

According to the fundamental theory of DFT, properties of system of many interacting par-

ticles can be thought of as a functional F [n] of the ground state density of the electrons n(r).

The first conceptual benefit of DFT is the ability to express an actual ground state property of a

system in terms of its ground state electronic charge density [125]. This means that we can take

essentially different approach and regard the electronic charge density, a simple scalar spatial

coordinate function of r, as a fundamental quantity of the problem rather than immediately

searching for the complex many-body wave-functions of a system. The ability to establish a
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system of N non-interacting Kohn-Sham electrons [126] in an effective Kohn-Sham potential

VKS(r) with the same ground-state charge density onto a system of N interacting electrons in

an external potential Vext(r) is another fundamental concept of the density functional theory.

In this chapter, an overview of the fundamental theory (DFT) method in many body prob-

lems are discussed including the Born-Oppenheimer approximation, the Hohenberg-Kohn the-

orems as well as the Kohn-Sham equations of self consistent calculations. The local density

approximation (LDA), the generalized gradient approximation (GGA) for calculation of the

exchange-correlation, the spin polarized density functional theory and the Hubbard model for

more accuracy and comprehensive output of the computations.

3.2 Challenges in Many-body Problems

The quantum mechanics of materials (condensed matter) needs the solution of Schrodinger

equation of 3N spatial variables and N spin variables (for electrons) in a system of N number

of particles. The fundamental challenge here is many-body problem (electrons and ions) for

which the electrons strongly interact with each other. Their interactions govern the fundamental

properties of several materials, ranging from metals and semiconductors to insulators. It is

known that in a real solid, there are 1023 electrons interact to each other and with ion-cores

to form crystal. In practice this is difficult to solve the wave equation for these interacting

electrons and ion cores exactly. Because of this reality, the Schrodinger equation for many

body problems is subjected to some reasonable approximation to overcome the problem with

considerable range of errors.

3.2.1 The Born-Oppenheimer approximation

The Born-Oppenheimer (BO) approximation, which was introduced first by Max Born and J.

Robert Oppenheimer that separates the motion of electrons and the nuclei. For a non-relativistic

system of N-electrons (atom, molecule, or solid) the time independent Schrodinger equation for

many body system can be given by;
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ĤΨ(r1,r2, ...,rN) = EΨ(r1,r2, ...,rN) (3.2.1)

and the Hamiltonian (H) of electron-nuclei system is given by

Ĥ =− ℏ2

2me

N

∑
i=1

▽2
i −

ℏ2

2MN

N

∑
i=1

▽2
i +

1
2 ∑

i ̸= j

e2

|ri − r j|
−∑

i,I

ZIe2

|ri −RJ|
+

1
2

N

∑
I ̸=J

ZIZJe2

|RI −RJ|
(3.2.2)

where, ZI and RI represent charges of the nuclei and location of the nuclei respectively

[125]. The Hamiltonian is expressed in terms of;

- kinetic energy of the electron

T̂e =− ℏ2

2me

N

∑
i=1

▽2
i (3.2.3)

- kinetic energy of the nuclei

T̂N =− ℏ2

2MN

N

∑
i=1

▽2
i (3.2.4)

- the electron-electron interaction

V̂e−e =
1
2 ∑

i̸= j

e2

|ri − r j|
(3.2.5)

- the electron-nuclei interaction, and

V̂e−N =−∑
i,I

ZIe2

|ri −RJ|
(3.2.6)

- the nuclei-nuclei interaction

V̂N−N =
1
2

N

∑
I ̸=J

ZIZJe2

|RI −RJ|
(3.2.7)

The nuclei-nuclei interaction potential (V̂N−N) and kinetic energy (T̂N) of the nuclei in Born-

Oppenheimer approximation are ignored. In this approximation, the response of the electrons

to an external perturbation is much faster than that of the nuclei since the nuclei has much

heavier mass than the electrons. In addition, the nuclei-nuclei repulsion is fixed for a given
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nuclear geometry and the electrons could follow any movement of the nuclei almost instantly

and could essentially move in a constant field that the nuclei at fixed places generated. Applying

the Born-Oppenheimer approximation and replacing atomic units, the equations (3.2.2 to 3.2.7)

can be modified more simpler way. Thus, the simplified form of Hamiltonian of the system is

given as

Ĥ = T̂ee +V̂ee +V̂en. (3.2.8)

3.2.2 Hartree-Fock Approximation

Hartree presented a method for approximating the Schrodinger equation that he named the

self-consistent field (scf) method. The energy and wave function of a quantum many-electron

system in a stationary state are approximated using the Hartree method. The approxima-

tion assumes that the exact N-body wave function of the system can be approximated by a

product of single electron wave function. Hartree approximation, muti-electron wavefunction,

Ψ(r1,r2, ...,rN) of equations -3.2.1 can be expanded as a product of single electron wavefunc-

tion (orbitals)

|ψ(r1,r2, ...,rN)⟩ ≈ ψ(r1)ψ(r2)...ψ(rN) (3.2.9)

It assumes that electrons independent and interact only via mean field coulumb potential which

yields one - electron Schrodinger equation of the form

[− ℏ2

2m
∇

2 +V (r)]ψi(r) = εiψi(r). (3.2.10)

The potential V(r), includes electron-electron and electron-ion interactions (equations -3.2.5

and 3.2.6) respectively. The charge density

n(r) =
occupied

∑
i

|ψ(r)|2 (3.2.11)

The Hartree equations are nonlinear and must be solved iteratively by starting with trial electron

charge density using the algorithm shown below (Figure-3.1)
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Figure 3.1: Hartree self-consistent-field algorithm

Fock improved the Hartree method by using untisymmetrized wavefunction instead of single

electron wavefunction that is the Hartree Fock method. The spatial distribution of electrons in a

molecule can be described by spatial orbitals φ(r). However, a spatial orbital is not sufficient to

completely describe an electron since it is necessary to specify its spin. It is possible to define a

function which describes simultaneously the spin and spatial distribution of the particles. The

Pauli exclusion principles demands that the many body wave function must be anti-symmetric

with respect to interchange of any two electron (fermionS) coordinates.

ψ(ri,r j) =−ψ(r j,ri) (3.2.12)

In the Hartree model, the trial many-electron wavefunction (Equation-3.2.9) did not satisfy the

required fermionic antisymmetry. Now we consider the case of two electrons with spin. The

total wavefunction is then expressed as

ψ(1,2) = φ(r1,r2)χ(σ1,σ2) (3.2.13)

where σi is the spin degree of freedom of electron i and χ is the total spin wavefunction. Now,

the overall antisymmetry of the wavefunction ψ is satisfied by two combinations: φsσa, singlet

spin state, or, φaσs, triplet spin state. The subscripts s, a refer to symmetric and antisymmetric,

respectively.

Therefore, it is appropriate to consider a Slater determinant of single-particle wavefunctions
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instead, as

ψ(r1,r2, ...,ri, ...,rN) =
1√
N!

∣∣∣∣∣∣∣∣∣∣
ψ1(r1) ... ψi(r1) ... ψN(r1)

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

ψ1(rN) ... ψ1(rN) ... ψN(rN)

∣∣∣∣∣∣∣∣∣∣
(3.2.14)

where the ψis are products of spin and space wave functions. Depending on the parity of

permutation, the N! determinant terms are each multiplied by either -1 or 1. The concept of

HF-method can be found in more detail on various quantum mechanics text books including

[127, 125].

3.3 Density Functional Theory (DFT)

For system of many body problems, solving the Schrodinger equation is highly challenging

and additional strategies are required to tackle such problems and one of these techniques is

the density functional theory. Density functional theory (DFT) is a quantum-mechanical mod-

eling technique that is used in various disciplines to calculate a wide range of atomic system

characteristics. DFT belongs to the family of first principles (ab initio) methods, so named

because it can predict material properties for unknown systems from scratch without any ex-

perimental input. Moreover, DFT has earned popularity due to the relatively low computational

effort required. The Schrodinger equation for N−numbers of particles with Born-Oppenheimer

approximation into consideration for the Hamiltonian given as in equation 3.2.1 is

Ĥψ(ri) = Eψ(ri), (3.3.1)

In this context, the ground-state energy E0 is the quantity that is of primarily interest. The

following minimization yields E0, according to the variational theorem. The variation theorem

states the lowest energy associated with the Schrodinger equation,(3.3.1), is the ground state

energy given by

E0 = minψ ⟨ψ|H|ψ⟩ . (3.3.2)
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The true ground state energy of a system is a minimum of the functional F [n], and the den-

sity that minimizes the functional is the true density of the electrons in their ground state. For

the hypothetical Kohn-Sham system, the universal density-functional, F [n(r)], corresponds to

the kinetic energy of the non-interacting electrons, T0[n(r)]. For the interacting electron system,

F [n(r)] can then be expressed as the sum of the kinetic energy of the non-interacting electron

gas with the same density and the additional terms describing the inter-particle interactions as

F [n(r)] = T0[n(r)]+
1
2

∫ n(r)n(r′)
|r− r′|

drdr′+Exc[n(r)], (3.3.3)

where,∫ n(r)n(r′)
|r−r′| drdr′ is the classical Coulomb electron-electron repulsion, and Exc[n(r)] is the exchange-

correlation energy which accounts for all the many-body effects which is not described in the

first two terms. The total energy functional of the original system of interacting electrons in

general becomes,

E = T +V +
1
2

∫ n(r)n(r′)
|r− r′|

drdr′+Exc. (3.3.4)

3.3.1 The Hohenberg-Kohn Theorems

Hohenberg and Kohn (HK) published two essential theorems in 1964 and these theorems laid

the foundation for the modern density functional theory [122]. The first theorem states that

for non-degenerate ground electronic state, the density of an interacting system uniquely de-

termines all properties including the wave function and energy of the ground as well as the

exited state. More precisely, all properties of systems are completely determined given only

the ground state density n0(r). Applying equation (3.2.8) for the ground state electrons the

density functional becomes

E[n0] = Te[n0]+Vee[n0]+Vne[n0] = E0. (3.3.5)

Where the functionals Te[n0], Vee[n0], Vne[n0] designate the expectation values of the kinetic-

energy, electron-electron repulsion and the electron-nuclear attraction interactions respectively.
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The second HK theorem states that for every external potential Vext(r), a universal functional

for the energy E[n] in terms of the density n(r) can be defined. The global minimum value

of this functional, for any of the given Vext(r), represents the exact ground state energy of

the system. Therefore, the exact ground state density, n0(r), is the density that minimizes

the energy functional. For any arbitrary density function n(r) with n(r) ⩾ 0, the density that

minimizes the total energy is the exact ground state density and the ground state energy can be

derived in variation as

E[n]> E[n0] = E0. (3.3.6)

By adjusting the electron density to determine the ground-state electron density, one can at-

tempt to reduce the energy. If the true functional form is known all of the attributes can be

computed once the ground-state electron density is determined exactly. The detail proof of

the HK theorems are found in many standard condensed matter physics books [125, 128] and

others.

According to Hohenberg and Kohn formalism, the ground state energy depends on the density

of electrons and the minimum energy is determined by the ground state density n0. Thus,

minimizing the total energy of the system with respect to variations in the density function

(n(r)) would result the exact ground state density and energy. The HK approach formulates

DFT as an exact theory of many-body systems. The formulation is applicable to any system of

interacting particles in an external potential Vext(r), and the Hamiltonian, Ĥ is determined as

Ĥ =−1
2 ∑

i
∇

2
i +∑

i
Vext(ri)+

1
2 ∑

i ̸= j

1
|ri − r j|

(3.3.7)

The ground state wave function Ψ[n], for the potential v(r) itself is a function of n, Hohenberg

and Kohn took use of it to define the universal density functional as

F [n] =
〈
Ψ[n]|T̂ +V̂ee|Ψ[n]

〉
, (3.3.8)

which could be used to express the total electronic energy functional

E[n] = F [n]+Eext(r). (3.3.9)
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Using external energy, Eext [n], for the system specific external potential

Vne(r) =
∫

vne(r)n(r)dr.

It should be noted that for degenerate ground states, Ψ[n] is not unique and can refer to any

degenerate ground-state wave function. However, all Ψ[n] give the same F [n], indicating that n

has a unique functional.

Hohenberg and Kohn further showed that the density functional E[n] satisfies a variational

property so as the ground-state energy E0 of the system considerably obtained by minimizing

this functional with respect to v which is function of the density n(r).

E0[n] = minn

{
F [n]+

∫
vne(r)n(r)dr

}
, (3.3.10)

the minimum being reached for a ground-state density n0(r) corresponding to the potential

Vne(r).

3.3.2 Kohn-Sham Equations

Hohenberg-Kohn and Sham introduced the significant turning point in the advancement of

DFT in 1965. The Kohn-Sham (KS) equations [126] consist of N-single particle Schrödinger

equations with a modified effective potential (VKS) more advanced and much easier to solve

than the real many-body problem and more preferable than the previous approach. The KS-

formalism centers on mapping the full interacting system, onto a virtual non-interacting system.

However, Kohn-Sham equations incorporate the correlation of electrons in addition to exchange

interactions. Each electron flows independently in a potential formed by the ion and other

electrons in the Kohn-Sham method to non-interacting electrons, where the ground state density

is thought to be the same as the real system. According to Kohn-Sham, the energy functional

can be written as

En = Ts[n]+Eext [n]+EH [n]+Exc[n], (3.3.11)

26



for the Hartree potential of the electron-electron repulsion

EH [n(r)] =
1
2

∫ ∫ n(r)n(r
′
)drdr

′

|r− r′|
, (3.3.12)

and

Eext [n(r)] =
∫

n(r)Vext(r)dr (3.3.13)

represents energy due to electron-nuclear interaction and Exc[n] is the exchange-correlation

functional which is discussed in the next section 3.4.

Thus, the effective potential (Ve f f ) in Kohn-Sham approach is then given by

ve f f (r) =
∂E[n(r)]

∂n(r)
= vext(r)+

1
2

∫ n(r
′
)dr

′

|r− r′|
+

δExc

δn(r)
(3.3.14)

where, on the right hand side of equation, the first term is external potential, the second

term is Hartree potential and the third term

vxc =
δExc

δn(r)
(3.3.15)

is exchange-correlation potential. The kinetic energy functional for non-interacting electrons

with total ground state density n0 is given by

Ts =−1
2

∫
φ
∗
k (r)∇

2
φk(r)dr. (3.3.16)

Finally, the equations (3.3.11 - 3.3.16) lead to basic equation in Kohn-Sham DFT which is the

one-electron Schrodinger equation expressed as

(
− ∇2

2
+ ve f f

)
φn = εnφn. (3.3.17)

Where the Kohn-Sham one electron orbitals (φn) and the corresponding electron number

density is given by as

n(r) = ∑
n
|φn(r)|2, (3.3.18)
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results with the total energy of the system,

Es = ∑
n

εn, (3.3.19)

The derivation of the single-particle Kohn-Sham equation (3.3.17) from the many-body

Schrodinger equation where all interaction terms in equation (3.3.15) are known, the solution

of the problem would be exact.

3.4 Approximations for the Exchange-Correlation (Exc) and

Self-Consistent Calculations

The Kohn-Sham equations provide a theoretically exact method for finding the ground state

energy of an interacting system provided that the form of exchange-correlation is known. Un-

fortunately, the exact analytical expression of the exchange-correlation interaction vxc is not

known exactly. Exc is exact for a uniform electron gas and is considered to be a reasonable

approximation for slowly varying densities. Various approximations can be used for this cor-

rection and they usually determine the accuracy of the calculations. The most commonly used

approximations are the local density approximation (LDA) and the generalized gradient ap-

proximation (GGA), which are presented below.

3.4.1 The Local Density Approximation (LDA)

The local density approximation (LDA) is one of the first and most standard approximation for

the exchange-correlation interaction. In local density approximation, the exchange-correlation

functional depends on the density of electrons. It assumes that the exchange-correlation energy

of the system is equal to an integral of a homogeneous electron gas with the density n(r). The

exact expression of the exchange-correlation energy of such a homogeneous electron gas is

taken as,

Exc[n] =
∫

d3rn(r)εxc(n). (3.4.1)
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Where εxc(n) is the exchange-correlation energy of uniform electron gas with density n for,

n(r) =
N

∑
i=1

|ψi(r)|2. (3.4.2)

By this formulation, the original many-body problem become simplified into a set of single-

particle equations that has to be solved self-consistently. The LDA approximation is satisfac-

tory for system with a low spatial variations of the electron density. The approximation also

applicable for various types of materials. However, it significantly fails in the description of

many properties of transition metals of (d) and ( f ) block elements and their compounds. Bind-

ing energies are in particular overestimated for LDA approximation [129].

3.4.2 The Generalized Gradient Approximation (GGA)

The generalized gradient approximation (GGA) is physically more appropriate for the exchange-

correlation interaction, which includes non-uniform character of the electron density and the

magnitude of its gradient ∇n(r). The generalized gradient pproximation is a more elaborated

approximation of the exchange-correlation interaction, which consists in taking into account

the non-uniform character of the electron density by replacing εxc with semi-local function of

the electron density and the magnitude of its gradient as various GGAs are successful for many

cases in which the electrons have stronger effects of correlations, such as transition metals

[125]. The exchange-correlation function with GGA is therefore,

Exc[n] =
∫

f (n(r), |∇n(r)|)d3r. (3.4.3)

where f is an analytical function which can also be described in various ways. The most

common ones are the Perdew-Burke-Ernzerhof (PBE) [130] and the Perdew-Wang (pw) [131]

parametrizations. For most materials, GGA improves the LDA over-binding. However, both

GGA and LDA approximations are known to underestimate the band gap of semiconductors to

inaccurately describe the band structure of strongly correlated materials. In some cases, both

the LDA and GGA approximations predict a metallic behavior for instance in Mott insulators

[132] whereas the materials are insulators. The failure of standard DFT (LDA and GGA)
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is generally attributed to the use of a local potential to treat exchange many-body electron

correlations.

Figure 3.2: Kohn-Sham Self Consistent Field Calculations (SCF) loop

3.4.3 Self Consistent Calculations in DFT

The Kohn-Sham equation, the Exc of equation (3.3.17) can be solved interactively. A self-

consistent iterative procedure would start from an initial electron density that can be used to

calculate the KS potential vKS. Then, through solution of equation (3.3.18), we can obtain a

new electron density continuously following steps. The obtained results reveal that the ground

state density is the density that minimize the total energy, such ground state density n0(r) can

be found in iterative method which is self consistent as shown in Figure 3.2 and following the
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listed steps below here:

1. First defining an initial and the trial electron density, n(r).

2. Inserting the density, into equation (3.3.14) to construct new effective (KS) potential,

Ve f f (r) =VKS, which depends on density n(r).

3. Using Ve f f [n(r)] obtained from step two to solve Kohn-sham orbital equation in equation

(3.3.18)

4. Computation of the new Kohn-sham orbitals using equation (3.3.17).

The steps followed to do the self-consistent calculation is to make initial trial guess for the

wave functions of all electrons and calculate its effective Kohn-Sham potential, Ve f f . Based on

this effective potential the Kohn-Sham equation is solved to get a new wave function. From

this, a new Ve f f is calculated, and so on. The procedure is terminated when the charge density

does not vary much any more. At this point, the wave function and the effective potential are

self-consistent with each other.

For complete description of the property of materials the standard DFT of the local density

approximation (LDA) or generalized-gradient approximation (GGA) is not satisfactory. There-

fore, extending DFT with important modifications to some comprehensive approaches become

important. For instance, spin-polarization (Spin polarized DFT) to treat the electron spin, Hub-

bard corrections (LDA+U and GGA+U) to consider correlation effect and other corrections are

currently available.

3.5 Spin polarized Density functional Theory

In density functional theory (DFT), particles interacting in electrostatic external potential is

considered in the above sections. This functional theory can also be extended to a system in the

presence of the magnetic interactions. The importance of including the effects of an external

magnetic field is to consider more comprehensive and physically realistic approximation about

the material. Within this model, one can rigorously generalize all the above arguments to
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include two types of densities, the charge density n(r) and the spin (magnetization) density

m(r). Thus, in spin-polarized system, magnetization density, m(r), in addition to the charge

density, n(r), is to be taken into account irrespective of the DFT. In spin-density-functional

theory the electronic (charge) density, n(r), is scalar whereas the magnetization density, m(r), is

vector. Therefore, the spin-polarized DFT can be revised including spin system and the charge

density, n(r), and magnetization density, m(r), can be related in terms of spin-up density n ↑ (r)

and spin-down density n ↓ (r) as

n(r) = n ↑ (r)+n ↓ (r) (3.5.1)

and

m(r) = n ↑ (r)−n ↓ (r) (3.5.2)

In spin polarized DFT, the Hohenberg-Kohn theorem is generalized to state that the true

ground state energy is variational functional of the spin densities. The coulomb terms remain

functional of the total density but the kinetic of the electron Ts and exchange-correlation en-

ergy (EXC) become functional of the two densities. Therefore, the energy functional in equa-

tion(3.3.11) now modified in spin polarized DFT to

E[nαβ (r)] = Ts[nαβ (r)]+
∫ ∫ n(r)n

′
(r)

|r− r′
drdr

′
+

∫
V αβ

ext nαβ (r)+Eext [nαβ (r)] (3.5.3)

where α and β are spin indices and can have two values either spin-up (↑) or spin-down (↓)

and the kinetic energy functional and electron density are given by

Ts =−1
2

N

∑
n=1

∫
φ
∗α
n (r)∇2

φ
β
n (r)dr (3.5.4)

and

nαβ (r) =
N

∑
n=1

φ
∗α
n (r)φ β

n , (3.5.5)

where the sum over includes all occupied orbitals.This, leads to the Kohan-Sham equations
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−∇
2
r φ

β

i (r)+∑
β

V αβ

e f f φ
β

i (r) = εiφ
β

i (r) (3.5.6)

The effective one particle potential in equation (3.5.6) is given by

V αβ

e f f (r) = δ
αβ

∫ n(r
′
)

|r− r′|
dr

′
+V αβ

ext (r)+V αβ
xc (r) (3.5.7)

3.6 Hubbard model (DFT+U method)

The description and understanding of electronic structure for strongly correlated materials is

a very important in ab initio calculations. Both the LDA and GGA approximations are not

always accurate enough for calculating material properties of partially filled d and f orbitals

[43, 133]. For systems containing a partially filled d or f shell one obtains a partially-filled band

with a metallic-type electronic structure. All these errors lead the DFT to dramatic failures

in predicting the insulating character of Mott insulator, where the insulating character of the

ground state arises from the strong Coulomb repulsion between electrons that prevail over

the kinetic energy, forcing the electrons to localize on atomic-like orbitals. To rationalize the

physics of correlated materials, the most reliable method is the Hubbard model [132, 133, 134]

. In general, the Hubbard Hamiltonian is given by

H =−t ∑
⟨i, j⟩,σ

(c†
i,σ c j,σ +h.c.)+U ∑

i
ni↑n j↓ (3.6.1)

where ⟨i, j⟩ represents nearest-neighbor atomic sites. c†
i,σ and c j,σ are the creation and anni-

hilation operator for electrons of spin σ on atomic site i respectively and niσ = c†
i,σ ci,σ is the

number operator.

In normal materials, the hopping term dominates (t ≫U) and the problem could be described

well by the standard DFT. In contrast, in the correlated materials the second term prevails so

that electrons cannot hop easily because a sufficient energy is required to overcome the large

Coulomb repulsion from other electrons on neighbor sites. In other words, the large Coulomb
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repulsion makes the electrons more localized, resulting in an insulating behavior. In the large U

limit, the Hubbard model gives an atomic-picture-like solution. In DFT+U method, the orbital-

dependent Coulomb U and exchange-interactions J is added onto some localized states of the

system, which have not been considered in standard DFT. So that the delocalized states are

treated by normal DFT only whereas the localized states are treated by the Hubbard model

in DFT+U. The on-site Coulomb U and exchange J corrections on some localized states, the

DFT+U method gives a qualitative improvement [43]. More over, integration of U and J does

not significantly disrupt the computational result compared to DFT. So that the DFT+U method

ts proper to study the Mott insulators such as transition metal and rare-earth metal oxides, long

ranged ordered magnetism [43]. The total energy in DFT+U is typically the summation of

the standard DFT energy functional EDFT for all the states and the energy of the Hubbard

functional EHub minus the double counting term (Edc) that describes the correlated states [43].

Then the total energy in DFT+U is [135],

EDFT+U [n(r)] = EDFT [n(r)]+EHub[nIσ

mm′]−Edc[nIσ ]. (3.6.2)

Where I is the atomic site index, σ denotes the spin index, and m and m′ are magnetic

quantum numbers associated with specific angular momentum and nIσ

mm′ is the occupation ma-

trix measuring the occupation of the localised orbitals (d or f ) at site I [134, 136]. The double

counting term Edc[nIσ ] is so important because in EDFT [n(r)] partial exchange-correlations

have already been taken into account, the interactions contained in DFT should be eliminated

from the additive Hubbard correction to avoid double counting in EHub[nIσ

mm′]. The occupation

numbers nIσ

mm′ is usually defined as projections of occupied Kohn-Sham orbitals Ψσ
nk onto the

states of a localized basis set ϕ I
m:

nIσ

mm′ = ∑
nk

f σ
nk
〈
Ψ

σ
nk

∣∣ϕ I
m
〉〈

ϕ
I
m
∣∣Ψσ

nk
〉
, (3.6.3)

where the coefficients f σ
nk represent the occupations of Kohn-Sham states Ψσ

nk, determined by

the Fermi-Dirac distribution with n and k being the band and k-point indexes, respectively.

Index m labels the localized states of the same atomic site I. The energy functional of 3.6.3 is
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reformulated [132, 133, 137] for the on-site Coulomb interaction U as

EDFT+U [n(r)] = EDFT [n(r)]+∑
I

U I

2 ∑
m,σ ̸=m′σ ′

nIσ
m nIσ ′

m′ −∑
I

U I

2
nI(nI −1). (3.6.4)

where,

EHub = ∑
I

U I

2 ∑
m,σ ̸=m′σ ′

nIσ
m nIσ ′

m′ ,and

Edc = ∑
I

U I

2
nI(nI −1)

and nIσ
m are the diagonal elements of occupation number matrix, nIσ

m = nIσ
mm, and

nI = ∑
m,σ

nIσ
m . (3.6.5)

With these relations, equation 3.6.4 become

EDFT+U [n(r)] = EDFT [n(r)]+∑
I

U I

2
[∑
m,σ

nIσ
mm − ∑

m,σ

nIσ
mmnIσ

mm]. (3.6.6)

Taking the variational derivative of the DFT +U energy functional EDFT+U [n(r)] with respect

to ⟨ϕ I
m| we obtain

EDFT+U [n(r)]|Ψσ
nk⟩= EDFT [n(r)]|Ψσ

nk⟩+∑
I,m

U I(
1
2
−nIσ

m )|ϕ I
m⟩⟨ϕ I

m|Ψσ
nk⟩. (3.6.7)

As obvious from equation 3.6.7, the Hubbard potential (the last term of 3.6.7) is repulsive for

less than half-filled orbitals nIσ
m < 1

2 , whereas it is attractive for more than half-filled orbitals

nIσ
m > 1

2 . This means that the DFT+U method favors the localization of electrons, i.e nIσ
m → 1

or nIσ
m → 0. For an occupied band, the energy is increased by U I

2 , while for an unoccupied band

the energy is decreased by U I

2 . Therefore, an energy gap appears with the size of approximately

U I , consistent with the picture of the Hubbard model. Finally we get the required Hubbard
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potential Vu in the last term of equation 3.6.7 as

Vu = ∑
I,m

U I(
1
2
−nIσ

m )|ϕ I
m⟩⟨ϕ I

m|. (3.6.8)

Next we have an expression for the modified Kohn-Sham equations by taking functional

derivatives of the DFT+U total energy functional with respect to the complex conjugate Kohn-

Sham wave function;

[
− 1

2
▽2 +V̂ σ

ks +V̂ σ
U
]
Ψ

σ
nk = ε

σ
nkΨ

σ
nk, (3.6.9)

where, Vks is given as

V̂ σ
ks = V̂DFT = V̂ne +V̂H +V̂ σ

xc , (3.6.10)

where the first and second terms in equation 3.6.10 are operators that correspond to the

electron-ion interaction and electron-electron interactions respectively, and the third term ex-

change correlation potentialVxc, which can be given as:

VH =
∫

V

∑σ ρσ (r′)
|r− r′|

dr′, (3.6.11)

where V is the volume the crystal and,

V̂ σ
xc =

δExc

δρσ (r)
, (3.6.12)

where, ρσ (r) is spin charge density

ρ
σ (r) = ∑ f σ

nk|Ψ
σ
nk|

2,

and the Hubbard potential, V σ
u with effective Hubbard parameter (Ue f f =U I − JI) is

V σ
U = ∑

I,m,m′
U I

e f f
(δmm′

2
−nIσ

mm′
)∣∣ϕ I

m⟩⟨ϕ I
m′
∣∣, (3.6.13)
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From a piece-wise linearity condition implemented in DFPT, we obtain Hubbard parameters by

methods of the linear-response theory [136, 138].we recall basic aspects of the linear response

constrained density functional theory(LR-cDFT) approach as in [138] for calculations of the

effective Hubbard parameter U. In this approach DFPT-based reformulation of linear response

constrained density functional theory is used. The Hubbard parameters are constituted of an

effective interaction matrix, which is estimated from the difference between raw and screened

inverse susceptibilities. With this method, U is computed as the second derivative of the total

energy of the system with respect to atomic occupations that are defined as the ’on-site’ trace of

the occupation matrices, nI = ∑σ Tr[nIσ ] = ∑σ ,m nIσ
mm. However, in applications of DFT, where

a plane-wave basis set and pseudopotentials are used, atomic occupations are obtained as output

quantities (developed from the solution of the KS equations) and cannot be controlled from

input. To overcome this problem, the LR-cDFT method performs a Legendre transformation

of the total energy. In application, the total energy functional EDFT [ρσ ] is augmented with a

linear combination of the products of atomic occupations nI and Lagrange multipliers {λI}.

Then, this functional is minimized with respect to the spin charge densities ρσ which gives the

ground-state energy as a function of the coefficients {λI},

E{λ
I}= minρσ

{
EDFT [ρσ ]+∑

I
λ

InI
}
, (3.6.14)

this gives the total energy as a function of the ground-state atomic occupations nI is recovered

by a Legendre transformation,

E({nI}) = E({λ
I})−∑

I
λnI, (3.6.15)

Here, this definition of the total energy, equation (3.6.15), can be used to evaluate derivatives

with respect to nI . Based on these definitions, the first and second derivatives gives

dE
dnI =−λ

I (3.6.16)

d2E
(dnI)2 =− λ I

dnI =−
(

χ
−1
)

II
(3.6.17)
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This represents the form in which the final equality determines the response matrix χ . This ma-

trix contains the response of atomic occupations to the potential shift used to perturb the ground

state of the system as given in equation (3.6.13), χIJ =
dnI

dλ J (I and J being atomic indices). Now

from linear-response theory, the Hubbard U parameter is will be,

U I =

(
χ
−1
0 −χ

−1
)

II
(3.6.18)

where χ0 is the non-interacting analog of χ . equation 3.6.18 expresses U as the difference

between two total energy second derivatives of equation (3.6.13): the one obtained at self

consistency (−χ−1) and the one evaluated at the first iteration of the perturbed run (−χ
−1
0 ),

meaning the curvature of the total energy of the non-interacting KS system. The latter term

has no relation with electron-electron interactions, so can be removed. From a supplementary

perspective, equation (3.6.18) can be seen as the solution of the Dyson equation for χ and χ0 ,

where U acts as the interaction kernel (χ = χ0 + χ0Uχ). In practice, one need solve modified

KS equations in which atomic potentials are perturbed one at a time in order to determine the

variations of atomic occupations which is given by,

(Hσ +λ
JV̂ J

pert)|Ψνkσ ⟩= ενkσ |Ψνkσ ⟩ (3.6.19)

Where, Hσ , Ψνkσ , and ενkσ are the Hamiltonian, the KS wave functions, and the KS energies

of the perturbed system, respectively. These equations can be evaluated by taking the func-

tional derivatives of equation (3.6.14) with respect to Ψ∗
νkσ

(r). Using equation (3.6.10), the

perturbing potential is becomes

V̂pert = ∑
m

P̂J
mm′ (3.6.20)

which is a sum of the projections on the localized atomic orbitals of the Jth atom, and also

P̂mm′ = |ψ I
m⟩⟨ψ I

m′ | is the projector. The final results (the effective Hubbard parameters) thus

have to be converged with respect to the super cells size. In practice, after solving equation
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(3.6.16), the response matrices can be easily computed using finite differences:

χIJ =
δnI

δλ J (3.6.21)

In this case, the variation in the strength λ J of the perturbing potential should be small, for the

response of the system to be in linear but large enough for the response to be significant with

respect to numerical noise. As a result, the full response matrix χ is constructed by perturbing

one at a time the crystallographically in equivalent Hubbard manifolds of the individual Hub-

bard atoms. When one Hubbard atom or manifold is perturbed, the response of all the atoms

is recorded, so that one column of the response matrix λ is determined. The other matrix ele-

ments (in the columns corresponding to equivalent Hubbard atoms) are then reconstructed by

symmetry.The dimension of the response matrix χ is Nsc
H ×Nsc

H , where Nsc
H is the number of

Hubbard atoms in the super-cell. It also point out that the change in the occupations of the non-

Hubbard atoms (not explicitly included in the response matrices) contributes to the screening

of the effective interaction.

3.7 Self Consistent Calculation with Hubbard Correction

The increased computational efficiency, the higher level of automation, and the user-friendliness

promoted by the use of DFPT in the calculation of the Hubbard parameters. This can be ex-

ploited to make the calculation fully ’self-consistent’ and to obtain Hubbard parameters that are

fully consistent with both the electronic structure of the system and,in addition, with the crystal

structure. The idea is to recompute the effective U parameters from a DFT +U ground state

until the values obtained from the DFPT calculation Uout coincide (within a fixed precision δ )

with those used in determining the ground state that DFPT is based on Uin [139],

|Uout −Uin|< δ , (3.7.1)

Now, the convergence of the iterative procedure in most cases is guaranteed by the observed

smooth and monotonic dependence of output interaction parameters Uout on the input one Uin.
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This iterative procedure yields the final self-consistent values of the Hubbard interactions, la-

beled Usc f . The use of LR-cDFT (or DFPT) to recalculate iteratively the Hubbard parameters

until self-consistency is straightforward. However, in order to prevent the Hubbard correction

from responding to the perturbation thus spuriously contributing to the calculation of the total

energy curvature [138], it is important to maintain the Hubbard potential unchanged during the

iterative solution of linear-response equations as in [134], as was discussed in section 3.6.

The self-consistent values of U in addition to a given crystal structure, it is also important to

obtain consistency of the final Hubbard parameters with the crystal geometry When structural

optimization is necessary. Moreover, one can envision an overall iterative procedure, as illus-

trated by the flowchart diagram in Figure 3.3. The workflow of Figure 3.3 drives the system to

a global minimum also with respect to the changes in the Hubbard parameters.The procedure

to compute Usc f is summarized as follows as follows:

- Set up the initial crystal structure for the system of interest and choose the initial values

for U mostly of order of 10−8.

- Perform a self-consistent field (SCF) ground-state calculation using DFT+U with the

current input values of Hubbard parameters Uin

- Perform a DFPT calculation to determine the new values of the Hubbard parameters (Uout

).

- Perform a structural optimization using DFT+U with the current values of U (i.e., Uout).

- Return to Step 2 with updated values of the Hubbard parameters (i.e., Uin = Uout) and

iterate the procedure until the point when the variations of the Hubbard parameters as in

Equation (3.6.18) and of the crystal structure are both within fixed thresholds.

3.8 Density Functional Perturbation Theory

Density functional theory is effective for ground state density and energy. The Density Func-

tional Perturbation Theory (DFPT) is the application of perturbation theory on the DFT [140].
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Figure 3.3: The algorithm for the calculation of self-consistent Hubbard parameters
Usc f (onsite)

An accurate way to calculate the energy-derivatives was proposed by X. Gonze [141, 142]

which is based on a variational principle involving a minimization procedure rather than solving

the Sternheimer equation and giving also access to non-linear responses. Perturbations asso-

ciated to atomic displacements R, homogeneous strain, and homogeneous electric field E, and

summarize them into a single parameter λ , then the energy functional E(λ ) can be expanded

in a power series of λ around the ground state structure λ = 0. DFPT studies the response of

a quantum system under small perturbation at the level of first principle electronic structure

theories as that of Kohn-Sham DFT. The most important application of DFPT in this study is

to calculate of lattice vibration (phonon), which will be important for further calculations of

many physical properties of the crystal structures.

Many interesting response functions are the result of application of an external perturbation

to a system. These response functions include the second, third, or higher order derivatives of

the total energy with respect to applied perturbation. Some of the important response functions
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are

1st order: forces, stress, dipole moment, ...

2nd order: phonon dynamical matrix, elastic constants, dielectric susceptibility, piezo-

electricity, internal strain

3rd order: non-linear dielectric susceptibility, phonon-phonon interaction anharmonic

elastic constants etc.

Let’s take an external potential which depends on certain parameter λ as,

Vλ (r)≃V (r)+λ
∂V (r)

∂λ
+

1
2

λ
2 ∂ 2V (r)

∂λ 2 + ... (3.8.1)

and expanding the charge density,

nλ (r)≃ n(r)+λ
∂n(r)

∂λ
+

1
2

λ
2 ∂ 2n(r)

∂λ 2 + ..., (3.8.2)

in addition, the energy functional with respect to λ can be expressed as

Eλ (r)≃ E(r)+λ
∂E(r)

∂λ
+

1
2

λ
2 ∂ 2E(r)

∂λ 2 + ... (3.8.3)

The first order derivative, which is important for higher order derivatives depends on n(r) is;

∂E
∂λ

=
∫

n(r)
∂V (r)

∂λ
dr. (3.8.4)

Second order derivative depends on the first derivative of charge density

∂ 2E
∂λ 2 =

∫
∂V (r)

∂λ

∂n(r)
∂λ

dr+
∫

n(r)
∂ 2V (r)

∂λ 2 dr. (3.8.5)

Or can be generalized to mixed derivatives as

∂ 2E
∂λ1λ2

=
∫

∂V (r)
∂λ1

∂n(r)
∂λ2

dr+
∫

n(r)
∂ 2V (r)
∂λ1λ2

dr. (3.8.6)
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Then, linear charge response becomes

∂n(r)
∂λ

= 2∑
i

ψ
∗
i (r)

∂ψi(r)
∂λ

(3.8.7)

3.9 The Bloch Theorem

The use of the crystal lattices spatial periodicity is a requirement for a rational approach to DFT.

A unit cell, which is repeated in all spatial directions, is what determines a periodic structure.

For any lattice vector R, the KS potential is hence periodic and defined by,

Vks(R) =Vks(r+R), (3.9.1)

A Blochs function is the generalization of a plane wave for an electron in periodic potential.

Blochs theorem states that in a periodic solid each electronic wave function can be written as

the product of cell-periodic part and wave like part.

Φik = eiK.Ruik(r), (3.9.2)

with the periodic

Uik(r) =Uik(r+R), (3.9.3)

The energy spectrum is periodic with reference to the reciprocal lattice is an obvious conclu-

sion. That is,

Eik(k) = Eik(K +G), (3.9.4)

for every reciprocal lattice vectors G. Therfore, the energy spectrum is fully represented

within the Brillouin zone (BZ), the primitive cell of all reciprocal lattices.

43



3.10 Plane wave basis set and Cuttoff energy

A Bloch function is the generalization of a plane wave for an electron in periodic potential.

According to Bloch theorem, the wave function can be written as the product of cell-periodic

part and wave like part.

φk(r) = ei⃗G.⃗ruik(r), (3.10.1)

where uk(r) is periodic in space with the same periodicity as the super cell. That is,

uik(r+R) = uik(r), (3.10.2)

The cell-periodic part of the wave function can be expanded using a basis set consisting of a

discrete set of plane waves whose wave vectors are reciprocal lattice vectors of the crystal,

unk(r) = ∑
G

cik(G)ei(G.r), (3.10.3)

where cik,G are expansion coefficients and the reciprocal lattice vectors. Therefore each

electronic wave function can be written as a sum of plane waves,

φik(r) = ∑
G

cik(G)ei(K+G).r, (3.10.4)

The electronic wave functions at each k-point can be expressed in terms of a discrete plane

wave basis set. In practice we can not work with an infinite basis set, it has to be truncated to

allowable precision. The number of plane waves can be restricted by placing an upper boundary

to the kinetic energy of the plane waves. This boundary is called energy cut-off (Ecut) [143].

The kinetic energy is related to plane waves in this expansion by (k+G)2/2. The summation

over G is infinite and thus for practical reasons an upper boundary, the cutoff energy Ecut should

be set so that (k+G)2/2 < Ecut . The cutoff energy can be viewed of as a "resolution" details

in the wave function smaller than 2π/Gmax are neglected. It results in the second important

advantage of the plane wave basis set, namely, the accuracy can be improved systematically by

increasing Ecut .
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3.11 K-point grid: Integration Over the First Brillouin Zone

Density functional theory uses electron density as a source of information for all quantities.

The electron density used in DFT is given by,

n(r) =
∫

BZ
dk

Nk

∑
i=1

fik|uik(r)|2, (3.11.1)

where the sum runs over all bands at point k, Nk and fik are the occupancy of the band,

either "1" below the Fermi level or "0", otherwise. It is desirable to substitute out the step

function for a smooth function in order to hasten the integration’s convergence with regard

to the number k-points. Since it imitates the impact of temperature, this strategy is known

as a finite-temperature approach, also known as smearing [123]. This smearing is typically

described by Gaussian functions.

From an infinitely extended real space lattice, k is continuous variable, constrained to the

first BZ owing to periodicity. In numerical calculations, integration over a continuous variables

is not attainable. Therefore, a k-point grid is constructed to sample the first BZ, Commonly, a

Monkhorst-Pack grid, an equally spaced grid, is selected [144]. Additionally, sampling of the

irreducible BZ (IBZ), the reduction of the first BZ by the lattice symmetries, is sufficient for

calculation of the density. The normalized weight wk has to be included, to take into account

the multiplicity of each k-point. Consequently, the electron density can be expressed as,

n(r) = ∑
k∈IBZ

wk

Nk

∑
i=1

fik|uik(r)|2, (3.11.2)

3.12 Plane wave approximations and Pseudopotentials

For electronic structure calculations of periodic systems, the most widely used approach is to

employ a plane wave basis to represent the orbitals, the electron density, and other quantities

in terms of Fourier expansions. According to Bloch theorem, the Kohn-Sham orbitals of a

system with periodic external potential can be written as a product of a cell-periodic part and a
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wave-like part with periodicity of the underlying lattice.

ψnk(r) = eik.runk(r), (3.12.1)

where k is a Brillouin zone (BZ) sample or k-point. Taking into account its periodicity, the

wave-like part is expanded as a set of plane waves. And

unk(r) =
1√
Ω

∑
j

c jnkeig j.r, (3.12.2)

where g j are vectors of the reciprocal lattice, and Ω is the unit cell volume. The number of

basis functions is controlled by the energy cut-off Ecut . Only expansion coefficients c jnk related

to plane waves with a kinetic energy
1
2
|k + g j|2 < Ecut are retained. This allows easy and

systematic control of the quality of a plane wave basis set.

Plane wave basis sets are usually used in combination with Pseudo-potentials (PP) [145,

146] such that the plane waves have to describe only the valence orbitals and valence electron

density. Expanding core orbitals and the features of other orbitals close to the atomic nuclei

would otherwise require a very large number of plane waves of large energy cut-off.

The pseudo-potential method is based on the fact that the spectrum of intrinsic states does

not specify a well-defined potential, so that one may find a weak potential (pseudo-potential)

such that its spectrum coincides with the spectrum of the actual potential. The real and the

pseudo wave-function and potentials match above a certain cut-off radius rc (Figure-3.4). This

method involves orthogonalization of the wave functions of valence electrons ψv with respect to

wave functions of the electrons of the ion core ψc. Modern pseudo-potentials come in three va-

rieties, norm-conserving pseudopotentials (NCPP) [147], ultra-soft pseudo-potentials (USPP)

[145, 148], and projector-augmented wave (PAW) [146]. The NCPPs their construction en-

sures that they reproduce the logarithmic derivatives, i.e., the scattering properties, of the true

potential in a wide range of energies. USPPs significantly reduce the grid resolution necessary

to converge the electron density which generalizes the eigen-problem and adds charge density

dependence to the non-local potential. All pseudopotential libraries are tested based on the
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Figure 3.4: Comparison of a wave-function in the Coulomb potential of the nucleus to the one
in the pseudo-potential.

generalized gradient approximation (GGA) for the exchange correlation functional of Perdew,

Burke and Ernzerhof (PBE) [130]. The choice of pseudo-potential type mainly depends on two

factors, the transferability and softness, in DFT calculation. Currently, modified standard solid-

state pseudopotential (SSSP) libraries are also available. The libraries are prepared by testing

all type of pseudopotentials and selecting a PP which performs best for a specific material

[149].
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3.13 Quantum-Espresso Software Package

Quantum espresso (QE) is an integrated suite of computer codes for electronic structure cal-

culations and materials modeling based on density functional theory, plane wave basis set and

pseudopotentials to represent electron-ion interactions. It is free software distributed under

the terms of the GNU(Gnu’s Not Unix) General Public License (GPL) [150]. Quantum-

ESPRESSO stands for Quantum open-Source Package for Research in Electronic Structure,

Simulation, and Optimization. The codes are constructed around the use of periodic boundary

conditions, which allows for a straight forward treatment of infinite crystalline systems. The

full Quantum ESPRESSO distribution contains the core packages, such as PWscf, PHonon, etc

for the calculation of electronic-structure properties within Density Functional Theory (DFT),

using a Plane-Wave basis set and pseudopotentials [150]. In considering DFT for many body

problems, we are dealing with solving a many body system problems. Now adays DFT is con-

sequently quantitatively applied in numerous soft ware programs, such as ABINIT, Gaussian,

Quantum ESPRESSO, SIESTA, VASP, WIEN2k, and others. These differ in a number of re-

spects, including the basis function choices, the pseudo-potentials, and the diagonalization pro-

cedures for the KS Hamiltonian. The advantage is that Quantum ESPRESSO is a collection of

packages as opposed to a single, tightly integrated monolithic package. website: https://w.w.w

quantum-espresso.org/.

3.14 Computational Details

Single layer of WX2 a P63/mmc space group symmetry with the W atoms having a trigonal

prismatic coordination with the chalcogen atoms, is taken into consideration. In this study we

have used density functional theory (DFT) with the implementation of quantum espresso pack-

age (QE), applying the generalized gradient approximation (GGA) with the Perdew-Burke-

Ernzerhof (PBE) functional and GGA + U approximations for the electron exchange-correlation

interactions. The corresponding valence electrons of the elements considered for this work,

W = [Xe]4f145d46s2, Mn = [Ar]3d54s2 and for the chalcogens S = [Ne] 3s23p4, Se = [Ar]

3d104s24p4 and Te = [Kr]4d105s25p4 were used. The structure of monolayers of WX2 are re-

48

https://w.w.w quantum-espresso.org/


laxed and optimized using the plane wave of cut-off energy of 55 Ry and the Brillouin zone

(BZ) with a 661 Monkhorst-Pack grid in accord with the convergence criteria (energy 10−5

Ry), (force 10−4 Ry/Bohr). Under these conditions, the lattice parameters a=b and the vacuum

space, normal to the plane of the layer was 15Å used for monolayers this work. Spin-polarized

first-principles calculation was also employed to analyze the electronic and magnetic properties

of 2D-WSe2 doped with manganese. In case of WS2/WSe2 heterobilayer we used the minimum

energy principle to calculate the interlayer spacing between WS2 and WSe2 monolayers. The

ultrasoft pseudopotentials (USPs) and norm conserving pseudopotentials (NCPs) were used to

treat the interaction of electrons with ion cores.

49



Chapter 4

Result and Discussions

4.1 Structural, electronic, dynamic, and optical properties of

monolayer WTe2 under small biaxial strain

4.1.1 Introduction

In this study, we have investigated the structural, electronic, vibrational, and optical properties

of 2H-WTe2, (space group p63/mmc) for low dimensional electronic and optical applications.

The structural and electronic properties are investigated using the GGA and GGA + U approx-

imations for exchange-correlation potential. Moreover, the effect of tensile or compressive

strain on the electronic structure of WTe2 is determined. The phonon dispersion is calcu-

lated using density functional perturbation theory (DFPT) and density functional perturbation

theory with Hubbard correction (DFPT + U). The optical properties are determined using time-

dependent density functional theory (TD-DFT). Finally, the obtained results are compared with

the existing experimental and theoretical results.

Tensile and compressive straining circumstances were taken into consideration to the mono-

layer following optimization of the equilibrium lattice parameters. The structural, electronic,

lattice vibration, and optical properties were computed under both stressed and unstrained cir-

cumstances. Biaxial strain is applied to the monolayer from 2% tension to 2% compression to

analyze the electronic property, lattice vibration, and dielectric function. The effective Hubbard
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Table 4.1: The calculated effective Hubbard parameter for WTe2 for 2% biaxial compressive
strain, equilibrium (no strain), and 2% bi-axial tensile-strain.

Type of strain W(d)Ue f f (eV)
2% compression 3.036

Unstrained 3.045
2% tension 3.053

parameter (Ue f f ) was calculated iteratively for W-d orbitals using a linear response formalism

utilizing DFPT with an ortho-atomic projection method [139, 151] and the values for Hubbard

correction are shown in Table 4.1.

4.1.2 Structural properties of Monolayer WTe2

The crystal structure of two dimensional 2H-WTe2 is indicated in Figure 4.1. Two dimensional

WTe2 is a family of TMDs of hexagonal lattice with W atom is sandwiched in two Te atoms

in each individual single layer of its lattice structure. The lattice constants, a=b, have been

calculated with GGA and GGA+U approximations leaving the vacuum gap of 15Å normal to

the plane of the next layer. And the lattice constants are compared as indicated in Table-4.2

with previously calculated reference values and our computed values are in good agreement

with the references. The structural parameters have been computed for important parameters to

Figure 4.1: Structure of WTe2 monolayer with the transition metal sandwiched between the
chalcogen atoms

check the structural stability of WTe2 monolayer. The computed structural parameters for the

layer are in a good agreement with the Birch Murnaghan equation of state (EOS) [152] given
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Table 4.2: Calculated values for structural parameters of WTe2 monolayer in reference with
other previous results

Methods Lattice parameter (Å) V0(Å)3 B(Gpa) B’
GGA 3.565 654.98 49.7 3.91

GGA+U 3.539 641.45 49.9 4.55
Theoretical 3.57 [6], 3.59 [7], 3.55 [23, 24] - - -

Experimental - - - -

by

E(v) = E0 +
B0V

B′−1
[
(v0

v )
B′

0

B′−1
+1]− B0V

B′−1
(4.1.1)

Where E0 is for minimum energy, V0-volume of the unit cell, B0 -bulk modulus and B′
0-

derivative of the bulk modulus. The calculated volume versus energy and volume versus pres-

sure diagrams are indicated for WTe2 monolayer of 2× 2× 1 supercell is described in Figure

4.2. Moreover, the obtained results are indicated in Table 4.2.

Figure 4.2: Volume versus energy diagram of 2H-WTe2 using (a) GGA (b), GGA+U and pres-
sure versus volume diagram using (c) GGA and (d) GGA+U

The response of monolayer WTe2 on external stresses in lower limit results in elongation of

bond length of W-Te from 2.747 Å in equilibrium to 2.802 Å in 2% tensile strain and shortening

of the bond length to 2.692 Å in 2% compressive strain. However, the is no change in the bond

angle of the monolayer because of 2% strain compressive or tensile strain.
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4.1.3 Electronic Properties of Monolayer WTe2

Different methods have been applied when analyzing the electronic properties of the system

including the Hubbard model. The band structure of monolayer WTe2 is shown in Figure

4.3(a-c) and it has a direct band gap. When the system is imposed to small strain (0-2%) both

in tension and compression, the band gap of the system increases with biaxial compression and

decreases with biaxial tensile strain.

Figure 4.3: Band structure of 2D-WTe2 (a) 2% biaxial compression, (b) unstrained, and (c) 2%
biaxial tensile strain using GGA and GGA + U

The band structure of monolayer 2D WTe2 using GGA and GGA+U approximations for

exchange correlation potentials has been indicted in Figure 4.3 with the black (solid) line and

magenta (broken) line respectively. The band gap values obtained for 2% biaxial compression

of the system are 1.1487 eV (GGA) and 1.2332 eV (GGA +U) respectively as shown in Fig-

ure 4.3(a). For unstrained condition, the band gap values are 1.0439 eV (GGA) and 1.1089

eV (GGA +U) as described in Figure 4.3(b). In case of 2% biaxial tensile strain the band

gap values are 0.9439eV (GGA) and 0.9945 eV (GGA+U) as demonstrated in Figure 4.3(c).

We determined some basic and important properties of the 2D-WTe2 from these computations.

The direct band gap cannot be altered by small strain and this may result in materials to be
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Table 4.3: The band gap values (eV) of monolayer 2H WTe2 calculeted in GGA(PBE) approx-
imation and GGA+U (Hubbard model)

Type of strain GGA GGA+U Theoretical Experimental
unstrained (0%) 1.0439 1.1089 0.974 (GGA) [7]

0.75 (GGA) [24]
2% biaxial compression 1.1487 1.2332 - -

2% biaxial tension 0.9439 0.9945 - -

preferable for some electronic and optical properties. Moreover, the effect of electron-electron

interaction in the band diagram is noticeable with the same manner in both strained and un-

strained conditions and hence the Hubbard correction is significant for the system. The range

of band gap values of the monolayer 2D 2H WTe2 both in an unstrained and strained condi-

tions are interesting for photovoltaic applications. The calculated values in this work is and

other previous works are compared as shown in Table 4.3 and the results are in good agreement

with the previous works.

In addition to the band structure, the total density of states (TDOS) and partial density of

states (PDOS) were calculated for 2% biaxial compression, unstrained and 2% biaxial tensile

strain using GGA and GGA+U approximation for exchange correlation potentials as shown in

Figure 4.4 - (a-c) and Figure 4.5 - (a) and (b) respectively. The gap from the valence band

maximum to the conduction band minimum decreases when the system is imposed to biaxial

tensile strain and increases for biaxial compression. The partial density of states (PDOS) result

describes that for the low-lying states, the W(3d) orbitals contributed most to the maximum

valence band and minimum conduction band. In first principles calculations using DFT of the

GGA approximation, monolayer 2H-WTe2 under biaxial compression exhibits an expanded

energy band resulting in blue shift. In the case of biaxial tension, red shift happens by narrowing

of the energy band gap in comparison to the equilibrium. The GGA+U approximation, when

used under small strain, modifies the band gap without changing the VBM and CBM, making

2D-WTe2 a viable material for electronic and optical applications.
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Figure 4.4: The density of states of monolayer WTe2 (a) with 2% biaxial compression, (b) with
no strain, (c) with 2% biaxial tension

4.1.4 Lattice vibration of Monolayer WTe2

Concerning the lattice vibration, it is important to know the dynamic property of the material for

its stability. We have calculated the phonons dispersion for 2% biaxial compression, unstrained

and 2% biaxial tensile stress in accord with DFPT and DFPT+ U for exchange-correlation po-

tential respectively as shown in Figure 4.6 - (a-c). The obtained result for DFPT shows that the

unstrained condition is dynamically stable and has no an imaginary part as shown in Figure 4.6

- (b). However, when the monolayer of 2H - WTe2 is subjected to biaxial strain the dispersion

relation has negative frequency and it is dynamically unstable with respect to DFPT as de-

scribed in Figure 4.6 - (a) and 4.6 - (c) respectively. However, the phonon dispersions obtained

for biaxal compression, unstrained and biaxial tensile stresses using the Hubbard correction

(DFPT +U) are dynamically stable as described in Figure 4.6 (magenta or broken lines). That

is DFPT + U is used to capture the effect of electronic localization of vibrational frequencies

and give full access to all quantities requiring well converged sums over the entire vibration

spectrum.
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Figure 4.5: Partial density of states for unstrained monolayer of WTe2 (a) using GGA approxi-
mation and (b) GGA+U approximation

4.1.5 Optical properties Monolayer WTe2

To calculate the optical properties, the complex dielectric function ε(ω) within an independent

particle formalism is used [153] in terms of the real ε1 and imaginary parts as;

ε(ω) = ε1(ω)+ iε2(ω) (4.1.2)

The imaginary part ε2(ω) is determined from the momentum dipole transition matrix el-

ements between the valence band and the conduction band electronic states with long wave

length approximations [154],

ε
i j
2 (ω) =

4πe2

V mω2 ∑
knn′ω

⟨χnσ |Uα |χn′σ ⟩⟨χn′σ |Uβ |χnσ ⟩× fkn(1− fkn′)σ(εkn′ − εkn −ℏω) (4.1.3)

where, |χn′σ ⟩ are the electron states. The dispersion of the real part of the dielectric function
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Figure 4.6: Monolayer WTe2 phonon dispersion (a) for compressed, (b) undisturbed (c)
stretched in GGA and GGA+U approximation

ε1 was determined using the imaginary part by Kramers-Kronig relations [155],

ε1(ω) = 1+
2
π

p
∫

∞

0

ωε2(ω
′)

ω ′2 −ω2 dω
′ (4.1.4)

Where the symbol P represents the principal value of the integral. The complex index of re-

fraction is written as,

N(ω) = n(ω)+ ik(ω) (4.1.5)

Here, n(ω) is refractive index and k(ω) is extinction coefficient that can be evaluated from

complex dielectric function. The refractive index n(ω), the reflectivity (R(ω)), absorption

coefficient (α(ω)) and energy loss function (L(ω)) can be determined from dielectric functions

by,

n(ω) =

√√√√√
ε2

1 (ω)+ ε2
2 (ω)+ ε1(ω)

2
, (4.1.6)

k(ω) =

√√√√√
ε2

1 (ω)+ ε2
2 (ω)− ε1(ω)

2
, (4.1.7)
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α(ω) =

√
2ω

c

√√
ε2

1 (ω)+ ε2
2 (ω)− ε1(ω), (4.1.8)

R(ω) =
(n(ω)−1)2 + k(ω)2

(n(ω)+1)2 + k(ω)2 , (4.1.9)

and

L(ω) =−ℑ
1

ε(ω)
=

ε2(ω)

ε2
1 (ω)+ ε2

2 (ω)
. (4.1.10)

The optical properties including dielectric function, optical absorption and energy loss function,

reflectivity, and the refractive index are investigated in parallel and perpendicular direction to

the plane of the monolayer 2H-WTe2 in the photon energy range from 0 to 10 eV, and the

details of the calculations are presented. The real part of the dielectric function (ε1(ω)) when

the monolayer of 2H-WTe2 is exposed to the polarization parallel and perpendicular direction

to the monolayer plane is shown in Figure 4.7 - (a) and 4.7 - (b) respectively. From the result

it is possible to deduce that the static dielectric function values for near zero energy (ε1(0))

is 7.4 (unstrained), 7.7 (biaxial tensile stress) and 7.2 (biaxial compression) arb. unit for the

polarization parallel to the plane of monolayer. However, the static dielectric constant (ε1(0))

decreases when the polarization is perpendicular to the plane of monolayer and the values

are 1.85 (unstrained) and 1.84 for 2% biaxial compressive strain and 1.81 for biaxial tensile

strain. The magnitude of the real part of the dielectric function for the polarization parallel

to the plane is magnified as compared to the perpendicular direction. The peak of the real

part of the dielectric constant is 11.77 at 1.77 eV for biaxial tensile strain, 12.10 at 1.9 eV for

unstrained and 12.8 at 2.0 eV for biaxial compression (parallel to the plane) and 5.17 at 4.17

eV for biaxial tensile strain, 5.37 at 4.44 eV for unstrained and 5.21 at 4.68 eV for biaxial

compression (perpendicular to the plane). Moreover, the peak of linear dielectric function

for the polarization perpendicular to the plane of monolayer shifts toward high energy for all

cases. The biaxial compression and tensile strain also reduce the magnitude of the real part of

the dielectric function as compared to the unstrained one. On the other hand, the imaginary

part of the dielectric function is described in Figure 4.7 - (c) for the polarization parallel to the

plane and Figure 4.7 - (d) perpendicular to the plane with respect to the incoming photon. The
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Figure 4.7: The real and imaginary part of the dielectric function versus photon energy (a, and
c) with polarization parallel to the plane (b, and d) perpendicular to the plane respectively for
the monolayer of 2H-WTe2

imaginary part of the dielectric function has a peak value 16.02 at 0.97 eV for biaxial tensile

strain, 16.5 at 1.06 eV for unstrained and 16.48 at 1.17 eV for biaxial compression respectively

when the polarization is parallel to the plane of monolayer. The peak value is 7.36 at 4.27

eV for biaxial tensile strain, 7.14 at 4.54 eV for unstrained and 6.81 at 4.84 eV for biaxial

compression when the polarization is perpendicular to the plane of monolayer. The magnitude

of the imaginary part of the dielectric function is quenched as the monolayer of 2H-WTe2 forced

to tensile stress or compression. The negative value in the(ε1(ω)) spectra at 4.5, 4.8, and 5 eV

corresponds to the peak in the reflectivity spectra. The other important parameters of optical
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Figure 4.8: (a) Refractive index (b) extinction coefficient with different strain conditions to the
plane of 2D - WTe2 layer.

properties are the refractive index n(ω) and extinction coefficient κ(ω) as shown in Figure 4.8

- (a) and 4.8 - (b) for polarization perpendicular to the plane of monolayer respectively. The

value of static refractive index n(ω) is 1.36 for the case equilibrium and biaxial compression

and 1.34 for biaxial tensile stress. The peak values of the refractive index are 2.5 at 4.2 eV

for tensile strain, 2.5 at 4.47 eV for unstrained, and 2.48 at 4.7 eV for biaxial compression.

The magnitude of the refractive index is nearly the same when the monolayer of 2H - WTe2 is

imposed to small tensile or compressive strain. Moreover, the peak of the refractive index shifts

toward higher energy when the monolayer of 2H - WTe2 is imposed to biaxial compression than

tensile strain. The peak value of the extinction coefficient is 1.94 at 4.4 eV for tensile strain,

2.07 at 4.67 eV for unstrained and 2.13 at 4.94 eV for biaxial compression. The peak value

of the extinction coefficient for monolayer of WTe2 shows blue shift in biaxial compression as

compared to the tensile stress.

The absorption coefficient of monolayer 2H-WTe2 for unstrained, biaxial compression, and

biaxial tensile strain is also described in Figure 9 (a), (b) and (c) respectively. The peaks of

the absorption coefficients are 1.35106cm−1 at poton energy of 8.0473 eV (2% biaxial com-

pression), 1.13106cm−1 at 7.6467 eV (unstrained) and 1.10106cm−1 at 7.25 eV (2% biaxial

tension). The magnitude of the absorption coefficient of the monolayer of 2H - WTe2 has a
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Figure 4.9: Absorption coefficient and electron energy loss function of the monolayer 2H -
WTe2 with (a and d) no strain (b and e) -2% strain and (c and f) +2% strain respectively.

little variation in three cases. However, red shift is observed when the monolayer is imposed to

biaxial tension as compared to biaxial compression. The large value of absorption coefficient

in 2H-WTe2 monolayer coupled with its optimum bandgap enables it for application of solar

cell with high power conversion efficiency.

The electron energy loss function of monolayer WTe2 for unstrained, biaxial compression,

and biaxial tensile strain is described in Figure 4.9 - (d), (e) and (f) respectively. The energy

loss function (EELS) which shows the energy loss of fast electron moving across the medium

is a complicated mixture of inter-band transition and plasmon. The electron energy loss spectra

are related to the plasma frequency. Peaks in the measured spectra can thus derive zeros of

ε1(ω) (when ε2(ω) is not too large), which correspond to collective plasmon excitations, or

from structures ε2(ω) which are due to valence-conduction inter-band transitions. The elec-

tron energy loss function for a polarization perpendicular to the plane of monolayer has a peak

8.5756 at 8.0807 eV (unstrained), 9.0381 at 8.4814 eV (biaxial compression) and 8.2058 at

7.6801 eV (biaxial strain). Finally, the reflectivity is computed for unstrained (a), biaxial com-

pression (b) and biaxial stress (c) as shown in Figure 10 for polarization perpendicular to the

plane of monolayer 2H - WTe2. The value of static reflectivity R(0) are 2.30%, 2.32% and
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Figure 4.10: Reflectivity of WTe2 monolayer for (a) unstrained (b) -2% strained (c) +2%
strained

2.16% for biaxial compression, unstrained and biaxial tension respectively. The peak values

of optical reflectivity are 62.3% at 5.1 eV (biaxial compression), 60.2% at 4.8 eV (unstrained),

and 56% at 4.575 eV (biaxial tension).
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4.2 Effects of Mn-doping on the structural, electronic, mag-

netic and optical properties of WSe2 monolayer

4.2.1 Introduction

In this study, Mn-doped monolayer WSe2 is subjected to first-principles calculations utilizing

GGA and GGA + U approximations for exchange-correlation functionals. The structural sta-

bility and formation energy have been scrutinized revealing more strong bonding compared to

pristine WSe2. The electronic structure and magnetic properties of the Mn-doped monolayer -

WSe2 have been carefully analyzed. Calculations have been performed to ascertain the energy

difference between two dopants in ferromagnetic (FM) and antiferromagnetic (AF) configu-

rations considering nearest neighboring (NN), next nearest neighboring (NNN) and impurity

concentration (0-22.22%). The Curie temperature (Tc) of the FM to AF phase transition has

been determined. Finally, the optical properties of the doped system in various concentrations

of the dopant are investigated by substitution of Manganese to Tungsten in a monolayer WSe2.

The lattice parameters were calculated for the minimum energy to supercells of 331, 441 and

551 with the vacuum gap c=15Å to avoid the interaction between the adjacent monolayers.

The system of supercells of WSe2 with different sizes were constructed with the constituent

of W and Se-atoms and analyzed without doping. Moreover, the doped monolayers of WSe2

for the mentioned sizes of supercells were analyzed by substituting W atom with a single Mn

and two Mn atoms (in nearest-neighbor (NN) and next-nearest-neighbor (NNN) sites). The

substitutional doping was done in a range of 0 to 22.2% with a maximum of 2-atoms with

NN and NNN sites for the dopant atoms in the supercell. The effective Hubbard parameters

(Ue f f ) was calculated iteratively for Mn(d) orbitals using a linear response formalism utilizing

density functional perturbation theory (DFPT) with ortho-atomic projections method. The ef-

fective Hubbard parameter is the difference between the spherically averaged on-site repulsion

and on-site Hund’s exchange (U I=χ
−1
0 −χ−1)II . The computed Value of the effective Hubbard

correction parameter Ue f f =6.0 eV for the Mn-atom is utilized in GGA +U calculation.
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4.2.2 The structure of Mn-doped monolayer WSe2

A pristine 2D-WSe2 is nonmagnetic semiconductor. The electronic structure, band gap, and

density of states of the pure WSe2 monolayer were investigated before addressing the Mn-

doped monolayer. Then Mn atom substitutions to certain sites of tungsten in monolayer of

WSe2 are performed as shown in Figure - 4.11 to Figure - 4.13 for supercell 4x4x1. The opti-

mized pure monolayer has a bond length W–Se = 2.545Å and bond angle of 81.40. After doping

the Mn-atom on sites of pure WSe2, the bond length Mn-Se = 2.4294Å which is slightly shorter

than W-Se. But only small increment in the bond angle Se-Mn-Se (81.940) in comparison to

Se-W-Se. For a single Mn to the W atom in a 4×4×1 supercell of WSe2 as shown in Figure -

4.12.

Figure 4.11: Top view of 4x4x1-pristine-WSe2 monolayer

4.2.3 Formation Energy

In this part, the electronic and magnetic properties of Mn-doped monolayer WSe2 were in-

vestigated. After computing the structural parameters of pristine WSe2, the formation energy
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Figure 4.12: Top view optimized single Mn doped 4x4x1 monolayer WSe2

(E f orm) was calculated to see the stability of the Mn-doped WSe2 monolayer as,

E f orm = Edoped −EPure −n(µMn −µW ) (4.2.1)

where, Edoped and Epure are the total energies of the monolayer WSe2 with and without doping

Mn atom respectively, n is the corresponding number of Mn/W atoms that have been added or

removed during substitutional doping, and µMn and µW are chemical potentials of Mn and W

atoms, respectively.

Chemical potential calculations for tungsten were conducted under W-rich and Se-rich con-

ditions. Under W-rich conditions, the chemical potential for W is derived from its bulk body-

centered cubic (BCC) structure per individual W atom. Conversely, in the Se-rich scenario, the

chemical potential of tungsten is determined by the following relationship,

µW = µWSe2 −2µSe (4.2.2)

Were, µWSe2 is the total energy per individual primitive cell of pure - WSe2 and µSe is the

chemical potential of selenium. For Se-atom, the chemical potential µSe is the total energy of a
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(a)

(b)

Figure 4.13: Optimized structure monolayer 4x4x1-WSe2 doped with two Mn atoms doped
Mn-Mn in a) nearest neighboring and b) Mn-Mn second-nearest neighboring

single selenium atom in the bulk monoclinic phase of Se. The chemical potential of the dopant

(Mn) is also calculated as the total energy of the most stable bulk BCC-structure per individual

Mn-atom. All calculated values under both conditions are given in Table1. The result reveals

that doping of Mn atom in a monolayer of WSe2 makes the system more strongly bonded in

case of Se-rich condition. That is all computed formation energy values in Se-rich condition

are negative for different sizes and number of impurity atoms. These results are also in a good

agreement with previous theoretical findings on Mn-doped 2D-TMDs [93, 156].
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Table 4.4: Formation energy of Mn-doped monolayer-WSe2 in different concentration and
neighboring conditions

size of
the layer

Doping
sites

Edoped(Ry) Epure(Ry)
EForm
(W-rich)

E f orm
(Se-rich)

4x4x1 1 -3996.705 -3944.797 0.090 -0.133
4x4x1 2-NN -4048.656 -3944.797 0.135 -0.311
4x4x1 2-NNN -4048.651 -3944.797 0.140 -0.306
3x3x1 2-NN -2322.849 -2218.950 0.094 -0.352
3x3x1 2-NNN -2322.772 -2218.950 0.171 -0.275
5x5x1 2-NN -6267.648 -6163.746 0.092 -0.354
5x5x1 2-NNN -6267.619 -6163.746 0.121 -0.325

4.2.4 Electronic and magnetic Properties pristine and Mn-doped WSe2

The electronic structure calculation shows pure WSe2 monolayer is a semiconducting material

with a direct band gap of 1.55 eV as demonstrated in Figure 4.14 - (a-c). The direct band gap

nature of this monolayer is promising to study further properties of the material for different ap-

plications. The spin-up and spin-down configurations have equal energy band gaps and density

of states. The results agree with the previously conducted theoretical and experimental works

on pristine WSe2 [157]. The total density of states for the constituent elements of pure WSe2

monolayer have equal spin-up and spin-down states with zero net magnetization, confirming

the material is a nonmagnetic semiconductor. Doping Manganese or other magnetic elements

to certain tungsten atoms in 2D-WSe2 is necessary to address the magnetic properties. Here is

a detailed analysis on electronic and magnetic properties of Mn-doped 2D-WSe2.

Doping Manganese or other magnetic elements in substation to certain tungsten atom sites

is necessary to address the 2D-WSe2 magnetic properties, and inspiring findings have been ob-

served in this perspective on 2D-TMD materials. We have made detail analysis on the impact

of Mn-doping to 2D-WSe2 from different corners such as concentration of the impurity and

interaction distance between impurity atoms for nearest and next nearest neighboring cases.

The Mn-doped monolayer-WSe2 adopts a semi-metallic nature, deviating from the nonmag-

netic characteristics of the pristine 2D WSe2, showcasing impurity bands dispersion near the

Fermi level.
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Figure 4.14: The band structure of Pure-WSe2 with (a) spin-up, (b) spin-down, and (c) Density
of states respectively.

Doping of Single Mn-atom: A monolayer WSe2 doped with a single Mn-atom in substitu-

tion to W-atom shows different properties as compared to the monolayer of pristine WSe2. To

study the electronic structures and magnetic properties of the Mn-doped monolayer, the band

structures are computed using GGA and GGA+U approximations for exchange-correlation po-

tentials independently as shown in Figure 4.15. These results indicate that the spin-up and

spin-down states are asymmetric and the substitution of Mn with W-atom can induce magnetic

properties in the Mn-doped WSe2 monolayer. The system shows magnetic semiconductor fea-

tures with a total magnetic moment of 1.00µβ . The band crossing at the Fermi level occurs with

little dispersion in spin-up band structures (Figure 4.15 - (a)). However, in the spin-down band

structure, there is a band gap value of 1.298ev Figure 4.15 - (a) and 1.416ev in Figure 4.15 - (b)

with the GGA and GGA+U approximations respectively. The Fermi energy is slightly lower in

GGA+U approximations.

Doping of 2Mn-atoms: In the case of doping with two Mn-atoms to 3x3x1 and 4x4x1 su-

percell, the computation is performed with two arrangements in which the Mn-Mn distances

are in nearest-neighbor (NN) and the next nearest-neighbor (NNN). The total magnetic mo-
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ments of the supercell are 2 µβ and 4 µβ according to GGA and GGA+U approximations,

respectively for the nearest neighbor arrangement of the impurity atoms. This result agrees

with previous theoretical findings [93, 92, 158]. However, doping with two manganese atoms

in the second nearest neighbor yields the same total magnetic moment of 2.00 µβ for GGA and

GGA+U approximations. In both configurations, there are greater band overlaps at the Fermi

level in spin-up cases in comparison to the single Mn-substitution condition. The band overlap

for the nearest-neighbor and next-nearest-neighbor of the 4x4x1 supercell for the two dopant

atoms of different setups is described in Figure 4.16 - (a) and Figure 4.17 - (a) respectively. On

the other hand, the value of spin-down band gaps is 0.888 eV and 1.01eV for the Mn-Mn in

nearest-neighbor for GGA (Figure 4.16 - (a) ) and GGA+U (Figure 4.16 - (b)) approximations,

respectively.

For the configuration of Mn-Mn distance in the next-nearest-neighbor, the band gap be-

comes wider than the Mn-Mn distance in the nearest-neighbor. The calculated values of the

spin-down band gap for Mn-Mn distance in the next-nearest-neighbor, are 1.143 eV (GGA,

Figure 4.17 - (a)) and 1.396 eV (GGA+U, Figure 4.17 - (b)) approximations, respectively.

These results show that the Mn-doped WSe2 monolayer can be tuned to half-metallic or diluted

magnetic semiconductors (DMS) based on the direction of spins. The total density of states

(TDOS) and partial density of states (PDOS) for one Mn atom substitution are computed for

GGA and GGA + U approximations, respectively as described in Figure - 4.18. The overall

density of states for the Mn-doped WSe2 monolayer reveals an asymmetry between the spin-

up and spin-down components, illustrating the magnetic semiconductor characteristics of the

Mn-doped WSe2 system as depicted in Figure - 4.18 - (a) and (b). The polarized spins pre-

dominantly originate from the localized 3d electrons of the Mn atom with a minor contribution

from the 5d electrons of the W atom and the 4p electrons of the Se atom in the vicinity of the

Fermi level. The spin density distribution is primarily concentrated at the Mn atom, as high-

lighted in the partial density of states (PDOS). Moreover, the total and partial density of states

are analyzed for two Mn atom substitutions to W atoms in pure-WSe2 monolayer for the NN

and NNN conditions as shown for partial density of states Figure - 4.19 (a and b) and total

density of states (Figure - 4.20 - (a) and (b)), respectively. It can be observed that there are
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(a)

(b)

Figure 4.15: The band structure of 1Mn-doped 4x4x1- WSe2 (a) GGA approximation for spin-
up and spin-down, (b) GGA+U approximation for spin-up and spin-down

.

more enhanced band overlaps in the case of two Mn-atom substitutions as indicated in Figure -

4.20 - (a) and (b) compared to a single Mn substitution in Figure - 4.18 - (b)

4.2.5 Magnetic interaction and transition temperature (Tc)

The magnetic exchange interactions are investigated with two Mn-atoms doped at different

spatial positions for different sizes of monolayer supercells with different concentrations of the

impurity atoms in the system based on their size. For the doped monolayer, the magnetic inter-

action depends on both the Mn-Mn site distance and the size of the monolayer. The GGA+U

calculations are performed for the doped system with the effective Hubbard parameter for Mn-
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(a)

(b)

Figure 4.16: The band structure of 2Mn-doped 4x4x1- WSe2 in nearest-neighbor (a) spin up
and spin down in GGA approach (b) spin up and spin-down in GGA+U approach respectively

.

atom (Ue f f =6 eV) determined using density functional perturbation theory (DFPT), which is

consistent with previous works [100, 101]. The resulting magnetic moments for the ferro-

magnetic and antiferromagnetic orders with the GGA and GGA+U approximations is given in

Table - 4.5. For the nearest-neighbor (NN) interactions of the impurity atoms, the magnetic

moment becomes greater in the GGA+U method (4.05µmB) in 3×3×1 supercell and 4.00 µmB

in 4×4×1 supercell) than the GGA approximation.

However, the magnetic moment for the second nearest neighbor is 2.00 µmB according to

GGA and GGA+U approximations, respectively. We can understand from these results that

the correlation effect is strongly noticeable for the Mn-3d electrons in the nearest neighboring

arrangement of the dopant atoms for the 2D-Mn-doped WSe2. This result agrees with theoret-
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(a)

(b)

Figure 4.17: Band structures for 2Mn-doped 4x4x1- WSe2 in second-nearest-neighbor (a) GGA
approximation for spin up and spin down , (b) GGA+U approximation for spin up and spin
down respectively

.

ical findings [92, 93] for an increment of the magnetic order in nearest neighboring sites of the

dopant atoms.

In addition to the total magnetic moment for the nearest-neighbor (NN) arrangement of the

dopant atoms, the energy difference between the ferromagnetic and antiferromagnetic interac-

tions is also calculated in both the GGA and GGA+U approaches. The calculated energies are

indicated in Table - 4.6. This energy is influenced by the site distance of the constituent impu-

rity atoms, and electron-correlation and hence Hubbard correction becomes vital for interaction

energy.
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(a)

(b)

Figure 4.18: Density of states (DOS) for 1Mn-doped 4x4x1- WSe2 (a) PDOS (b) Total DOS in
GGA approximation (left hand side) and in GGA+U approximation (right hand side)

.

4.2.6 Ferromagnetic-antiferromagnetic Transition Temperature (Tc)

By associating the Heisenberg Hamiltonian with the mean field approximation, one can cal-

culate the Curie temperature (Tc) which represents the temperature below which the system

exhibits long-range ferromagnetic ordering [159] using Equation (4.2.3)

3
2

kBTc =
−∆E

n
(4.2.3)

Where n-is the number of the nearest neighboring impurity atoms (Mn) which is 2 in this

calculation. Nevertheless, magnetic ordering in the doped system is significantly influenced

by magnetic percolation and the mean-field approximation tends to overestimate Tc in these
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(a)

(b)

Figure 4.19: Partial density of states (PDOS) for 2Mn-doped 4x4x1- WSe2 in (a) nearest-
neighboring of Mn-Mn (b) next nearest-neighboring of Mn-Mn

.

systems. The overestimation becomes adjusted by using empirical relation which relates the

critical temperature of the mean-field approximation (TMFA
c ) with corrected critical temperature

(Tcorr
c ) as [94]

T corr
c = 0.506T MFA

c (4.2.4)

where T corr
c is corrected critical temperature for 2D hexagonal lattice determined utilizing

Ising model and TMFA
c is the predicted critical temperature using mean field approximation

and the calculated values using DFT and DFT+U methods. The values indicate that the FM

to AFM transition is above the room temperature in lower concentration of dopant and for

Mn-concentration between 8-12.5%. However, for higher concentration of dopant (22.2%) the
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(a)

(b)

Figure 4.20: Total density of states for doped 2D-WSe2 (a) in NN Mn-Mn for GGA approxi-
mation (left-hand side) and for GGA+U approximation (right-hand side) (b) in NNN Mn-Mn
for GGA approximation (LHS) and for GGA+U approximation (RHS)

.

FM to AFM transition is below the room temperature. Thus, the dopant clustering weakens

the magnetic interaction and the magnetic ordering becomes itinerant in agreement with other

finding [102]. Furthermore, the material is a viable option for high temperature 2D-DMS. The

result confirms that ferromagnetism in this system can be altered by varying the concentration

of magnetic dopants (Mn-atoms).
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Table 4.5: Summary of the magnetic properties of Mn-Doped monolayer-WSe2

size of
the layer

Number of
the dopant

µm in FM
(GGA)

µm in AFM
(GGA)

µm in FM
(GGA+U)

µm in AFM
(GGA+U)

4x4x1 2-NN 2.00 0.00 4.00 0.03
4x4x1 2-NNN 2.00 -0.04 2.00 0.00
3x3x1 2-NN 2.00 0.00 4.05 0.03
3x3x1 2-NNN 2.00 0.00 2.00 0.03
5x5x1 2-NN 2.00 -0.02 4.00 -0.02
5x5x1 2-NNN 2.00 0.00 2.00 0.00

Table 4.6: Calculated transition temperature with the corresponding energy in GGA+U method
in nearest neighboring interaction of the dopant.

size of
the layer

content of
the dopant

Mn-atoms
in NN

∆E(ev)
mean-field
(TMFA

c )
Corrected
Tc(k)

5x5x1 8 2.00 -0.227 877.12 443.82
4x4x1 12.5 2.00 -0.230 890.21 450.45
3x3x1 22.22 2.00 -0.113 436.31 220.77

4.2.7 Optical properties of pure and Mn-doped WSe2 monolayer

To compute the optical properties, the complex dielectric function ε(ω) is employed within

an independent particle formalism [153] given in equations 4.1.2. The imaginary part, ε2(ω),

is ascertained through the momentum dipole transition matrix elements between the electronic

states in the valence band and the conduction band, utilizing long-wavelength approximations

[154], 4.1.3. The dispersion of the real part of the dielectric function ε1(ω) was determined

using the imaginary part by Kramers-Kronig relations [155], as in 4.1.4. The refractive index,

the extinction coefficient, both derivable from the complex dielectric function. Absorption

coefficient (α(ω)), and energy loss function (L(ω)) and other optical parameters were also

derived from dielectric functions, Equations- 4.1.5-4.1.10

The optical properties encompassing the dielectric function, optical absorption, and energy

loss function, as well as the refractive index and extinction coefficient, are explored in both

parallel and perpendicular directions to the plane of the monolayer of pure and Mn-doped 2D-

WSe2. This investigation spans the photon energy range from 0 to 12 eV, with the calculation

details provided. The real part of the dielectric function, ε1(ω), for parallel and perpendicular

polarizations are shown in Figure - 4.21 (a) and 4.21 (b) respectively. It shows that the static di-

electric function values for near zero energy ε1 (0ev) is 6.4 for undoped and 9.0 to 18.75% dop-
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Figure 4.21: Dielectric function versus photon energy, parallel polarization (a) for real and (b)
for imaginary and perpendicular polarization (c) for real and (d) for imaginary part to Mn-
doped 2H-WSe2 monolayer respectively

ing which indicates larger dielectric impurity added to the system. The static dielectric constant

near zero energy ε1 (0ev) for perpendicular polarization also increases with the amount of impu-

rity but slower than the parallel with 4.0 (0%) and 4.6(18.75%). The peak of the real part of the

dielectric constant decreases in both polarizations with ε1 (2.43ev)=14.67,12.1,9.8 and 9.0 to

0%, 6.25%, 12.5% and 18.75% substitution in parallel and for ε1 (ε ≈5.0ev)=8.55,6.85,6.0,5.8

in perpendicular respectively. The imaginary part of the dielectric constant increases with

the amount of impurity (0-11.43)arb.unit for doping (0-3) Mn-atoms at ε2 (ε ≈0ev) respec-

tively to 4×4×1-WSe2. Then ε2 decreases by increasing dopant, ε2 (ε ≈2.7ev) with 13.2(0%),

10.68(6.25%), 8.8(12.5%) 8.75(18.75%) respectively, in parallel propagation as in Figure 4.21

(c). For perpendicular polarization, ε2 the peak values appear at the same region with slight

variation in the impurity content as shown in Figure 4.21 - (d). The refractive index (n(ω)),

Figure - 4.22 (a), increases with the photon energy (0-2.5ev) to parallel and (0-5ev) for perpen-
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dicular propagation then decreases and becomes constant for high energy in both polarizations.

The extinction coefficient (κ(ω)), shown in Figure - 4.22 (c) and (d) for polarization parallel

and perpendicular to the plane of the monolayer respectively is slightly larger with high impu-

rity and all drops down to zero at photon energy of 0.75ev then increases to peak 2.2 at 3.4ev in

parallel polarization. The extinction coefficient for perpendicular propagation becomes slightly

larger for higher impurity concentration for the photon energy less than 5ev and attain the high-

est peak value 2.75 at 5.5ev and near zero for higher energy photons for both propagations.

The absorption coefficient, α(ω), is calculated for the parallel and perpendicular polarizations

Figure 4.22: (a) Refractive index (b) extinction coefficient for parallel and (c) refractive index
(d) extinction coefficient for perpendicular propagation of Mn-doped 2D-WSe2
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with the electron energy loss (EEL) function as shown in figure-4.23 (a-d). In lower energy

band it has highly increasing absorption (2.5ev-6.75ev) in parallel and (2.5ev-5.55ev) in per-

pendicular) to the system as shown in Figure -4.23 (a) and (b). The maximum peak values of

absorption appear at 8.6ev with 1.73×106cm−1 in perpendicular and 1.47×106cm−1 at 11ev in

parallel propagation. On the other hand, the absorption coincides with the undoped system and

becomes continuous with larger Mn substitution to the pure monolayer of 2H-WSe2. The elec-

Figure 4.23: Absorption coefficient (a) parallel (b) perpendicular propagation and electron
energy loss function (c) parallel (d) perpendicular propagation for Mn-doped monolayer 2D-
WSe2

tron energy loss (EEL) function of Mn-doped 2D-WSe2 with various impurity concentration
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is indicated in Figure -4.23 (c) and (d) for parallel and perpendicular polarization respectively.

Peaks in the measured spectra can thus derive zeros of ε1(ω) (when ε2(ω) is not too large),

which correspond to collective plasmon excitations, or from structures ε2(ω) which are due

to valence-conduction inter-band transitions. The EEL function for parallel polarization is 2.4

at 17ev and 2.5 at 16.43ev perpendicular polarization to the plane of doped monolayer. The

doping will be important for low energy optical devices because of the red shift observed in

infrared region.
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4.3 Tuning the electronic and optical properties of 2D WS2/WSe2

heterobilayer under biaxial strain

4.3.1 Introduction

In this work we have studied the WS2/WSe2 heterobilayer with the application of biaxial strain

on the two-dimensions leaving the optimum vertical free vacuum space of the gap between

the layers undisturbed. The effect of biaxial strain, both in compression and tension, in this

scenario is the key for tuning the band structure and the optical properties of the WS2/WSe2

heterobilayer. The analysis is based on DFT with generalized gradient approximation (GGA)

approximation and all results have been discussed in detail and necessary conclusions have

been summarized about the findings in this work. For structural and electronic parameter cal-

culations, a 3x3x1 supercell of 2H-bilayer heterostructure of WS2/WSe2 vertically stacked in

AB-stacking. The lattice parameters a=b and the interlayer spacing c of the heterolayer was cal-

culated for the minimum energy. Biaxial strain in tension and compression was considered for

the heterobilayer in two-dimensions of the plane the heterostructure keeping the gap between

individual layers unaffected. The optical properties are determined using time-dependent den-

sity functional theory (TD-DFT). The strain dependent electronic and optical properties had

been under compressive and tensile stresses with biaxial strain of -4% to 4% to the plane of the

heterostructure.

4.3.2 Structural properties of WS2/WSe2 heterobilayer

The structure of 2D-WS2/WSe2 heterobilayer is composed of two kinds of strongly bonded

monolayers which are stack together by a weak van der Waals interaction. The lattice structures

of WS2/WSe2 heterobilayer is shown in Figure-4.24a-4.24c below with top, front and side

views. Both the individual layer lattice constant and the vertical offset between the two layers

of WS2/WSe2 are calculated with the minimum energy principle of the heterostructure. The

two-dimensional lattice constant a=b is achieved with a=b=3.28Å for individual unit cell of

WS2/WSe2 heterobilayer as shown in Figure-4.25 with the lowest energy below. On the other
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(a) (b)

(c)

Figure 4.24: Optimized structure of WS2/WSe2 heterobilayer (a) top view (b) side view and
(c) front view

.

hand, the vertical interlayer distance between the two slabs of WS2/WSe2 layers c=13.14Å

is achieved with the minimum energy as shown in Figure-4.26. The interlayer gap and the

lattice constants are necessary parameters in the structure. In Addition to free WS2/WSe2

heterostructure is considered with the effect of biaxial strain. The structural parameters, the

bond lengths and the bond angles are affected by stain. In case of the biaxial compression

both bond length and bond angle decrease with strain whereas both parameters increase with

increasing tensile strain.
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Figure 4.25: Lattice constant of WS2/WSe2 heterobilayer using the GGA approximation.

4.3.3 Electronic properties of WS2/WSe2 heterobilayer under biaxial strain

The band structure and density of states have been analyzed in existence of both compressive

and tensile strain along the two-dentitional plane (slabs) of the heterobilayer. The response of

the material for both tensile and compressive strains is considered with varying the amount of

strain imposed. The computations have been performed using GGA approximation approxi-

mations as shown in Figure-4.27 for compressive to tensile strain. In this computation (Figure-

4.27), the undisturbed (no stress) is indicated in the middle and the valence band maximum

(VBM) and conduction band minimum (CBM) attained at the momentum space gamma-point

and has a direct band gap of 0.52ev which indicates that WS2/WSe2 heterobilayer is direct band

gap semiconductor having narrower energy band gap in comparison to the individual WS2 and

WSe2 monolayers. Meanwhile, when the heterostructure is in compression and the compres-

sive stress is gradually increasing (to left-hand-side of Figure-4.27), the band gap increases

with more negative strain and shift from direct to indirect band gap for more than 4% compres-

sive strain is forced to the heterobilayer. On the other hand, when the heterobilayer is under

tensile stress, the band gap decreases with tensile strain (to right-hand-side of Figure-4.27) and

the conduction and valence bands overlap for 3% and higher tensile (positive) strain. This
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Figure 4.26: The inter-layer spacing between the layers of WS2/WSe2 bilayer using the GGA
approximation.

shows that WS2/WSe2 heterobilayer has fascinating tunable direct band gap which depends on

external strain and suitable for various low band gap electronic applications.

The total density of states (DOS) and partial density of states (PDOS) are also calculated

for WS2/WSe2 heterobilayer in strained and unstrained conditions indicated in Figure-4.28 to

Figure-4.29. Again, in DOS calculations, the analysis is done considering both the GGA and

GGA+U approximations for compressive and tensile strain annoyance as well as unstrained.

In case of unstrained condition, as shown in Figure-4.28, the LHS of Figure-4.28(a) is the

total DOS is above the partial density of states and on the right-hand side. In this computation,

the fermi level is above the valence band maximum and below the conduction minimum and

the obtained output is equivalent and the W(5d)-orbital is major for the CBM and VBM. When

the system is under compressive stress with negative strain of 4% as shown in Figure-4.29, the

VBM is more of Se-atoms with p-orbital and the orientations of the fermi level is different from

the previous case that the fermi level is at higher energy nearer to the conduction band.

Finally, we have calculated the DOS and PDOS to which the heterobilayer is under tensile

strain and the result is indicated in Figure-4.30 in the GGA approximations. As seen from the

DOS/PDOS/ diagram, the W-3d state is free of barrier between the valence band maximum and
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Figure 4.27: The band structure of WS2/WSe2 heterobilayer in GGA approximation with ten-
sion, compression and undisturbed cases.

conduction band minimum for large tensile strain to WS2/WSe2 heterostructure.

4.3.4 Optical properties of WS2/WSe2 heterobilayer under biaxial strain

In order to determine the optical properties of WS2/WSe2 heterobilayer, the complex dielec-

tric function ε(ω), within an independent particle formalism is used [153] with the refractive

index n(ω) and extinction coefficient χ(ω) evaluated from complex dielectric functions and

the resulting absorption coefficient α(ω) and energy loss function L(ω) have been determined

referring equations 4.1.2 to 4.1.10

The optical properties, are investigated in perpendicular polarization to the plane of the het-

erobilayer of WS2/WSe2 in the photon energy range of 0 to 20eV. The dielectric function

ε1(ω) when the heterolayer WS2/WSe2 is exposed to the polarization perpendicular to the two-

dimensional plane of the layer, as shown in Figure-4.31, the static dielectric constant for zero

energy ε1(0) is 7.95 when the system is unstrained. On the other hand, the dielectric function

slightly increases with compressive strain (Figure-4.31a) and decreases with the tensile strain
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Figure 4.28: The density of states (DOS) of the WS2/WSe2 heterobilayer without strain for in
GGA approximation (a) Total DOS and (b) Partial DOS

Figure 4.29: The density of states of WS2/WSe2 heterobilayer in compressive strain (-4%) (a)
Total DOS (b) Partial DOS.
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Figure 4.30: The density of states of WS2/WSe2 heterobilayer under tensile stress with strain
(+4%) GGA approximation (a) TDOS (b) PDOS

in 0-5ev energy range and irregular for 5-15ev and becomes constant for higher energy photons.

The peak of ε1(ω) is 14.42 at 3.57 eV for unstrained, 15.68 for 3.67 eV, and 15.5 for 3.7ev in

2%, and 4% respectively for biaxial compression as shown in Figure-4.31a. The peak values of

ε1(ω) are also calculated biaxial tension with tensile strain 2%, and 4% as 13.22 at 4.7ev, and

13.0 at 4.57ev respectively as shown in Figure-4.31b. The negative values in the ε1(ω) spectra

(-6.63) at 6.40 eV in 4% compressive strain corresponds to the peak in the reflectivity spectra.

The imaginary part of the dielectric function perpendicular to the plane of WS2/WSe2 hetero-

bilayer with respect to the incoming photon is shown in Figure-4.32 with biaxial compressive

and tensile strain as indicated in Figure-4.32a and Figure-4.32b respectively.

The imaginary part of the dielectric function is zero below the photon energy of 2eV and has

peak values in range of 5eV-6eV and finally decreases down to zero for high energy photons.

The other optical parameters such as the refractive index n(ω), extinction coefficient χ(ω) for

polarization perpendicular to the plane of the heterobilayer are shown in Figure-4.33(a) and

(b) and Figure-4.34 (a) and (b) in compression and tension respectively. The value of static
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Figure 4.31: The real dielectric function for propagation along the plane of the layer for
WS2/WSe2 heterobilayer (a) the system is under compression (b) the system is under tension

refractive index n(0) is nearly 3 for all case and has peak values 4.3 at 5.3eV for equilibrium

and the refractive index property nearly identical for both compressive and tensile strain (0-

4%). The refractive index of the material is less dispersed in tensile strain than of compressive

strain. The peak value of the extinction coefficient is 3.6 at 8.6 eV for 4% biaxial compression,

3.10 at 5.41 eV for unstrained and 3.11 at 5.44 eV for no strain to the system.

The refractive index of the material is less dispersed in tensile strain than that of com-

pressive strain. The peak value of the extinction coefficient is 3.6 at 8.6 eV for 4% biaxial

compression, 3.10 at 5.41 eV for unstrained and 2.9 at 5.4 eV for 2% biaxial tension. The peak

value of the extinction coefficient for WS2/WSe2 shows blue shift as compared to the tensile

stress. The absorption coefficient is also calculated in equilibrium and biaxial compression and

tension of the heterobilayer as shown in Figure-Figure-4.35 (a) and (b) for compression and

tension respectively. The absorption coefficient is increasing with photon energy 0-10eV and

the decreases with further increasing of energy. The magnitude of the absorption coefficient

of the heterostructure is less dispersed in tensile strain than compressive strain. Moreover, red

shift is detected when WS2/WSe2 heterostructure is under biaxial tension while blue shift is ob-
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Figure 4.32: Imaginary dielectric function of perpendicular propagation for WS2/WSe2 heter-
obilayer (a) with compressive strain (b) tensile strain

Figure 4.33: Refractive index of WS2/WSe2 heterobilayer (a) in biaxial compression (b) in
biaxial tension
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Figure 4.34: Extinction coefficient of WS2/WSe2 heterostructure (a) under biaxial compression
(b) under biaxial tension

served when it is under biaxial compression in transition of visible light to UV-spectrum. The

electron energy loss function (EELS) of the heterostructure for unstrained, biaxial compression,

and biaxial tensile strain is described in Figure-4.36 (a) and (b) for the biaxial compression and

tension of the heterobilayer.
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Figure 4.35: Absorption coefficient of WS2/WSe2 heterostructure (a) under biaxial compres-
sion (b) under biaxial tension

Figure 4.36: Energy loss function of WS2/WSe2 heterostructure under (a) biaxial compression
(b) biaxial tension
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Chapter 5

Summary and Conclusions

5.1 Summary

In 2D-tungsten dichalcogenides (WX2) the structural, electronic, magnetic and optical proper-

ties were studied in first principles method using density functional theory. Monolayer WX2

has a direct band gap semiconductor irrespective of its bulk counterpart which has indirect

band gap. The high electron mobility and low effective mass in comparison to the molyb-

denum makes the tungsten families of TMDs more encouraging to new investigations. Pris-

tine 2D-WX2 is nonmagnetic material and becomes magnetic when the constituent W-atom

is replaced by magnetic materials like Mn in substitutional doping. In addition, 2D tungsten

dichalcogenides have good elastic limit with biaxial strain without altering the direct band gap

and suitable for band gap engineering.

5.2 Conclusions

• The bond length of WTe2 monolayer and WS2/WSe2 heterobilayers vary with the appli-

cation external stresses likewise the bond length Mn-Se becomes shorter than W-Se in

Mn-doped WSe2.

• The band gap of WTe2 monolayer in GGA approximation is underestimated and GGA+U

is applied on the other hand the band gap become wider under biaxial compression and
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narrower under biaxial tension.

• For WTe2 monolayer small biaxial compressive or tensile stresses tune the band gap

without Shifting the orientation of VBM and CBM and the system remains as a direct

band gap semiconductor.

• In lattice vibration under compressive/tensile stress, DFPT+U is used to capture the effect

of electronic localization of vibrational frequencies over the entire vibrational spectrum

which improves the DFPT.

• The optical properties of 2D-WTe2 monolayer such as complex dielectric property, re-

fractive index, absorption coefficient, electron energy loss function and the reflectivity

are investigated.

• The band gap of pure 2D-WSe2 becomes 1.55ev and the result is in agreement with recent

theoretical and experimental works on the material.

• Near the Fermi level, the band overlap occurs for spin up electrons while the band in spin-

down remains unaltered in doped 2D-WSe2 which shows that Mn-doped WSe2 becomes

half metallic material.

• The total magnetic moment in nearest neighboring interaction of Mn-Mn is significantly

larger in GGA+U than GGA which indicates the electron correlation effect is high.

• The magnetic interaction energy increases with the impurity concentration to the opti-

mum value but decreases fast for further increasing of the impurity atoms.

• FM in Mn-doped 2D-WSe2 is tuned by adjusting the amount of the Mn atoms in substi-

tutional doping and the material becomes promising for two-dimensional electronic and

spintronic applications above room temperature.

• WS2/WSe2 heterostructure is a direct bandgap material which has less energy band gap

than individual WS2 and WSe2 monolayers.
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• The band gap of WS2/WSe2 heterobilayer is tunable under biaxial strain with increasing

in compressive strain whereas decreasing by tensile strain without shifting of VBM and

CBM.

• The projected density of state of WS2/WSe2 heterostructure shows W (d) orbital is more

dominant both in the valence band maximum and conduction band minimum.

• The strained system of the heterostructure shows red shift for biaxial tension and blue

shift in biaxial compression with respect to the unstrained one.

• The heterobilayer has high absorption coefficient in the visible light region this made

WS2/WSe2 heterobilayer promising for photovoltaic optoelectronic applications.
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5.3 Future Plans

In our future work, we have interest

• To study the elasticity of family of WX2 of few layers with large strain since we deter-

mined the materials have promising electronic optical and magnetic properties in small

strain.

• To study the materials properties by doping in various elements in substitution of W, S,

Se or Te since we have got promising results in Mn substitution to W in 2D WX2.

• To study using more advanced tools like the hybrid functionals and GW in addition to

GGA and GGA+U approximations.

• To use YAMBO code combination to the Quantum-Espresso to study our materials for

exited states because the QE package is used to calculate the ground states

• To finally develop the materials in experiment which can be used in photovoltaic and

spintronics applications.
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