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Abstract

In the first and second parts of this dissertation structural stability, electronic struc-

ture and magnetic interaction in transition metal(TM) atoms(V,Mn) doped mono-

layer (ML) and bilayer(BL) MoS2 are studied within the density function theory(DFT)

based on DFT+U formalism. It is found that,the injection of V and Mn atoms in Mo

site of ML and BL MoS2 introduces magnetism and turns semiconductor behavior

of host MoS2 to half metallic nature. The magnetic interaction between dopants in

ML and BL MoS2 are always ferromagnetic irrespective of dopant configurations.

In contrast, in V doped case the magnetic interaction oscillates from ferromagnet

to antiferromagnet depending on the separation between dopants. Moreover,it is

found that interlayer interaction in doped BL MoS2 system affects not only elec-

tronic structures but also the magnetic properties of the system. The calculated

ferromagnetic transition temperature (TC) in Mn doped ML and BL MoS2 cases are

found to be above the room temperature (RT), whereas in V doped cases TC closer

to RT. In addition, TC increases with doping concentrations in a range of dilute limit

(6.5%) of magnetic atoms for doped ML and BL MoS2,which agrees with latest ex-

perimental observed RT TC .Therefore based on our result, we suggest that Mn and

V doped ML and BL MoS2 are promising candidates for 2D DMS for high temper-

ature spintronics applications. In third part of this dissertation,using low energy

effective tight binding model together with consideration of dopant introduced ex-

change field it is found that spin orbit coupling together with exchange energy de-

termine the valley polarization which in turn controls valley and spin Hall conduc-

tivity in doped ML MoS2 system. Our results form another important step towards

information processing based on the valley degree of freedom.
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INTRODUCTION

The search for two-dimensional (2D) materials has been very intense for the past

few years due to their potential applications [1]. Among the 2D materials graphene

is known because of its unique electrical,thermal and mechanical properties [2]

.However its gapless band structure is limiting its usefulness in semiconductor in-

dustry such as transistor technologies which need open band gap. To overcome

this, it is important to find new 2D materials [3].On the contrary,layered transition

metal dichlcogenides(TMDs),with chemical formula MX2 where M denotes tran-

sitionmetal (TM):Molybdenum(Mo),Tungsten(W) etc.. and X represents chalco-

gen atoms like sulfur(S) ,Selenium(S) and tellurium(Te) are semiconductors whose

band gap varies from direct to indirect depending on the number of layers [4]. Among

the family,a few layer and monolayer MoS2 have attracted great interest of researchers

due to the following reasons; well-defined spin-splitting property [5], suitability for

optoelectronic and nanoelectronic application [6],lubricant [7], used as catalyst [8],

suitability for flexible, transparent and low-power devices in electronics [9]. In ad-

dition to this,these materials are stacked together with weak Van der Wall forces and

their properties can be easily modulated by varying their thickness, crystal orienta-

tion and composition etc. However ,the pure monolayer(ML) and a few layer MoS2

are a nonmagnetic semiconductor. However,for spintronics and for storage of mag-

netic information ferromagnetism is essential. Hence ,to broaden its application it

is essential to introduce magnetism to this system. The main objective of this study

is to introduce magnetism in ML and BL MoS2 through substitutional doping so as

to study structural, electronic and magnetic properties. This dissertation is orga-

nized in the following way:

In chapter one main properties of monolayer and few layer MoS2 are reviewed on

the basis of latest theoretical and experimental findings,



In chapter II the remarkable theorems of density-functional theory (DFT) which

allow us to find ground-state properties of a system without dealing directly with

the many-electron state are discussed in detail starting from properties of N inter-

acting many-particle systems. In addition to this,the extended type of DFT: spin

polarized DFT and implementation of DFT with on site Hubbard potential correc-

tion(DFT+U) formalism also discussed

In chapter III and IV ,first part of this work ,structural stability ,electronic structure

and magnetic interaction in TM (Mn,V) doped ML and BL MoS2 are studied us-

ing DFT. In addition, the effect of interlayer interaction on electronic structure and

magnetic interaction are accessed . Finally the ferromagnetic transition tempera-

ture (Tc) are calculated for different dopant concentrations and its dilute magnetic

semiconductor (DMS) properties are discussed. In chapter V ,anomalous spin Hall

and valley Hall conductivity in the vicinity of K± Valleys of 2D hexagonal BZ are

studied using low energy effective tight binding model together with Berry phase

formalism,taking consideration of dopant introduced magnetic exchange field.

In chapter VI main findings of this work are summarized. The detail calculation of

Berry curvature and liner response theory to calculate anomalous Hall conductivity

are also described in in appendix A.1 and appendix B.1



1

Review Literature

1.1 Structural and electronic property of Bulk MoS2

The bulk MoS2 is layerd material in which layers are stacked together with weak Van

der Waal interaction [10],each layer of MoS2 is composed of S-Mo-S stacks, where

a single molybdenum atom is surrounded by six sulfur atoms. Depending on the

coordination of Mo atoms within a single layer and the stacking order of single lay-

ers, there are three known polytypes of MoS2 namely: triangular(T),hexagonal(2H)

and rhombohedral(3R) structure. However,due to its naturally abundant and ap-

plication hexagonal(2H) MoS2 polytype structure has received an attention [11].

The corresponding bravis lattice is hexagonal and belongs to space group of crystal

P63/mmc(D6h non-symmorphicgroup). The three basic vectors define the phys-

ical dimension of unit cell are : ~a1 =

(
a, 0, , 0

)
, ~a2 =

(
1
2
a,
√

3
2
a, 0

)
,~a3 =

(
0, 0, c

)
respectively .Hence the unit cell of MoS2 is characterized by the in plane lattice pa-

rameter(constant) which is found to be 3.18 Å theoretically [12] and ranges 3.18-3.2

Å experimentally [13]and the out-of plane-lattice constant (c).In other words ,the

crystal structure of MoS2 can be specified as a stacking of quasi 2D S-Mo-S layers

along the c direction,thus inherent weakness of the interlayer interactions can re-

sult in different stacking sequences and also enable to get monolayer or single layer

from its bulk . Pristine bulk 2H-MoS2 is a diamagnetic semiconductor with indirect

band gap of 1.29 eV [14] and 1.3 eV [15].

1.2 Structural and electronic property of monolayer MoS2

Recently, monolayer(ML) MoS2 with direct band gap has been fabricated by me-

chanical exfoliation [16] and chemical vapor deposition [17]. The ML MoS2 consists

1



1.3 Structural and electronic properties of bilayer and few layer MoS2 2

Fig. 1.1: History of molybdenum disulphide research for last 50 years (1964-2014)
which shows the annual number of journal publications adopted from [27]

.

of a single layer of Mo atoms sandwiched between two layers of sulfur(S) atoms in

a trigonal prismatic structure [18]. The unit cell of ML MoS2 are characterized by

in plane primitive vectors a=b=3.18 Å [19] and thickness of two sulfur atoms (S-S

bond length) approximately 3.13 Å [20]. Moreover,the ML MoS2 are characterized

by direct band gap ranging from 1.75-1.9Å [21–23] which is situated at K high sym-

metry points of 2D hexagonal Brillouin zone. Therefore,the unique future of transi-

tion from bulk to its ML may be characterized by: band gap increase in magnitude

and becomes direct which is resulted from absence of interlayer interaction in ML

MoS2 [23],ii) strong spin-orbital coupling in ML MoS2 induced by split-valence band

which also makes ML MoS2 better for spintronics applications [24, 25], iii) broken

inversion symmetry which also makes ML MoS2 interesting for spin physics [26].
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1.3 Structural and electronic properties of bilayer and few layer
MoS2

The double-layer or bilayer(BL) MoS2 is constructed by adding another S-Mo-S layer

on ML. Interestingly, in few-layer MoS2 the size and the nature of the band gap de-

pends on the number(N) of MoS2 layers, with a transition between a direct gap in

ML(N = 1) compounds to a smaller indirect gap for N≥2 [14,28]. Theoretical calcu-

lations [29,30] and experimental [15,21] studies have predicted that the stacking se-

quence or patterns in BL MoS2 plays an important role in its electronic band struc-

ture. In contrast to ML system, BL MoS2 are inversion symmetric. Recently,breaking

of inversion symmetry by application of electric field has been proposed [32] such

method remove the inversion symmetry of the BL system by modifying the electron

density [32]. Moreover,for layered materials, the interlayer van der Waals (vdW) in-

teraction is undoubtedly a crucial determinant of the physical properties. This is

especially true for MoS2 material [33, 34]. In addition to this,experimental studies

have found that the relative rotation angle in bilayer MoS2 significantly modifies the

direct(indirect) band gap and interlayer coupling [35–37]. More recently [38] ,it has

been reported interlayer distance in BL MoS2 to be 0.689nm using the ’VdW-DF-

D2’ method theoretically [29] and 0.68nm experimentally [40]. Despite of its indi-

rect band gap,few-layer MoS2), still have attractive properties for various electronic

devices application due to its narrow band gap which can be tunable by electric

field [41] and higher carrier mobility compared to single layer MoS2 [42].

1.4 Two dimensional dicolgenide semiconductors ,MoS2,doped
with transition metal elements

The clean ML and BL MoS2 are a nonmagnetic semiconductors [43–45].Thus, no

magnetism hampers their application in spintronic devices. Hence to broaden its

application especially in spintronics it is essential to introduce the magnetic dopant

in pure system which can modulate electronic and magnetic properties. Recently,severals

groups have reported experimentally [43] and theoretically feasibility of ML MoS2



1.4 Two dimensional dicolgenide semiconductors ,MoS2,doped with transition metal elements 4

by substitutional doping with different transition metal(TM): Mn [44, 45] ,Co [46]

Fe BL MoS2 [47],Ni doped MoS2 [48],and Re doped MoS2 [49]. Besides to substi-

tutional doping with TM,doping with nonmetal elements [50] ,transition metal-

adsorbation [51–53] and external strain [54] are other proposed methods to intro-

duce magnetism. However,the detail investigation of magnetic interaction between

dopants and the effect of layers on their magnetic proprieties are still open ques-

tions [43, 45, 47].

1.4.1 Dilute magnetic semiconductor property of transition-metal doped
MoS2

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

temperature (TC) below which the system develops a long-range ferromagnetic or-

dering [55]. It is worth mentioning that,ferromagnetic transition temperature(Tc)

in three dimensional(3D) DMSs,in well studied type of DMSs like Ga1−xMnxAs is

less than 200K which is far from room temperature [55] but for practical applica-

tion we need Tc which exceeds room temperature . As a result of this,the search

for DMSs has more recently been extended to 2D transition metal dichlcogenides

(TMDs) like MoS2, MoSe2 ,and WS2 doped transition metal [43, 44]. 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 [56–58] and for

prospective applications such as the integration between 2D semiconductors and

magnetic data storage enables the development of two dimensional spintronics de-

vices such as spin valve and spin based transistors [59]. It has been reported theo-

retically 2d DMS in ML MoS2 by replacing Mo by other transition metal atom [34,60]

and their result demonstrate that room temperature 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 [61].

The experimental measured intensity versus Raman shift for pure and Mn doped
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MoS2 are shown in Fig.(1.2a) confirms that electronic state can be altered in the

presence of magnetic impurities .On the other hand,the magnetic susceptibility of

pure and Mn doped MoS2 are displayed in Fig.(1.2b) ,for the undoped MoS2 shows

very low susceptibility dominated by a Curie-Weiss paramagnetic behavior while

for the 7% Mn doped MoS2 nano structure the magnetic susceptibility is much higher

than that of the undoped one indicating tunability of magnetic property by dopant

atoms.

(a) (b)

Fig. 1.2: a)Raman spectra of the undoped and the Mn2+ doped MoS2 nanostructures
with a different doping concentration, b)magnetic properties of the MoS2 and the
7% Mn doped MoS2 [43].

1.4.2 Magnetic exchange interaction in transition metal doped MoS2

There are two kinds of interaction between two electrons ;repulsive coulomb inter-

action and exchange interaction which occurs as a result of Pauli exclusion principle

in quantum mechanics. The physical understanding of the exchange mechanisms

involved is a very delicate and difficult problem, since no simple and elementary

magnetic interaction exists [62]. There are different exchange mechanism in which

pair of dopant communicate to each others; Zener-RudermanKittelKasuyaYosida

(RKKY) [63],Zeners pd exchange [64–66] and superexchange [67, 68], etc are pro-
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posed to explain exchange interaction in dilute magnetic semiconductors (DMSs)

like (II-VII and III-VI). However,the clear cut mechanism of ferromagnetism in tran-

sition metal doped dichlcogenides are not well understood ,but based on phenomeno-

logical observation some studies propose double exchange [69]and superexchange

interaction [70].

1.5 Valley degree of freedom in MoS2

The charge and spin degrees of freedom (DOF) of electrons are at the heart of moden

electronics as they form the basis for a wide range of applications, such as transis-

tors, photodetectors, and magnetic memory devices. In addition to this,electrons

in two-dimensional (2D) crystals that have a honeycomb lattice structure possess

an extra valley DOF in addition to charge and spin [71]. Valley is a quantum num-

ber defined in an electronic system whose band structure contains energetically

degenerate but non-equivalent structures due to a certain crystal structure. Among

various material candidates for valleytronics, spatial inversion symmetry broken

two dimensional (2D) honeycomb lattice systems such as gapped graphene and

ML MoS2 are predicted to be the most useful. These systems have two valleys called

K and K’. The use of Valley index as a potential information carrier was first sug-

gested in the studies of of conventional semiconductors such as AlAs and Si [72].

On the other hand,the presence of a valley-dependent orbital magnetic moment

in graphene with gap suggests that currents flow perpendicular to applied electric

field even in the absence of a magnetic field, named as the ’valley Hall effect’. The

valley Hall effect was first time observed in gaped graphene(graphene with sub-

strate).However, due to the small value of the gap, this effect has not yet been ob-

served experimentally. Recently,photogenerated valley Hall conductivity was ob-

served in ML MoS2 [73]. MoS2 ML have two important distinctions from graphene

[72]. First,inversion symmetry is explicitly broken in ML MoS2, which can give rise

to the valley Hall effect where carriers in different valleys flow to opposite transverse

edges when an in-plane electric field is applied [74]. Inversion symmetry breaking
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can also lead to valley dependent optical selection rules for interband transitions at

K points [75]. Second,MoS2 has a strong spin-orbit coupling (SOC) originated from

the d orbitals of the heavy metal atoms(Mo) [24] ,and can be an interesting plat-

form to explore spin physics and spintronics applications absent in graphene due

to its vanishing SOC [76, 77]. As far as both valleys are concerned,due to time rever-

sal symmetry analogy to paramagnetic and paraelectric materials,pristine MoS2 ML

is paravalley materials. Therefore, the major challenge in valleytronics is to break

the degeneracy between the two prominent K+ and K− valleys. Recent experimen-

tal investigation demonstrated that means optical orientation of the valley polar-

ization [78–81],by applied electric field [82] ,by electron-electron interaction [83] ,

means of external magnetic field [84–87].In present work, we are proposing other

approach of breaking of valley degeneracy between two prominent valleys (K− and

K+) so as to introduce valley polarization by dopant introduced internal magnetic

exchange field(hex)



2

Many body system and Density functional theory

2.1 Introduction to many body system

The description of the physical properties of interacting many-particle systems has

been one of the most important goals of physics. All electrons(Ne) and all nu-

clei(Nn) are quantum mechanical particles,forming an interacting (Ne + Nn) many-

body system .The problem is to derive the properties of many-particle systems from

the quantum mechanical laws of nature, this requires the solution of a the Schrdinger

equation of 3N spatial variables and N spin variables (for electrons) where N is the

number of particles in the system. We know that in real solid 1023 electrons interact

to each other and with ion-cores to form crystal. In practice it is impossible task

to solve wave equation for 1023 interacting electrons and ion cores,as result of this,

the Schrödinger Wave equation for many body problems subjected to some reason-

able approximation to reduce it to solvable problem. The time-independent, non-

relativistic Schrödinger equation for Hamilton operator for a system containing N

electrons and M nuclei is given by(
T̂e + T̂N + V̂e−e + V̂N−N + V̂e−N

)
Ψ = ENΨ, (2.1)

Where the kinetic energy operator for electron (T̂e) and nuclei (T̂N) respectively are

given by

T̂e =
N∑
i

−~2

2Me

52
i . (2.2)

T̂N =
N∑
i

−~2

2MN

52
i . (2.3)

8
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The potential acting on electrons due to the nuclei (V̂e−N),electron-electron inter-

action (V̂e−e)and nucleus nucleus interaction (V̂N−N) respectively are given by

V̂e−e =
1

4πε0

Ne∑
i=1

Ne∑
j>i

e2

|ri − rj|
. (2.4)

V̂N−N =
1

4πε0

Ne∑
i=1

Nn∑
j>i

ZiZje
2

|Ri −Rj|
. (2.5)

V̂e−N = − 1

4πε0

Ne∑
i=1

Nn∑
j=i

Zje
2

|ri −Rj|
. (2.6)

Although the Hamilton operator is known, Eq. (2.1) is too complex to be solved due

to the large number of variables the wave function Ψ(r) depends on. First step in

simplifying Eq. (2.1) is the Born-Oppenheimer approximation . Since the nuclei are

much heavier than the electrons (almost a factor of ∼ 1800), it is assumed within

the Born-Oppenheimer approximation, that the response of the electrons to an ex-

ternal perturbation is much faster than the response of the nuclei. Thus,the elec-

trons would be able to follow any movement of the nuclei quasi instantaneously and

might then be considered as basically moving in a constant field generated by the

nuclei at fixed positions. The kinetic energy term TN for the nuclei in Eq. (2.3) is set

to zero and the repulsion term for the nuclei, VN−N , enters the total energy as a con-

stant and therfore, with help of this first approximation the electronic Schrödinger

Eq.(2.1) is reduced to,

ĤeΨ(ri) =

(
T̂e + V̂e−e + V̂ex

)
Ψe(ri) = EeΨe(ri). (2.7)

with the electronic Hamilton operator Ĥe ,the electronic wave function Ψe(ri) and

the electronic energy Ee ,Eq. (2.7) is simple compared to Eq.(2.1).However,solving

Schrödinger equation is very difficult to solve for more than 2 electrons ,hence to

handle this we need further approximation.

2.1.1 The Hartree approximation

Hartree introduced in 1927 a procedure, which he called the self-consistent field

method, to approximate the Schrödinger equation. The simplest approximation is
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multi electron system is the Hartree approximation. Accordingly,the electron wave

function in Eq.(2.7) can be approximated as

Ψe(r1, r2...rN) ≈ Ψe(r1)Ψe(r2)...Ψe(rN). (2.8)

from which it allows that the electron are independent and interact only via the

mean field coulomb potential resulting from ion-electron interaction. This yields

one- electron Schrödinger equations of form(
− ~2

2Me

52 +Veff (r)

)
Ψ(ri) = EiΨ(ri), (2.9)

where V(r) is the potential in which the electron moves; this inculdes both the nuclear-

electron interaction

V̂N−e(r) = −e2

Ne∑
R

1

|r −R|
. (2.10)

and the mean field arising from the N-1 other electrons. This other electrons are

smear out into a smooth negative charge density n(r’) leading to a Hartree potential

in the form of

V̂electron(r) = −e
∫
dr′n(r′)

1

|r − r′|
, (2.11)

where total electron density is given by

n(r) =
occ∑
i

|Ψ(ri)|2. (2.12)

In Eq.(2.12) the sum over runs over all occpaied states. While this functional form

is fairly convenient, it has at least one major shortcoming: it fails to satisfy the an-

tisymmetry principle, which states that a wavefunction describing fermions should

be antisymmetric with respect to the interchange of any set of space-spin coordi-

nates.

2.1.2 The Hartree-Fock approximation

The correlation resulting from the Coulomb repulsion for all electrons of like and

unlike spins is missing in elctron Hamiltonian in Eq. (2.7). Hatrtree-Fock was intro-

duced the concept of electron correlation. In other words,the Hartree-Fock method
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Fig. 2.1: Algorithm for Self-consistent field theory in Hartree.

is itself an extension of the Hartree method where the many-electron wave-function

is assumed to be a simple product of one-electron orbitals also electron correlation

is taken under consideration. The Harttee-Fock approach is a better approach,which

correctly takes into account the antisymmetric nature of the trivial wave functions.

The Pauli exclusion principles demands that the many body wave function must be

antisymmetric with respect to interchange of any two electron coordinates

Ψe(ri, rj) = −Ψe(rj, ri) (2.13)

which clearly cannot be satisfied by the Eq.(2.8) of Hartree approximation. This

indistingushability condition can be satisfied by forming a slater determinant of

single-particle orbitals,

Ψe(r1, r2....rN) =
1√
N !
φe(r1)φe(r2)...φe(rn), (2.14)

where the orbital φe is the product of spatial coordinate Ψe(r) and either the spin-

ing up function α or spining down function β i.e φe=Ψe(r)α. Using Eq.(2.14) into

Schrdinger wave equation decouples into usual Hartree term and the new exchange
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term as, (
T̂e + V̂H + V̂ex

)
φn(r)−

∑
m

∫
dr′

φ∗mφn(r′)

r − r′
φm(r) = Enφn(r). (2.15)

Where the Hartree potential is given by Eq.(2.11).The Eq. (2.15) is an effective one

particle wave equation and the extra term is called exchange potential and creates

the repulsion between electrons of like spins .From orthogonality of wave func-

tion this extra term can survive only index m=n (for the same spin state). The

Hartree Fock equation deals exchange exactly; however,one of the celebrated fail-

ure of Hartree-Fock equation is neglect more detailed correlation due to many body

effects. On the other hand,these so-called wave function based methods are mainly

used for calculating atoms and molecules (containing up to 50 atoms). Due to

this limitation , we need other approach which can be used to calculate increasing

number of atoms. One such refinement is given by the density functional theory

(DFT) [89, 90] which is discussed in next section in detail.

2.2 Density functioinal Theory

In DFT the quantum mechanical theory is reformulated to model the electrons as a

compound cloud, an electron gas. The reformulation focuses on the density of elec-

trons, rather than on individual electrons . In this particular section Algorithm in

density functional theory and some common approximation implemented in DFT

are discussed in detail.

2.2.1 The Hohenberg-Kohn Theorems

In 1964 Hohenberg and Kohn formulated two theorems, which formally justified

the use of the electron density as basic variable in determining the total energy and

which became the foundation of modern density-functional theory [89]. They have

developed two theorems which are basis for formulation of DFT:(i) there exists a

one-to-one correspondence between external potential V(r) and electron density

n(r); and (ii) the ground state electron density can be found by using a variational

principle. According to varitional Principe we know that ground state energy E0
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is always less than or equal to expectation value of Hamiltonian Ĥ with the trivial

wave function i.e

E0<〈Ψ|Ĥ|Ψ〉. (2.16)

The first theorem can be proved by assuming that there are two different external

potential say, Vex1 and Vex2 ;that give the same ground state electron density no(r)

the associated Hamiltonians,Ĥ1 and Ĥ2 will therefore have different grounds state

wave functions,Ψ(r1) and Ψ(r2) using Eq. (2.16) we have

E01<〈Ψ2|Ĥ1|Ψ2〉 = E01<〈Ψ2|Ĥ1 + Ĥ2 − Ĥ2|Ψ2〉 (2.17)

E01<〈Ψ2|Ĥ1|Ψ2〉 = 〈Ψ2|Ĥ2|Ψ2〉+ 〈Ψ2|Ĥ1 − Ĥ2|Ψ2〉 (2.18)

Eq. (2.18) is simplified to

E01<〈Ψ2|Ĥ|Ψ2〉 = E02 +

∫
n(r)(Vex1 − Vex2)dr (2.19)

where Eo1 and Eo2 are ground state energies of Ĥ1 and Ĥ2 respectively.Similarly,

E02<〈Ψ1|Ĥ2|Ψ1〉 = E01<〈Ψ2|Ĥ2 + Ĥ1 − Ĥ1|Ψ2〉 (2.20)

E02<〈Ψ1|Ĥ2|Ψ1〉 = 〈Ψ1|Ĥ1|Ψ1〉+ 〈Ψ1|Ĥ2 − Ĥ1|Ψ1〉

E02<〈Ψ1|Ĥ2|Ψ1〉 = E01 +

∫
n(r)(Vex2 − Vex1)dr (2.21)

After adding Eq.(2.19)and Eq.(2.21) we get

E01 + E02<E02 + E01, (2.22)

which is an obvious contradiction. Follow that there is no possibility for two differ-

ent external potential that can give the same n(r). Thus n(r) uniquely determines

Vex(r) and all ground state properties.Hence the term for external potential Vex is

easily rewritten in terms of density as

Vex =

∫
n(ri)V (r)dr (2.23)
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Therefore,for given external potential we can write the total electron energy Ee ex-

plicitly as function of the electron density n(r):

Ee[n] = T [n] + Vex[n] + Vee[n] (2.24)

=

∫
n(r)v(r)dr + FHK [n] (2.25)

where

FHK [n] = T [n] + Vee[n], (2.26)

where FHK [n] is only dependent on n(r) and independent from any external poten-

tial v(r). Thus FHK [n] is a universal functional of n(r),in the sense that it has the

same dependence on the electron density for any system independent of the ex-

ternal potential concerned.If it were known we would have solved the Schrödinger

equation exactly , The exact density dependence of this functional is,however, un-

known. The major challenge of DFT is determination of the explicit form of univer-

sal functional FHK [n]. The second Hohenberg-Kohn theorem is try to answer ques-

tion how can we be sure that a certain density is the ground-state density that we

are looking for? . According to the second Hohenberg-Kohn theorem,the total en-

ergy will reaches the minimum only when the electron density is the ground-state

electron density.On the other hand, the ground state energy can be obtained vari-

ationally, with the density that minimizes the total energy being the exact ground

state density. This is nothing but the variational principle.

E0 ≤ E[n] = T [n] + Vex[n] + Vee[n]. (2.27)

Now the many-electron problem with 1023 variable in three-dimensions turn into a

problem with just one variable in three-dimensions. Although these two theorems

prove the existence of a universal functional, they do not give any idea as to the

nature of the functional, or how to actually calculate the ground state density.In

order to do so, we must discuss the Kohn-Sham formulation [90]. This is based

upon a sleight of hand whereby we map the fully interacting system of N-electrons
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onto a fictitious auxiliary system of N non-interacting electrons moving within an

effective Kohn-Sham potential, vKS(r), thereby coupling the electrons. The single-

particle Kohn-Sham orbitals are constrained to yield the same ground state density

as that of the fully-interacting system, so the Hohenberg-Kohn-Sham theorems are

still valid.

2.2.2 The Kohn-Sham Equations

Almost exactly a year after the Hohenberg-Kohn theorems were published, the DFT

was first time applied into practical electronic structure theory in 19 65 by Kohn and

Sham [90]. Their approach centers on mapping the full interacting system, onto

a virtual non-interacting system,quite similar with Hartree -Fouck approximation.

However,Kohn-Sham equation incorporate the correlation of electrons in addition

to exchange energy. Hence,according to Kohn-Sham , the energy functional can be

written as

En =

∫
n(r)V (r)dr + FHK [n(r)]

=

∫
n(r)Vex(r)dr + Ts[n(r)] +

∫ ∫
n(r)n(r′)drdr′

|r − r′|
+ EEX [n(r)], (2.28)

whereVex(r) is the external potential, the third part of Eq.(2.28) is the classical Coulomb

interaction energy for the electron density with itself (the Hartree energy), Whereas

,the kinetic energy of non-interacting electrons whose total ground state density is

exactly n(r) is given by

Ts(n) = −1

2

N∑
i=1

∫
φ∗k(r)52 φ∗k(r)dr. (2.29)

Where the effctive potential energy functional can be written in separted form as:

V eff [n(r)] =

∫
n(r)Vex(r)dr +

∫ ∫
n(r)n(r′)drdr′

|r − r′|
+ EXC [n(r)]. (2.30)

where,XC functional represents everything that can not be exactly expressed in KS

theory: electron correlation energy, exchange energy and the component of kinetic

energy arising from these effects ,these interactions are combined into a single en-

tity called the exchange-correlation energy EXC [n(r)]. If the energy expression in
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Eq. (2.28) is minimized with respect to stationary density n(r), the effective Kohn-

Sham potential, which is minimization of effective potential energy can be written

as

veff =
δV eff

δn
=

∫
δn(r)Vex(r)dr + EHart.[n(r)] + Eex[n(r)].

δn(r)

= V (r) +

∫
n(r′)dr′

|r − r′|
+ Vxc(r), (2.31)

here, Vxc is exchange-correlation potential. It is a variational derivative of the exchange-

correlation energy, Exc ,

VXC(r) =
δEex[n(r)]

δn(r)
. (2.32)

this led to basic equation in Kohn-Sham DFT which is the one-electron Schrödinger

like equation expressed as: (
−52

2Me

+ Veff

)
φi = εiφi (2.33)

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

number density is given by

n(r) =
N∑
i=1

|φi|2 (2.34)

The total energy of system is given by

Es =
∑
i

εi (2.35)

Note that the Veff depends on n(r) through Eq. (2.30)

2.3 Self-consistent cycle and approximation for
exchange-correlation energy (EXC)

In principle, the Kohn-Sham equations provide a theoretically exact method for

finding the ground state energy of an interacting system provided that the form

of EXC is known. Unfortunately, the form of EXC is in general unknown , hence

Eq.(2.33) can be solved iteratively. A self consistent iterative procedure would start

from an initial electron density that can be used to calculate the Kohn-Sham poten-

tial. Then, through solution of Eq.(2.33), and use of the relation in Eq.(2.34) we can
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Fig. 2.2: Self-consistent Kohn-Sham loop

obtain a new electron density. Eq.(2.34), reveals that the ground state density is the

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

by iterative scheme which works towards self consistency ,th self consistence cycle

are listed below:

1. Start with initially guessed density.

2. Insert this density,into equation (2.31) and construct new effective potential

veff (r) ,that depends on density n(r).

3. Using veff [n(r)] obtained from step two,solve Kohn-sham orbital equation ,Eq.(2.33)

4. Compute the new Kohn-sham orbitals using Eq.(2.34).

If the initial and new densities are identical, then the ground state density has been

found and the iterative processes stooped . Otherwise, one must select a new trial

density through minimization of the total energy and continue to repeat the iter-

ative procedure. In electronic structure calculations EXC is most commonly ap-

proximated within the local density approximation(LDA) or generalized-gradient

approximation (GGA) and extension of those,LDA+U and GGA+U method respec-
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tively.Hence in next section those approximation are discussed in detail.

2.3.1 Local density approximation (LDA)

In this approximation the contribution to Exc from any region of space only depends

on the density in that region, so this is usually called the local density approxima-

tion( LDA). Assuming that,inhomogeneous system is divided into infinitesimal vol-

ume,and the electron density in each of infinitesimal volume is assumed to be con-

stant. Hence the exchange correlation energy for density within each of volume is

then considered as exchange correlation energy obtained from the homogeneous

electron gas from that density. In the LDA and LSDA XC functionals are functionals

of the density only and can thus be written as EXC [n(r)]:

EXC [n(r)] =

∫
εuniformXC (n(r))n(r)dr. (2.36)

Here, εuniformXC (n(r)) is the exchange-correlation energy per particle of an uniform

electron gas of density n(r). This energy per particle is weighted with the probability

n(r) that there is an electron at this position,(r). The quantity εuniformXC (n(r)) can be

split into exchange and correlation contributions,

εuniformXC (n(r)) = εuniformX (n(r)) + εuniformC (n(r)) (2.37)

The exchange part, X , which represents the exchange energy of an electron in a

uniform electron gas of a particular density,n(r), the explicit form of εuniformX [n(r)] is

given by [91].

εuniformX [n(r)] = −3

4
(
3

π
)
1
3

∫
n(r)

4
3dr. (2.38)

Eq.(2.38) was originally derived by Bloch and Dirac in the late 1920’s. However,the

explicit form of expression for correlation part ,εC ,is unknown and more accurate

estimation is made by using quantum Montecarlo simulation. LDA, has a tendency

to favor more homogeneous systems and it gives good approximation for molecules

and solids whose orbitals lie on s or p. It also follows that the exchange-correlation

energy per particle is constant in space. In other words, LDA uses only the local

value of the electron density.
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2.3.2 The generalized gradient approximation (GGA)

The first logical step to go beyond LDA is the use of not only the information about

the density n(r) at a particular point r, but incorporate the density with informa-

tion about the gradient of the charge density,∇n(r) in order to account for the non-

homogeneity of the true electron density. Thus,we rewrite the exchange-correlation

energy in the following form termed generalized gradient approximation (GGA).

The GGA more accurate approximation than LDA and the expression for EXC [n(r)]

is given by

EGGA
XC [n(r)] =

∫
fGGA(n(r),5n(r))dr. (2.39)

Within GGA the exchange energy, εX [n(r)],takes the form [92]

EGGA
X [n(r)] =

∫
n(r)εuniformX (n(r))FGGA

X (g)dr (2.40)

whereFGGA
X (s) is the exchange enhancement factor and tells us how much exchange

energy is enhanced over its LDA value for given n(r) and here g is a dimensionless

reduced gradient.

2.4 Spin polarized Density functional Theory

The Generalization of DFT to spin-polarized systems,the charge density is argu-

mented by magnetization density ,m(r). The basic variables of spin-density-functional

theory are the scalar electronic density n(r) and the vector of the magnetization

density m(r). Therefore,DFT can be reformulated in terms of this scalar field, a spin

up density n↑(r) and spin-down density n↓(r).Then

n(r) = n↑(r) + n↓(r) (2.41)

m(r) = n↑(r)− n↓(r) (2.42)

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 term(T) and exchange-

correlation part EXC become functional of the two densities. For spin polarized DFT
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the energy functional in Eq.(2.28) now modified to

E[nαβ(r)] = Ts[n
αβ(r)]+

∫ ∫
n(r)n(r′)drdr′

|r − r′|
+

∫
V αβ
ex n

α,β(r)dr++Exc[n
αβ(r)], (2.43)

where α and β are spin indices and can have two values either↑ or ↓ and the kinetic

energy functional and electron density are given by

Ts(n) = −1

2

N∑
i=1

∫
φ∗

α

k (r)52 φ∗
α

k (r)dr. (2.44)

nαβ(r) =
N∑
i=1

φ∗
α

k (r)φ∗
β

. (2.45)

where the sum over includes all occupied orbitals.This, leads to The Kohan-Sham

equations

−52
rφ

α
i (r) +

∑
β

V αβ
effφ

β(r) = εiφ
β
i (r) (2.46)

The effective one particle potential in Eq.(46) is given by

vαβeff = δαβe2

∫
n(r′)dr′

|r − r′|
+ V αβ

ex (r) + V αβ
xc (r). (2.47)

2.5 Density Functional Theory + Hubbard potential (U )approach

The description and understanding of electronic properties of strongly correlated

materials is a very important and long standing problem for abinitio calculations.

Pure LDA and GGA is not always accurate enough for calculating sensitive prop-

erty like spin state energetic and band gap of d and f metals [92–94]. The LDA+U

method consists in a correction to the LDA (or GGA) energy functional to give a bet-

ter description of electronic correlations. Since the LDA(GGA) often fails to describe

systems with localized (strongly correlated) d and f electrons [94].

HHub = t
∑
〈i,j〉

(c+
i,σcj,σ+h.c) + U

∑
i

ni↑ni↓. (2.48)

Where 〈i, j〉denotes nearest-neighbor atomic sites,c+
i,σ, cj,σ, and ni,σ are electronic

creation,annihilation and number operators for electrons of spin σ on site i respec-

tively and U and t are on site Hubbard potential and hoping integral respectively.



2.6 Plane Wave approximation 21

In virtue of the strong localization, the Coulomb repulsion is only accounted for

between electrons on the same atom through a term proportional to the product

of the occupation numbers of atomic states on the same site, whose strength is U.

In general,the balance between U and t controls the behavior of these systems and

the character of their electronic ground state. Thus there are two regimes:t >> U

regime dominated by single-particle terms of energy is generally well described by

approximate DFT only,the opposite one (t << U) is more problematic and insulat-

ing character of ground state energy dominate . Therefor ,to account correctly the

behavior of electrons in this regime U correction applied to a generic approximate

DFT functionals, aimed to improve the accuracy of DFT functionals in describing

the ground state of correlated systems [93–95].In the DFT+U method, non corre-

lated s and p electrons are described by the usual DFT approach,and strongly corre-

lating d and f electrons are described by an approximate Hartree-Fock method that

considers the Hubbard-type one-site interaction between these correlating elec-

trons [96].

2.6 Plane Wave approximation

It is formidable task to handle an infinite number of non-interacting electrons mov-

ing in the static potential,since infinite number of electrons (say more than 1023)

means infinite number of wave function must be calculated and since each elec-

tronic wave function extends over the entire system, the basis set required to ex-

pand each wave function is infinite.Therefore,a most important step for solving

Kohn-Sham equations is to find a suitable basis set for the expansion of wave func-

tion,making use of suitable basis set that describes the behavior of the electrons

leads to find easily solution of KS Eq.(2.23). In principle any of basis function may be

used to expand the wave functions: exponential,Gaussian ,polynomial,slater type

of orbitals ,plane Wave (PW) etc.. However,in condensed matter physics most of

materials like to have their atoms arranged in some kind of regular,repeating pat-

tern and the nuclei are arranged in a periodically repeating pattern. Hence, taking
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account of those periodicity,the problems can be easily tackled by applying Bloch’s

theorem which states :for the periodic system,the potential is periodic i.e,

V (r +R) = V (r). (2.49)

where R is bravais lattice vector. We know that from the Hohenberg-Kohn theo-

rems,if the potential is periodic,so the density is also periodic and it can be ex-

pressed

n(r +R) = n(r). (2.50)

Moreover,the electron density also related with wave function through the relation

,Eq.(2.34). The Bloch’s theorem also says that the eigenfunctions of the one elec-

tron Hamiltonian can be written as the product of plane wave (eik.r) and a function

un,k(r) having the same periodicity as the potential V(r),

φn,k(r) = eik.run,k(r), (2.51)

where un,k(r + R) = un,k(r) can be expanded using a basis set which is consistes of

discrete set of plane waves whose wave vector are reciprocal lattice vectors (G) of

crystals ,whereas index k represents a set of plane waves within each primitive unit

cell and each k the index n is a second quantum number,the so called band index.

Now expanding the periodic function ,un,k(r) , with plane vectors reciprocal lattice

vectors (G) of the periodic crystal as

un,k(r) =
∑
G

Cn,Ge
iG.r, (2.52)

whereCn,G are complex Fourier coefficient,and the sum is over all wave vectors and

each of Fourier basis functionals eiG.r represents a plane wave traveling in space

,perpendicular to the wave vector G. Using Eq.(2.52) into Eq.(2.51) the electronic

wave function can be rewritten as

φn,k(r) =
∑
G

Cn,G+ke
i(G+k).r. (2.53)
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Using eq.(2.54),one electron Schrödinger like equation with an effective periodic

potential,Kohn-Sham potential( Veff ),defined in Eq.(2.33) can be rewritten as ,

∑
G′

[
~2

2me

|k +G′|2δGG′ + Veff (G−G′)
]
Cn,G+k = εnCn,G+k. (2.54)

Where δGG′ is Kronecker delta and reflects that the kinetic energy is diagonal and εn

are electronic energies.Here the sum over G’ tells that one needs an infinite number

of plane waves to solve Eq.(2.54) in principe.However,the coefficient Cn,k+G for the

plane waves with small kinetic energy are typically more important than those with

large kinetic energy.Thus the plane wave basis set can be truncated to include only

plane waves that have kinetic energies less than a particular energy cut off (Ecut)

~2|k +G|2

2Me

≤ Ecut. (2.55)

However,employing a finite basis set introduces other sources of inaccuracy ,which

can be reduced by increasing the number of plane waves orEcut. Therefore,appropriate

convergence tests have to be required in order to find an Ecut that is sufficiently con-

verged to compute the property of interest with required accuracy.

2.7 k point sampling and Brillouin zone integration

Properties like the electron density,total energy, etc .. can be evaluated by integra-

tion over ~k inside the Brillouin zone (BZ)also the quality of those calculation also

depends on choosing appropriate k-points(Brillouin integration). In principle we

need to integrate over all possible k when constructing the density, fortunately the

wavefunctions change slowly as we vary k,so we can approximate the integral with

a summation the electronic wave functions at k points that are very close together

will be almost identical and hence, it is possible to represent the electronic wave

function over a region of k space by the wave function at a single k point. Hence the

electronic states at only finite number of k points are required to calculate the elec-

tronic potential.On the other hand ,a uniform mesh of k- points can be generated
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by Monkhorst-Pack procedure,

~kn1,n2,n3 =
3∑
i=1

2ni −Ni − 1

2Ni

~Gi. (2.56)

Where Ni is the number of ~k points in each direction and ni = 1, 2...Ni and Gi

are reciprocal lattice vectors. In this dissertation 2D grid k points generated by

Monkhorst-pack procedure [97] are employed after making convergence test with

respect to total ground state energy.

2.8 Pseudopotentials

The core electrons of an atom are computationally expensive with plane wave basis

sets because they are highly localized and hence very large number of plane waves

are required to expand their wave functions. Furthermore, the contributions of

the core electrons to bonding compared to those of the valence electrons is usu-

ally negligible. In fact,the primary role of the core electron wave functions is to

ensure proper orthogonality between the valence electrons and core states. Con-

sequently, it is desirable to replace strong Coulomb potential due to nucleus and

tightly bound atomic core electrons with a pseudopotential that has the same effect

on the valence electrons [98].There are essentially two kinds of pseudopotentials,

norm-conserving soft pseudopotentials and Vanderbilt ultrasoft pseudopotentials

[99] .In norm-conserving pseudopotentials, the charge enclosed in the pseudopo-

tential region is the same as that enclosed by the same space in an all-electron cal-

culation. In ultrasoft pseudopotentials, this requirement is relaxed and charge aug-

mentation functions are used to make up the difference. As its name implies, this

allows a ”softer” pseudopotential to be generated, which means fewer planewaves

are required to expand it.
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Electronic structure and Magnetic property of Mn

doped monolayer and Bilayer MoS2

3.1 Unit cell parameter deterimination

In this section,all parpameters used for nexst section calculations are determined

by making convergence test:total ground state energy with respect to plane wave

cutoff energy(ecut),total ground state energy with respect to k point sampling and

total ground state energy with respect to interlayer distance of BL MoS2.

(a) (b)

Fig. 3.1: Unit cell structure of single layer MoS2 (a) top view (b) side view

3.1.1 plane wave cut off energy(ecut) and k-point sampling

The magnitude of any error in the total energy or the total energy difference due to

inadequacy of the k point sampling can always be reduced to zero by using a denser

25
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set of k points. Therefore, it is crucial to test the convergence of the results with

respect to the number of k points in general. The calculated plane wave ecut of en-

ergy,K point sampling and the converged values of lattice parameter are displayed

in the Fig.(3.2). As shown in Fig (3.2c) ,the calculated equilibrium lattice constant is
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Fig. 3.2: Convergence of total ground state energy of single layer MoS2 with respect

to :a)plane wave cut off energy (ecut), b) Brillouin sampling(k points),c)lattice pa-

rameter.

found to be 3.18Å which is reasonably agrees with experimental value ranging from

3.16 Å [34] to 3.2Å [23] and theoretical value 3.18 Å [19]
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(b)

Fig. 3.3: Band structure of single layer MoS2:a)without considering spin-orbit cou-

pling,b)considering spin-orbit interaction

(a) (b)

Fig. 3.4: Density of state in single layer MoS2: a)Total density of states for both spin

up and spin-down electrons, b)Partial density of states
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3.1.2 Electronic properties of single and bilayer MoS2

Since the electronic structure are crucial to the understanding of the properties of

the different structures the calculated electronic band structure the total spin po-

larized density of states DOS and partial density of states for ML and BL unit cell

are displayed in Figs.(3.3) and (3.4). As shown in Fig.(3.3a) and Fig. (3.3b), the cal-

culated band gap of ML MoS2 of 1.75 eV closer with experimental optical band gap

1.9eV [21] and in good agreement with theoretical value of 1.75-1.9 Å [21–23]. More-

over,in Fig.(3.3a) the electronic band structure of monolayer MoS2 without con-

sidering spin orbit coupling(SOC) direct band gap of 1.75 eV is obtained between

the valence band maximum and conduction band minimum at the K-point, and

all bands are found to be spin degenerate. When the SOC is turned on Fig.(3.3b)

top valence bands displays a significant splitting (∼ 150meV) at the K-point due to

the breaking of spatial inversion symmetry (E(k, ↑)-E(k, ↓)). In sharp contrast, the

top valence bands are spin degenerate at the Γ and M points. This is because Γ

and M points are time-reversal invariant while K-point is not. However,as previous

studies show that spin-orbital coupling has no significant effect on their magnetic

exchange interaction [88] hence it is convenient to ignore for magnetic calculation

in next sections. On the other hand,the total spin polarized density of state plot

in Fig.(3.4a), show that nonmagnetic semiconductor behavior of pure single layer

MoS2 since spining up and down states are symmetric. Therefore, it is essential to

introduce magnetism to break symmetry of those degenerate states. In addition

,the calculated partial density of state,Fig.(3.4b),indicates that much contribution

for state near Fermi level is derived from molybdenum d-orbitals.

3.1.3 Interlayer distance dependent band structure in bilayer MoS2

The theoretical calculations have predicted that the stacking sequence and inter-

layer distance in BL MoS2 plays an important role in its electronic band structure

[15]. Hence it is essential to determine equilibrium interlayer distance of BL MoS2
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Fig. 3.5: Bilayer MoS2 a) crystal structure b)Total Ground state energy versus inter-

layer distance

-6
-5.5

-5
-4.5

-4
-3.5

-3
-2.5

-2
-1.5

-1
-0.5

 0
 0.5

 1
 1.5

 2
 2.5

 3

Γ Σ M K Π Γ

E
-
E

f(
e
V

)

High symmetry kpt.

(a)

-6
-5.5

-5
-4.5

-4
-3.5

-3
-2.5

-2
-1.5

-1
-0.5

 0
 0.5

 1
 1.5

 2
 2.5

 3

Γ Σ M K Π Γ

E
-
E

f(
e
V

)

High symmetry kpt.

(b)

Fig. 3.6: Interlayer distance dependent band gap in bilayer MoS2:a)band structure

at equilibrium interlayer distance,b)band structure at interlayer distance (d=6.65Å)
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for further use. As shown Fig.(3.5b) ,the calculated equilibrium interlayer distance

of BL MoS2 is 6.543Å in reasonably agreement with experiment value of 0.68nm

[40] and previous theoretical value 0.69nm [29] calculated using the ’VdW-DF-D2’

method. The band gap calculated at this interlayer distance is 1.3 eV which is closer

with previous reported value of 1.29Å [100]. Furthermore,the band gap increases

with increasing interlayer distance as shown in Figs .(3.6a) and (3.6b).

Table 3.1: Summary of Interlayer distance dependent band structure in bilayer

MoS2

Interlayer distance (Å) Band gap(eV)

6.55 1.30

6.61 1.32

6.65 1.33

3.2 Computional details

The first-principles calculations were carried out by using the Quantum espresso

code within the density function theory(DFT) based on the DFT+U formalism [101].Electron-

ion interactions were described by the Ultrasoft pseudopotentials (USPP) [99] and

generalized gradient approximation of the Perdew-Burke-Ernzerhof using (PBE-GGA)formula

for the electronic exchange-correlation potential. It is worth notify, that the GGA

calculations, for example, for ABO3 perovskites underestimate the band gap value,

while the hybrid B3PW and B3LYP functionals allows to achieve much better agree-

ment with the experiment for the band gap values [123, 124]. To overcome this on

site Hubbard potential correction with a common U value of 3.0 and 4.0 eV was as-

signed to Vanadium(V) and manganese(Mn) 3d states respectively to handle highly

correlated state of impurities. The plane wave basis set with cutoff energy of 60Ry

used after performing convergence test. For 2D ML and BL a unit cell with peri-

odic boundary condition is adopted to simulate the infinite x-y plane. For the BL
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MoS2,Grimmes DFT-D2 dispersion correction [102] is applied to account for the

long-range Vander Waals interactions between different layers. To investigate the

doping effects of Mn impurities on ML and BL MoS2, supper cell with different sizes

were employed and atomic position for those supercells were generated by making

use of python code. 20Å thickness vacuum region was used for monolayer MoS2 cal-

culations to isolate the single layer along the z-axis and ensure no interaction take

place between the layers . Integrations over the Brillouin zone (BZ) are sampled

based on a Monkhorst-Pack 2D grid [103] which varies from 4× 4× 1to 3× 3× 1 for

structural relaxation and 12× 12× 1 to 9× 9× 1 for density calculation respectively

depending on the size of the supercells.

3.3 Result and discussion

3.3.1 Defect formation energy and structural stability

The relative stability of the doped structure is determined from the formation en-

ergy [104, 105]. Following [104],the formation energy of neutral Mn dopant atom

can be calculated using the following relation

Eform = ETot(Mn,MoS2)− ETot(MoS2)−
∑
i

ni(µMn − µMo), (3.1)

where ETot(Mn,MoS2) and ETot(MoS2) are total energy of doped and pure ML(BL)

MoS2 respectively,ni is the corresponding number of species that have been added

to or removed from the supercell and µMn and µMo are chemical potential of Mn and

Mo respectively. We consider Mo rich and S rich condition for chemical potential

calculation of Mo, in Mo rich condition, the chemical potential for µMo is obtained

from its bulk BCC Mo [104], where as under S- rich condition µMo is obtained from

energy difference between formula unit of MoS2 and the most stable form of sulfur

molecular (ring form of sulfur molecules) [106]. On the other hand, the relative

stability of BL MoS2 supercell is tested by calculating the energy difference between
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 3.7: Optimized input structure for ML and BL MoS2 : a,b and c) top view of

4× 4× 1, 5× 5× 1 and 6× 6× 1 pure ML supercells respectively ,(d,e and f) top view

of two Mn doped 4×4×1,5×5×1 and 6×6×1 ML MoS2,g)top view of 4×4×1 pure

BL MoS2 ,h and i) side(xy) view and (xz) view of two Mn doped on different layers of

BL MoS2
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the BL supercell and two fold of corresponding ML as

Ebind = EBL − 2EML, (3.2)

whereEbind is binding energy of BLMoS2 supercell EBL and EML are the total energy

of supercell in BL and ML phase respectively. We found that -12.0315 eV and -21.38

eV for supercell of 3×3×1 and 4×4×1 respectively. The result reveals the BL MoS2 is

energically more stable than ML. The calculated formation energy for different im-

purity concentrations and doping sites are summarized in table.(3.2), all calculated

values under S-rich condition are negative which shows that doping Mn under S-

rich condition ML and BL MoS2 is energetically more favorable in compared with

Mo-rich condition in agreement with other studies on Mn doped ML MoS 2 [107].

On the other hand, the least formation energy -2.014 eV is obtained in doping singe

Mn on Mo site of 4×4×1 BL MoS2 supercell,hence doping Mn on supercell of 4×4×1

is energically favorable than doping on 3 × 3 × 1. In other word ,lowest formation

energy implies that dopants will be bonded closer and stronger to Mo atoms.

3.3.2 Electronic Structures and magnetism Of single Mn doped monolayer

and bilayer MoS2

To investigate the effects of doping single Mn atoms on the electronic and magnetic

properties of ML and BL MoS2, we considered models of 4 × 4 × 1 and 3 × 3 × 1

supercell in which one of the Mo atoms of super cell is replaced by one of 3d TM

(Mn)resulting concentration of magnetic dopant 3.125 % and 5.55 % respectively in

BL and 6.25 % and 11.11 % ML MoS2 phase respectively. As seen from table (3.3)

and table (3.4),the total magnetic moment of the system 1 µB after introducing sin-

gle Mn in super cell of 3 × 3 × 1 and 4 × 4 × 1 in ML phase and 1 µB and 1.02 µB

respectively its BL phase and hence the system become magnetic. Now we turn to

investigate the effect of the impurity atoms on electronic properties of ML and BL

MoS2, where we calculated spin polarized electronic state of pure and doped sys-

tem. As shown from total spin polarized density of state (DOS) plot for pure ML and
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Table 3.2: Calculated values of formation energy ,EF (eV), monolayer (ML) and bi-

layer (BL) MoS2 doped with Mn under Mo rich and S-rich condition

supercell doping site (Mo rich )EF (eV ) (S rich )EF (eV )

3× 3× 1 ML 1Mn 2.5533 -0.1062

3× 3× 1 ML N 3.4952 -1.8210

3× 3× 1 BL 1Mn 1.908 -0.7523

3× 3× 1 BL N 3.4019 -1.9173

3× 3× 1 BL updn(do) 3.9779 -1.3432

4× 4× 1 ML 1Mn 1.7299 -0.92752

4× 4× 1 ML N 3.0246 -2.2936

5× 5× 1 ML N 2.04 -3.2776

6× 6× 1 ML N 1.52456 -3.7930

4× 4× 1 BL 1Mn 1.8677 -0.7919

>> N 3.3067 -2.0144

>> updn(do) 3.7319 -1.5873

BL MoS2 respectively on Figs.(3.8a) and (3.9a), for both cases,the Fermi level is lo-

cated at the middle and spin up and spin down state are symmetric indicating the

pure ML and BL MoS2 are nonmagnetic semiconductor. However,after introducing

single Mn the spin degeneracy of the band structure is broken and the minority of

states remain semiconductors whereas, the majority(spin up state) impurity state is

formed in vicinity of Fermi level as a result it behaves as metallic. Leading to mag-

netic and half metallic behavior of total DOS Figs.(3.8b). In addition to this impurity

states are broadened toward the conduction band minimum (CBM) with increas-

ing impurity concentration from (0 to 11.11 % ) for doped ML Figs.3.8(a− c) and

3.9(a− e) for BL which is in broad agreement with properties of dilute magnetic

semiconductors [108]. Furthermore, in order to understand the nature of energy

band structure and impurity state,the energy band structure for pure and single Mn

doped in 4× 4× 1 ML and BL MoS2 supercell are plotted. As shown from Figs.(3.10)

and (3.11) both valence band maximum (VBM) and conduction band minimum
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(CBM) are located at K high symmetry point for pure and doped ML MoS2 system

indicating that the type of band gap is direct in nature. However,in Mn doped ML

MoS2 the Fermi energy closer to CBM for spin up(majority of state) Figs.(3.10c) and

(3.10d) compared to pure system ,Figs.(3.10a) and (3.10b) which suggests that the

doped system more likely to n-type of semiconductors. Contrary to ML MoS2 the BL

MoS2 and its doped system is characterized by indirect band gap see Figs.3.11(a− f)

,thus VBM and CBM are located at Γ and K high symmetric points respectively .As

shown From those aforementioned figures, impurity bands are appear nearer to

Fermi level in the case of majority state (spin up) but not in minority(spin down)

state energy band structures. Thus, the occurrence of impurity bands at the Fermi

level with different symmetries (spin up and spin down) confirm that Mn doped ML

and BL MoS2 are magnetic and half metallic nature which is much better for spin-

tronic applications as dilute magnetic semiconductors. The origin of magnetism

can be explained as an isolated Mn+2 atom has a Ar(3d54s2) configuration one elec-

tron more than the Mo atom with electron configuration Ar(3d104s24p64d45s2) thus

extra electron is responsible for observed defect state in the gap. Thus ,Mn+2 ions

possesses spin magnetic moment 5µB and therefore, incorporation of Mn+2 ions

into ML and BL MoS2 is expected to change its magnetic properties.

3.3.3 Magnetic interaction in monolayer MoS2 doped with pair of Mn atoms

To determine the stable magnetic ground state, the possible magnetic state either

ferromagnetic(FM) or anti-ferromagnetic(AF) is studied by calculating the total en-

ergy difference of the two configurations at the same impurity separation (d). We

define magnetic energy (∆ Ed) as

∆Ed = Ed
FM − Ed

AF . (3.3)

where Ed
FM and Ed

AF are the total energies of the supercell in ferromagnet(FM) and

antiferromagnet(AFM) states with a pair of dopants separated by atomic distance

d. We have employed models:6 × 6 × 1 ,5 × 5 × 1, 4 × 4 × 1 and 3 × 3 × 1 ML MoS2
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Table 3.3: Magnetic energy (∆E) and magnetic moment (µm)for Mn doped mono-

layer(ML) MoS2

supercell distance(d) impurity(%) ∆E(eV) µm(µB)

3× 3× 1 single 11.11 1.00

>> N 22.22 -0.18444 2.32

>> NN 22.22 -0.212240 2.000

>> NNN 22.122 -0.132042 1.74

4× 4× 1 single 6.25 1.00

>> N 12.5 -0.21007 2.07

>> NN 12.5 -0.177582 2.00

>> NNN 12.5 -0.0849 2.00

5× 5× 1 N 8 -0.1636 2.46

6× 6× 1 N 5.5 -0.15295 2.39

supercells,resulting in doping concentrations of 5.5 %, 6.25 % , 11.11 % and 22.22%

respectively up on substituting a pair of Mn atoms on Mo sites. Three configura-

tions with different Mn-Mn separations were considered: Nearest neighbor con-

figurations(N) in which the two Mn atoms are in the nearest neighboring position

with Mn-Mn distance of 3.4 Å, the second nearest neighbor configurations(NN) in

which the two Mn atoms are in the next nearest-neighboring position with Mn-Mn

distance of 5.5 Å, and the third nearest neighbor configuration(NNN) in which the

distance between the two doped Mn atoms at 6.4Å. The calculated magnetic energy

(∆E) and magnetic moment (µB) for aforementioned configurations and impurity

concentrations are summarized in Table. (3.3),the calculated ∆E for all three con-

figurations and for all dopant concentrations are negative which means the ferro-

magnetic states are more favorable energetically and our results agree with previ-

ous results [105]. In addition to this,the calculated magnitude of magnetic energy

,∆E,drop with increase in separation distance from 3.4Å to 6.4Å.
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3.3.4 Magnetic interaction in bilayer MoS2 doped pair of Mn atoms

Using Eq.(3.3) and following similar procedure for ML MoS2 doped system in sec-

tion 3 ,magnetic energy,∆E, are calculated for pair of Mn doped BL MoS2 using

5× 5× 1, 4× 4× 1 and 3× 3× 1 model supercells resulting doping concentrations of

4%, 6.25% and 11.11% up on introducing a pair of impurity atoms in Mo sites. Un-

like case of ML five potential doping configurations have been considered here (i)

two Mn dopants in the same layer and nearest neighbor configuration(N),(ii) two

Mn dopants in the same layer and second nearest neighbor configuration(NN),(iii)

two Mn dopants in the same layer and third nearest neighbor configuration(NNN),

(iV) two Mn dopants in different layers and dopants are separated by equilibrium

interlayer distance (d0=6.53Å) two Mn dopants in different layers and atomic dis-

tance between dopants 7.8Å denoted by updn(d1). All calculated values are sum-

marized in table (3.4). As shown in table (3.4) ,the calculated ∆E for all impurity

configurations and concentrations are also negative indicating that ferromagnetic

coupling is always favorable irrespective of the position and concentration of mag-

netic dopants. In addition to this,the magnitude of magnetic energy (∆ E) decreases

as distance between dopants (d) increases(on going from N to NNN). Before pro-

ceeding to investigate the role of interlayer interaction in BL MoS2 sysetm on mag-

netic interaction between dopants ,it is convenient to understand the magnetic in-

teraction between a pair of dopants in bilayer MoS2 system which are placed in

different layers (one in upper layer the other one lower layer) as shown in input

structure Figs.(3.7h) and (3.7i) which has not been reported before even for other

system. We found that ∆E =-0.006 and -0.0025 eV for two dopants separated by

d0=6.53 Å (at equilibrium interlayer distance) and d1=7.8Å,respectively. The result

reveals that two dopant in different layer interact ferromagnetically and the strength

of ferromagnetism is suppress with atomic distance. Moreover,to understand how

the states are distributed,the spin polarized total density state (DOS) are ploted.As
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Table 3.4: Magnetic energy (∆E) and magnetic moment (µm)for Mn doped bi-

layer(BL) MoS2

supercell distance(d) impurity(%) ∆E (eV) µm(µB)

3X3X1 single 5.55 1.00

>> N 11.11 -0.192 2.13

>> NN 11.11 -0.232 2.000

>> NNN 11.11 -0.13046 1.83

>> updn(do) 11.11 -0.0085 2.00

>> updn(d1) 11.11 -0.0033 2.000

4X4X1 single 3.125 1.02

>> N 6.25 -0.2137 2.03

>> NN 6.25 -0.1690 2.00

>> NNN 6.25 -0.08217 2.06

>> updn(do) 6.25 -0.006 2.00

>> updn(d1) 6.25 -0.0025 2.00

5X5X1 N 4 -0.1654 2.00

shown in DOS plot in Fig .(3.9c) and energy band structure plot Figs.(3.11e) and

(3.11f) the system become magnetic and half metallic similar with doping a pair of

Mn in the same layer. This investigation will be base line for experimentalist to con-

trol magnetism of this system by doping transition metals regardless of where the

dopants are injected either same layer or different layer of BL MoS2,this also makes

the physics of system under investigation more interesting on to how two dopant in

different layers separated by∼ 8Å are communicating .

3.3.5 Mechanism of exchange interaction

Understanding mechanism of exchange interaction between dopants which sta-

bilize either ferromagnetism or anti ferromagnetism in doped system is other is-

sue [110],since there are two sub system, host with paramagnetic back ground and
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Fig. 3.8: Spin resolved total density of state for 4× 4× 1 and 3× 3× 1 ML MoS2 : (a)

Pure MoS2, (b) one-Mn-doped 4 × 4 × 1 MoS2 ML and (c) one Mn-doped 3 × 3 × 1

MoS2 ML respectively. The blue and red lines represent the spin-up and spin-down

components respectively.The zero energy represents the Fermi level.



3.3 Result and discussion 40

-100

-80

-60

-40

-20

 0

 20

 40

 60

 80

 100

-7 -6 -5 -4 -3 -2 -1  0  1  2  3

DO
S(

sta
tes

/eV
)

E-Ef(eV)

spin up pure BL MoS2
spin dn pure BL MoS2

(a)

-100

-80

-60

-40

-20

 0

 20

 40

 60

 80

-7 -6 -5 -4 -3 -2 -1  0  1  2  3

DO
s(S

tat
es

/eV
)

E-Ef(eV)

spin up 3.125 % Mn doped BL MoS2
spin dn 3.125% Mn doped BL MoS2

(b)

-80

-60

-40

-20

 0

 20

 40

 60

 80

-7 -6 -5 -4 -3 -2 -1  0  1  2  3

DO
S(

Sta
tes

/eV
)

E-Ef(eV)

spin up 6.25 % Mn doped BL MoS2
spin dn 6.25% Mn doped BL MoS2

(c)

-100

-80

-60

-40

-20

 0

 20

 40

 60

 80

-7 -6 -5 -4 -3 -2 -1  0  1  2  3

DO
S(

Sta
tes

/eV
)

E-Ef(eV)

 Spin up 6.25% Mn doped BL MoS2
Spin dn 6.25% Mn doped Bl MoS2

(d)

-50

-40

-30

-20

-10

 0

 10

 20

 30

 40

-7 -6 -5 -4 -3 -2 -1  0  1  2  3

DO
S(

Sta
tes

/eV
)

E-Ef(eV)

spin up 11.11 % Mn doped BL MoS2
spin dn 11.11% Mn doped BL MoS2

(e)

Fig. 3.9: Spin resolved total density of state for 4×4×1 and 3×3×1 BL MoS2:(a) pure

MoS2,(b)One-Mn-doped on upper layer of BL 4× 4× 1 MoS2 and (c)two Mn-doped

in upper layer of 4× 4× 1 BL MoS2 d)Two Mn-doped in different layers of 4× 4× 1

BL MoS2 ,e)Two Mn-doped in upper layer of 3× 3× 1 BL MoS2 respectively.
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Fig. 3.10: Band structure for 4×4×1 ML MoS2 : (a) and (b) pure MoS2, (c) and (d) one-

Mn-doped 4×4×1 ML MoS2 respectively. The blue and red lines represent the spin-

up and spin-down components respectively.The zero energy represents the Fermi

level.
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Fig. 3.11: Band structures of 4×4×1 BL MoS2 : (a) and (b) pure MoS2, (c) and (d) one-

Mn-doped in upper layer of BL MoS2,and (e) and (f) two-Mn-doped BL MoS2(in

different layers).The blue and red lines represent the spin-up and spin-down com-

ponents respectively.
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the system of doped magnetic ions these two sub systems interact with each oth-

ers. There are different competing magnetic interactions in doped system like Mn

doped MoS2 system. Based on Goodenough- Kanamori-Anderson rules [111, 112]

state that the magnetic ion-ligand-magnetic ion angle is 1800 of two magnetic ions

with partially filled d shells is strongly antiferromagnetic. Whereas the magnetic

ion-ligand-magnetic ion angle

is 900 is ferromagnetic superexchange based on the relaxed Mn impurity pair

form a Mn-S-Mn complex with a bond angle of 930 closer to 900 thus the Ander-

son Goodenough-Kanamori rule preferred magnetic alignment for two neighboring

Mn atoms is ferromagnetic which can be postulated as 3d state of Mn atom inter-

act antiferromagnetically with one of sulfur(S) atom 3p state then this state further

interact with other Mn 3d state ,in this way the two impurity-atoms communicate

ferromagnetically indirectly in the presence of mediating sulfur 3p state and with

aid of periodicity of crystals the process will be extended to entire the supercell.

3.3.6 Ferromagnetic transition temperature (Tc)

According to Weiss theory ferromagnetic materials contain in addition to any exter-

nal applied magnetic field Bex, an internal molecular field Bin which is proportional

to its magnetization

Bin = nWMs. (3.4)

where nw is molecular field constant whose origin can be understood by introduc-

ing the idea of Heisenberg exchange field. On the other hand, the spin Hamiltonian

of magnetic atoms localized at lattice site i,j is given by Heisenberg Hamiltonian

Ĥ = −2
∑
i>j

JijSi.Sj, (3.5)

where Jij is the exchange coupling constant for the spins of magnetic atoms on site

i and j ,and the summation is over all sites of magnetic atoms. Consider that the

magnetic moment of magnetic atom in doped system,are given by µi = gµBSi and
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assuming this moment interact with effective field (Bin) yields Hamiltonian,

Ĥ = gµBSiBin (3.6)

where g and µB are the Lande g factor and Bohr magneton, respectively. Equating

Eqs.(3.5) and (3.6),the molecular field Bin could be thus defined as

Bin = − 2

gµB

∑
j

JijSj (3.7)

The effective field as defined in Eq.(3.7) is complicated and depending on the neigh-

boring spin operators Si+δ .However mean field theory replaces this quantity with

its thermal average as

Bin ≈ −
2zJ0

gµB
< Sj > . (3.8)

Where J0 is exchange interaction of nearest pair of Transition metal(TM) spins and

related to the overlap of the charge distribution of nearest spins. On the other hand,

at finite temperature (T) the magnetization of TM atoms doped in MoS2 at site j

defined by

M = N〈µ〉 = −NgµB〈Sj〉 (3.9)

where N is the concentration of magnetic ions in system. Using Eq.(3.9) into Eq.(3.8)

we have

Bin =
2zJ0

Ng2µ2
B

M (3.10)

Comparing Eq.(3.4) and Eq.(3.10) we shall extract molecular field constant

nw =
2zJ0

Ng2µ2
B

(3.11)

After some mathematical steps magnetization at finite temperature in Eq.(3.9) can

be obtained as

M = N〈µ〉 = NgµBSBs(u), (3.12)

where Bs(u) is the Brillouin function and is defined by

Bs(u) =
2S + 1

2S
cot(

2S + 1

2S
)u− 1

2S
cot(

1

2S
)u,
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and u = gµBSBin
KBT

. Now using properties of Brillouin function,

Bs(u)u→0 =
S + 1

3S
u (3.13)

Substitution of Eq.(3.13) into Eq.(3.12) yields,

M ≈ Nµ2
Bg

2S(S + 1)Bin

3KBT
(3.14)

On the other hand,the magnetic susceptibility (molar) is defined as

χM =
M

B
=
Nµ2

Bg
2S(S + 1)

3KBT
(3.15)

Then the susceptibility obeys a Curie law ,

χM =
Cm
T

(3.16)

From Eqs.(3.15 and 3.16) we can extract Curie constant Cm =
Nµ2Bg

2S(S+1)

3KB
. Now con-

sidering the magnetization of ferromagnet for T > Tc in the presence of an external

magnetic field Bex . The magnetization M is described by

M =
Cm
T

(Bin +Bex) (3.17)

Using Eq.(3.4) into Eq.(3.17) after few rearrangement,we obtain the magnetic sus-

ceptibility χm as

χm =
M

Bex

=
Cm

T −Θ
. (3.18)

where Θ = nwCM is Curie-Weiss temperature.Θ = Tc in mean field theory and can

be found using the expression for Cw obtained in so far and nW as

KBTc =
2zJoS(S + 1)

3
. (3.19)

If the term S(S+1)and z is included in the exchange coupling constants as it is usu-

ally done when the J ′os are determined from first-principles calculations [113] and

Eq.(3.19) becomes

TcKB =
2

3
Jo (3.20)
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In addition to this in supercell approach exchange constant(J0) ,in Eq.(3.19) are re-

placed by magnetic energy (the energy difference between ferromagnetic(FM) and

antiferromagnetic(AFM )states) which can be obtained directly from first principle

calculation using spin polarized DFT.Therefore, using J = ∆E
Nimp

[114]into Eq.(3.19)

we have

3

2
TcKB = − ∆E

Nimp

. (3.21)

where ∆E=EFM-EAFM and Nimp is number of TM impurities doped in supercell.

Now using the value ∆E for first nearest neighbor impurity configurations(N) in ta-

ble .(3) and N=2, we have calculated Tc for ML and BL MoS2 doped system for differ-

ent impurity concentrations . However,it is well known that the magnetic ordering

in doped system is strongly influenced by percolation, thus mean-field approxima-

tion cannot capture this behavior and tends to overestimate Tc in these systems [44].

To overcome this,we made use of some empirical relation which connects the mean

field value critical temperature (TMFA
c ) with corrected critical temperature (T corrc ) as

TcorrC =(0.506)TMFA
c [115], where T corrc is exact (corrected) critical temperature calcu-

lated using Ising model for hexagonal lattice and TMFA
c is predicted critical tem-

perature using mean field theory as discussed earlier. The calculated result pre-

sented in table(3.5). As shown in table(3.5) the calculated Tc 5.5% Mn doped mono-

layer MoS2 found to have 299K in agreement with latest experimental observation of

room temperature Tc [109]. Moreover, for high concentration both in Mn doped ML

and BL MoS2 Tc exceeds the room temperature (RT) and a non monotonic behavior

of Tc is observed,Tc increases with Mn concentrations in a range of dilute limit (0

to 6.25 % ) and then decrease with further increasing Mn concentration above this

value (6.25 to 11.11%). Thus our result indicates that ferromagnetism in this sys-

tem is tunable by controlling the concentration of magnetic dopants (Mn). More-

over,ferromagnetism share some of properties of DMSs like Mn doped (III-V) [116].
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Table 3.5: The calculated ferromagnetic transition temperature Tc for Mn doped

monolayer(ML) and bilayer(BL) MoS2.

System impurity(%) ∆E (eV) TMFA
c (K) T corrc Experimental

ML MoS2 doped Mn 5.5 -0.153 591 299 300K [109]

>> 8.00 -0.163 630 319

>> 12.50 -0.210 811 410

>> 22.22 -0.184 711 360

BL MoS2 doped Mn 4.00 -0.166 641 324

>> 6.25 -0.214 827 418

>> 11.11 -0.192 742 38

3.3.7 Conclusion

In conclusion,we have shown that Mn dopant in ML and BL MoS2 are energetically

favorable to occupy the substitutional lattice site(Mo) under sulfur(S) rich regime

than Mo rich condition. It is found that Mn doping in ML and BL MoS2 induces

magnetism and turns semiconductor property of pure system to half metallic na-

ture with n-type of conductivity.

Besides, we found that the magnetic interaction between dopants in ML and Bl

MoS2 are always ferromagnetic irrespective of dopant configurations and concen-

trations and the strength of ferromagntism decays with atomic distance between

the dopants.

We also found that interlayer interaction in Mn doped BL MoS2 affects its magnetic

interaction between the dopants,this implies that the layer number may have an

important effect on magnetic properties of Mn-doped MoS2 system.

The calculated ferromagnetic transition temperature (Tc) in Mn doped ML and BL

MoS2 are found to be above room temperature (RT). Moreover, in ML phase Tc at

impurity concentration of 5.5 % is found to be 299K which is in reasonable agree-

ment with latest experimental observation of RT Tc in Mn doped system [109]. We
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propose ferromagnetic super exchange mechanism is primarily responsible for fer-

romagnetic interaction between a pair of dopants in nearest neighbor configura-

tion.

Based on our result, we suggest that Mn doped ML and BL MoS2 are promising can-

didates for 2D dilute magnetic semiconductors(DMSs) for high temperature spin-

tronics applications.



4

Electronic structure and Magnetic property of

Vanadium(V) doped monolayer and bilayer MoS2

4.1 Result and Discussion

4.1.1 Defect formation energy and structural stability

To understand relative stability of dopant atom (V) in ML and BL MoS2, dopant for-

mation energy (Eform) calculation are carried out using similar approach in chapter

three as

Eform = Etot(V,MoS2)− Etot(MoS2)−
∑
i

ni(µV − µMo). (4.1)

Where E(V,MoS2) and E(MoS2) are total energy of V doped and pure ML(BL) MoS2

respectively,ni is the corresponding number of species that have been added to or

removed from the super cell and µV and µMo are chemical potential of V and Mo re-

spectively. We have also considered both Mo rich and S rich condition for chemical

potential calculation of Mo. The calculated dopant formation energy for different

doping sites and dopant concentrations are summarized in table (4.1). As shown

from table (4.1) all calculated dopant formation energy are negative in both Mo

rich and S rich growth condition indicating that Vandium(V) doping on ML and BL

MoS2 for different configuration and dopant concentrations is energetically favor-

able in both S-rich and Mo-rich growth conditions and hence V dopants are strongly

bonded with host system(MoS2)orbitals which are actively involving in electronic

and magnetic properties .However,all calculated values under S-rich condition are

49
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(a) (b)

(c) (d)

Fig. 4.1: Optimized input structure of ML and BL MoS2: (a) top view pure ML MoS2

, (b) top view for one V doped ML MoS2, (c) top view for two V doped ML MoS2 and

(d) side view for two V doped in different layers of BL MoS2
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more negative than Mo-rich condition which reveals that V doping under S-rich

condition of ML and BL MoS2 is energetically more favorable than under Mo-rich

growth condition.

Table 4.1: Calculated values of formation energy (Eform(eV )) V doped ML and BL

MoS2 under Mo rich and S-rich condition
supercell doping site (Mo rich )EF (eV ) (S rich )EF (eV )

3× 3× 1 ML 1V -5.358 -8.017

>> N -3.538 -8.857

4× 4× 1 ML 1V -1.601 -4.260

>> N -3.416 -8.735

3× 3× 1 BL 1V -5.352 -8.012

>> N -10.635 -15.950

4× 4× 1 BL 1V -4.879 -7.539

>> N -3.246 -8.566

>> updn(d0) -10.739 -15.058

4.1.2 Electronic structure and magnetic properties of pure and single V

doped ML and BL MoS2

To investigate the effects of doping on the electronic and magnetic properties of ML

and BL MoS2,we considered models of 4×4×1 and 3×3×1 supercell in which one of

the Mo atoms of super cell is replaced by one of 3d TM (V),resulting concentration

of magnetic dopant 3.125 % and 5.555 % respectively in ML and 6.25 % and 11.11 %

BL MoS2 phase respectively. In terms of geometry,our DFT+U calculation for single

V doped ML and BL MoS2 shows that,the bond length of Mo-S dramatically short-

ens to 2.35 Å,as compared with value 2.41 Å of pristine MoS2 Fig.(4.1a) and (4.1b) but

maintain the original prismatic configuration which makes the candidates good for

applications in 2D materials. We now turn to investigate the magnetic properties

of the doped system,as seen from tables .(4.2) and (4.3) ,the total magnetic moment

within the super cell is 0.96 and 0.98 µB after introducing single V in 4×4×1 ML and

BL MoS2. Therefore, system become magnetic. To get detail about how the state is
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distributed we have plotted spin polarized total density of states (DOS) for pure and

single V doped 4× 4× 1 and 3× 3× 1 MoS2 supercells. As seen from Figs.(4.2a) and

Fig.(4.3a) ,the nature of DOS for up and down spin channels are symmetric for pure

ML and BL MoS2 system,thus symmetric behavior of up and down spin channel of

total DOS indicates that these materials bear non magnetic semiconductor nature.

However, after introducing single V in molybdenum(Mo) sites, the spin degener-

acy of the band structure is broken and the majority(spining up) states remain a

semiconductors whereas,in minority (spin down state) some additional peaks ap-

pear closer to valence band maximum (VBM) and some states cross Fermi level

as shown in Fig.(4.2b) and Fig.(4.4c) indicating metallic behavior of minority states

and which suggest that half metallic and magnetic behavior of over all system. On

the other hand,the shift of Fermi level to Valence band maximum(VBM) after in-

jection of V compared to pure MoS2 system reveals that V doping introduces holes(

p-type of conductivity). Similar behavior is also observed form DOS plot of single V

doped BL MoS2 Figs.4.3(a− d) except magnitude of band gap is suppressed in go-

ing from ML to BL due to confinement effect. In addition to this,the impurity states

broaden its size toward valence band minimum (VBM) with increasing impurity

concentration from 0 % to 11.11 % in ML doped system Fig.4.2(a− d) as well as BL

Fig.4.3(a− d),reflecting that magnetism in this system can be controlled by dopant

concentrations in broad agreement with properties of dilute magnetic semiconduc-

tors (DMS) like Mn doped GaAs [116, 117]. Further more, the energy band structure

plot for pure and single V doped ML and BL MoS2 supercell are displayed in Fig.(5).

It is clearly seen that VBM and CBM are located at K high symmetric points of hexag-

onal BZ for pure and doped ML MoS2 system Fig.(4a− 4d), indicating that the type

of band gap is direct in nature. On the other hand,in V doped ML MoS2,the Fermi

energy shifted down to VBM Figs.(4c) and (4d) compared to pure system which also

further confirm that p-type of semiconductor behavior of V doped ML MoS2 sys-

tem.In addition to this,the spin degeneracy in up state and down state is broken



4.1 Result and Discussion 53

see Figs.(4c) and (4d) and the system becomes magnetic. Contrary to ML MoS2 BL

MoS2 and its doped system is characterized by indirect band gap see Figs.4.4(e− h).

The origin of magnetism seems to be,an isolated vanadium(V) atom has a electron

configuration Ar (3d34s2) with one electron less than the molybdenum(Mo) atom

with electron configuration configuration Ar(4s23d104p645s24d4), hence substitution

of V with Mo introduces deficiency of single electron(hole).Thus hole wave func-

tion overlap with nearest neighbor sulfur p-orbitals and Mo d orbitals resulting in

calculated magnetic moment of∼ 1µB to system.

4.1.3 Magnetic interaction in monolayer and bilayer MoS2 doped pair of

Vanadium atoms

The magnetic interaction between dopants in doped ML and BL MoS2 system is

studied by calculating the magnetic energy (∆E), the total energy difference of the

two configurations (ferromagnetic (FM) and antiferromagnetic (AFM) at the same

impurity separation), as defined in Eq.(3.3) of chapter three. Employing model su-

percells: 4×4 × 1 and 3 × 3×1 with impurity concentrations of 6.25 % and 11.11 %

respectively up on doping a pair of magnetic impurity atoms (V) on its ML phase

and 3.25 % and 6.25 % BL phase respectively. Using those model supercells,We have

calculated ∆E for four possible impurity configurations: two V dopants in the same

layer and nearest neighbor configuration(N),two V dopants in the same layer and

second nearest neighbor configuration(NN),two V dopants in the same layer and

third nearest neighbor configuration(NNN) and two V dopants in different layers

and separated by equilibrium interlayer distance( d0=6.53Å) for Bl phase only.

The calculated results for pair of V doped MoS2 in its ML and BL phases respec-

tively are summarized in tables .(4.2) and .(4.3) .The magnetic energy(∆ E) for the

nearest neighbor(N) and third nearest neighbor (NNN) configuration are negative

for both ML and BL phases which reveals that ferromagnetic interaction is favor-

able in agreement with previous report on vanadium(V) doped ML MoS2 [105].



4.1 Result and Discussion 54

Table 4.2: Magnetic energy (∆E) and magnetic moment (µm),for V doped ML MoS2

supercell distance(d) impurity(%) ∆E(eV) µm (µB)

4× 4× 1 single 6.25 - 0.98

>> N 12.5 -0.1247 1.97

>> NN 12.5 0.00147 1.96

>> NNN 12.5 -0.0247 1.95

33X1 single 11.11 - 0.81

>> N 22.22 -0.1462 1.84

>> NN 22.22 0.0082 1.75

Table 4.3: Magnetic energy (∆E) and magnetic moment (µm),for V doped BL MoS2

supercell distance(d) impurity(%) ∆ E(eV) µm (µB)

4× 4× 1 single 3.125 0.96

>> N 6.25 -0.0958 1.23

>> up-dn 6.25 0.0065 1.48

3× 3× 1 single 5.55 0.81

>> N 11.11 -0.131 1.47

>> NN 11.11 0.029 1.28

>> NNN 11.11 -0.030 1.47

Whereas,second nearest neighbor configuration (NN) are positive for all cases in-

dicating that antiferromagnetic state is favorable. Therefore, unlike case of Mn

doped MoS2 system the magnetic interaction in V doped ML(BL) MoS2 osculates

from FM to AF depending on distance between a pair of dopants. However,in simi-

lar trend with Mn doped system in chapter three, the magnitude of ∆E is decreases

with increasing separation (moving from N to NNN ). In order to understand the

detail about ferromagnetic(FM) interaction between the two nearest neighbor (N)

V dopants in ML and BL MoS2 the total spin polarized density of states (DOS) are

plotted for first nearest neighbor(N) impurity configuration Fig.(4c) and our calcu-

lated result show that the dopants interact ferromagnetically . We further extend

investigation by doping pair of magnetic impurities in different layers of BL MoS2

,distance between impurities (d0=6.53 Å, see input structure Fig.(4.1d), the calcu-

lated magnetic energy ∆E = 0.006eV table .(4.3) which indicates that in contrast to
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Mn doped BL system,the magnetic ground state for two dopant placed different

layer are antiferromagnetic. We further investigate the role of interlayer interaction

in BL MoS2 on its possible magnetic interaction(FM/AF) by making comparison of

magnetic energy ∆ E of pair of Vanadium(V) doped monolayer(ML) MoS2 with its

corresponding bilayer(BL) using model supercells. The results are also summarized

in tables .(4.2) and (4.3) respectively. For instance ,the calculated magnetic energy

(∆E) are -0.1247,and-0.1462 eV for a pair of V doping in first nearest neighbor con-

figurations(N) in 4× 4× 1 and 3× 3× 1 ML MoS2 supercells respectively table (4.2).

Whereas -0.0958 and -0.131 eV for a pair of Vanadium doping in nearest neighbor

configuration(N) in 4 × 4 × 1 and 3 × 3 × 1 BL MoS2 supercells respectively, ta-

ble (4.3). Hence,the results show that ferromagnetism is more stable in Vanadium

doped monolayer(ML) MoS2 than BL MoS2. The origin of discrepancy in magnetic

energy,∆E, seems to be from interlayer interaction in BL MoS2 . Therefore,we re-

port that interlayer interaction in V doped BL MoS2 system affects the magnetic in-

teraction between dopants More recently ,similar finding has been reported in iron

doped BL MoS2 [47]. Interestingly,the role of interlayer interaction on magnetic in-

teraction of Mn doped BL MoS2 are quite different from V doped BL MoS2 system

since the former becomes more ferromagnetic in the presence of interlayer interac-

tion (on going from monolayer to bilayer) whereas the later becomes antiferromag-

netic on going from monolayer to bilayer, this makes the physics of system under

investigation more interesting. We note that ,this should not be surprised since the

magnetic interaction even well studied DMSs are not well understood due to differ-

ent computing interactions in doped system as mentioned in literature part of this

work. Finally, based on Goodenough-Kanamori-Anderson rules discussed in sec-

tion three,thus bond angle (V-S-V) calculated 850 which is closer to 900 ensures that

ferromagnetic super exchange interaction is primarily responsible for magnetic in-

teraction in nearest neighbor dopants. But also superexchange interaction may sta-

bilize ferromagnetic or antiferromaggnetic ground state for two magnetic dopoants
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based on magnetic ion-legand-magnetic ion configurations [101, 102].

4.1.4 Ferromagnetic transition temperature (Tc) for Vanadium doped mono-

layer and bilayer MoS2

Curie temperature (TC) below which the system develops a long-range ferromag-

netic ordering are estimated using expression 3
2
kBTc = −∆E

N
,as discussed in chapter

three in detail .Using the value ∆ E calculated from DFT+U formalism for first near-

est neighbor impurity configurations(N) in tables (4.2) and (4.3) and N=2 number

of vanadium atom introduced in ML and BL MoS2 system, we have calculated Tc for

monolayer(ML) and bilayer(BL) MoS2 doped system for different impurity concen-

trations.The calculated Tc using mean field theory and corrected are summarized in

table (4.4),our result reveals that,at high concentration of magnetic impurity (22.22

%) for V doped ML MoS2 are found to be closer to room temperature. Moreover

Tc increases with doping concentrations for both V doped monolayer(ML) and bi-

layer(BL) phases, indicating that ferromagnetism in this system is tunable by con-

trolling the concentration of magnetic dopants (V).Therefore ,our result endorses

that V doped ML and BL MoS2 other 2D dilute magnetic semiconductors(DMS) for

spintronics applications.

Table 4.4: The calculated ferromagnetic transition temperature Tc for pair of V

doped ML and BL MoS2

System impurity(%) ∆E(eV) TMFA
c (K) Tcorc (K)

V doped BL MoS2 6.25 -0.966 371 187

>> 11.11 -0.131 506 256

V doped ML MoS2 12.5 -0.125 479 242

>> 22.22 -0.147 564 285
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Fig. 4.2: Spin resolved density of state for 4× 4× 1 and 3× 3× 1 ML MoS2: (a) pure

,b)one-V-doped 4× 4× 1 ML MoS2, c) one V-doped 3× 3× 1 ML MoS2 respectively.

The blue and red lines represent the spin-up and spin-down components respec-

tively.The zero energy represents the Fermi level.



4.2 Conclusion 58

-100

-80

-60

-40

-20

 0

 20

 40

 60

 80

 100

-7 -6 -5 -4 -3 -2 -1  0  1  2  3  4
DO

S(
sta

tes
/eV

)
E-Ef(eV)

Spin up pure BL Mos2
spin dn pure BL Mos2

(a)

-80

-60

-40

-20

 0

 20

 40

 60

 80

-7 -6 -5 -4 -3 -2 -1  0  1  2  3  4

DO
S(

sta
tes

/eV
)

E-Ef(eV)

Spin up 3.125% V doped BL Mos2
spin dn 3.125% V doped  BL Mos2

(b)

-50

-40

-30

-20

-10

 0

 10

 20

 30

 40

 50

-7 -6 -5 -4 -3 -2 -1  0  1  2  3  4

DO
S(

sta
tes

/eV
)

E-Ef(eV)

Spin up 5.5% V doped BL Mos2
spin dn 5.5% V doped  BL Mos2

(c)

-50

-40

-30

-20

-10

 0

 10

 20

 30

 40

 50

-7 -6 -5 -4 -3 -2 -1  0  1  2  3  4

DO
S(

sta
tes

/eV
)

E-Ef(eV)

Spin up 11.11% V doped BL Mos2
spin dn 11.11% V doped  BL Mos2

(d)

Fig. 4.3: Spin resolved density of state for 4× 4× 1 and 3× 3× 1 MoS2 (BL): (a) pure

MoS2, (b) one-V-doped 4 × 4 × 1 MoS2 BL , (c) one-V-doped 3 × 3 × 1 BL MoS2 and

(d) two V-doped 3× 3× 1 BL MoS2 respectively. The blue and red lines represent the

spin-up and spin-down components, respectively. The zero energy represents the

Fermi level.
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Fig. 4.4: Band structures of 4 × 4 × 1 ML and BL MoS2 supercell: (a) and (b) pure

ML MoS2, (c) and (d) one-V-doped ML MoS2 , (e) and (f) pure BL MoS2, (g) and (h)

one-V-doped BL MoS2 respectively .The blue and red lines represent the spin-up

and spin-down components respectively
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4.2 Conclusion

In conclusion, we have shown that Vanadium(V) dopant in monolayer(ML) and bi-

layer(BL) MoS2 are more energetically favorable to occupy the substitutional lattice

site(Mo) both S- and Mo for all impurity configurations.

The injection of vanadium atom in Mo site introduces magnetism and turns semi-

conductor behavior of host MoS2 to half metallic nature.

The magnetic interaction between a pair of dopants (V atoms) in doped monolayer

and bilayer MoS2 oscillates from ferromagnet to antiferromagnet depending on the

separation between dopants.

We have also found that interlayer interaction in V doped bilayer MoS2 affects its

magnetic properties.The calculated Tc show that,Tc increases with increasing dopant

concentration. Based on our result, we suggest Vanadium doped monolayer and

bilayer MoS2 are promising candidates for nearly room temperature 2D dilute mag-

netic semiconductor for spintronics applications.



5

Valley and Spin Hall effect in doped monolayer MoS2

5.1 Theoretical Model

We consider effective tight binding model in the vicinity ofK+ andK− valleys of 2D

hexagonal MoS2 Brillouin zone including spin orbital coupling originate from tran-

sition metal element Mo 4d states and the dopant introduced Hamiltonian.In sym-

metry based three band tight binding(TB) model,the conduction bands are domi-

nated by 4dz2,and the valance bands are dominated 4dxy and 4dx2 − y2 as shown in

Fig.(5.1) .Since three band TB model is enough to capture the band-edge properties

in the vicinity of K± valleys [85–87] including energy dispersions, Berry curvature as

well as Valley Hall and spin Hall conductivity [118]. Therefore,it is convenient to use

this model to study desired properties in the vicinity of those valleys.

(a) (b)

Fig. 5.1: The color on line: the left panel 2D first Brillouin zone with special k points.
b1 and b2 are the reciprocal basis vectors. The two inequivalent valleys K and K−

are shown in black and their equivalent counterparts in gray,the right panel atomic
orbitals weights in the energy bands of MoS2

61
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Thus our Hamiltonian is of the form of

Ĥ = Ĥk.p + ĤSo + Ĥdop
exc . (5.1)

Following [118,119] the low energy effective Hamiltonian in K.P theory of the system

reads

Ĥk.p = at(ντxkx + τyky) + ∆mτz.

and spin-orbital term Hamiltonian can be written as

Ĥso = νλso(1− τz)sz.

whereas special contribution originating from dopant magnetic exchange energy

are assumed to be

Ĥdop
ex = −νszhexσz.

Here Ĥdop
exc is magnetic dopant( Mn,V )induced magnetic exchange energy is the en-

ergy splitting resulting from exchange interaction between dopants. Thus our ap-

proach is based on mean field treatment and magnetization along perpendicular to

kx and ky plane or along z axis(along the direction of quantization) . Here t and a

are first order valence(conduction) band effective hopping and lattice constant for

MoS2 respectively ∆m and λso are mass correction for Dirac Hamiltonian and spin-

orbit coupling parameter which is also linear in k respectively. Where as ν = ±1

designates the value index for K±,τx,y,z and σx,y,z are Pauli matrices in lattice space

and spin space respectively. Paul Dirac matrices, σ̂x ,σ̂y and σ̂z are given by

σ̂x =

 0 1

1 0

 , σ̂y =

 0 −i

i 0

 , σ̂z =

 1 0

0 −1

 . (5.2)

Upon substitution of Eq.(5.2) into Eq. (5.1),the matrix form of Hamiltonian read,

Ĥ(k) =

 ∆m − νszhex atkν−

atkν+ νsz(hex − λso)−∆m

 . (5.3)
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where we have introduced short notation kν− = kxν − iky and its complex conju-

gate kν+ = kxν + iky .The energy eigen function of Hamiltonian in Eq.(5.3) can be

expressed in terms of product of periodic part(Bloch wave) and plane wave as

Ψp(k) =
1√
A
exp(ik.r)uvp(k), (5.4)

where A is area of the two dimensional system and 1√
A
exp(ik.r) is the plane wave

solution corresponding to kinetic (hopping term) of Hamiltonian in Eq.(5.1) and

uνs(k) is periodic part of Bloch state can be written as two component way consider-

ing spin-resolved form of the wave function as

uνp(k) =

 cap(k)

cbp(k)

 , (5.5)

where ,cofficient cap(k) and cbp(k) are determined after solving eigenvalue equation

By diagonalizing the Hamiltonian given in Eq. (5.3), we obtain the eigenvalues

ζνp (k) = −νsz
1

2
λso + p

√(
∆m + ν sz(

1

2
λso − hex)

)2

+ a2t2k2. (5.6)

Here (p = ±) designates conduction and valence band index respectively. After se-

ries of mathematical operation, the corresponding normalized eigenfunctions are

obtained as

ψνp(k) =
exp(ik.r)

W

 at(νkx − iky)

ζνp (k) + νsz(hex −∆m)

 , (5.7)

where

W =

√(
νsz(hex −

1

2
λso)−∆m + pDν

sz(k)

)2

+ a2t2k2. (5.8)

Dν
sz(k) =

√(
∆m + νsz(

1

2
λso − νhex)

)2

+ a2t2k2. (5.9)

Eigen vector in Eq.(5.9) can be rewritten in the terms of phase angle as

|ψνp(k)〉 =
exp(ik.r)

W

 ate−iγν

ζνp (k) + νsz(hex −∆m),

 (5.10)
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where Arctan (γ) = ky
νkx

, which denotes the direction angle of k and its complex

conjugate will be

〈ψνp(k)|= exp(−ik.r)
W

(
ateiγν , ζνp (k) + νsz(hex −∆m)

)
. (5.11)

5.2 Berry potential

The Gauge invariant quantity, Berry potential in momentum space along α, β and γ

where α, β and γ designates x,y and z coordinate system respectively were defined

in terms of periodic spinor Bloch state and in band n and in parametric space R is

defined as [120].

An(R) = i〈n(R)|5R|n(R)〉 (5.12)

In Eq.(5.12)5R is a short form of notation for ∂
∂R

,where R is parameter which char-

acterize the Hamiltonian ,〈n(R)| and its complex conjugate are periodic part of

Bloch state related to lattice periodicity in real crystal. Now, letting wave vector (k

in the reciprocal-space(Brillouin zone) play the role of the parameter R and using

the periodic part of normalized eigen vectors obtained in section (5.1),the Berry po-

tential for doped monolayer MoS2 along kx,ky and kz where kx,ky and kz designates

wave vectors along x,y,z in the vicinity of K± valleys

Aνp,x(k) = i〈uνp(k)|5kx |uνp(k)〉 (5.13)

Aνp,y(k) = i〈uνp(k)|5ky |upp(k)〉 (5.14)

Ap,z(k) = i〈up(k)|5kz |up(k)〉 (5.15)

Where,5kx ,5ky and5kz are short form of notation for ∂
∂kx

, ∂
∂ky

and ∂
∂kz

respectively

,and |uνp(k)〉 and 〈uνp(k) are the periodic part of Eqs.(5.10 ) and 5.(11) respectively.up

on substitution of those Eqs. (5.10) and (5.11) into Eqs.5.(13-15) and after some

mathematical manipulation we have obtained that

Aνp,x = p
νa2t2(kx + kν+)(

νsz(hex − 1
2
λso)2 −∆m + pDν

sz(k)

)2

+ a2t2k2

(5.16)
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Aνp,y = −
a2t2(pky − ikν+)(

νsz(hex − 1
2
λso)2 −∆m + pDν

sz(k)

)2

+ a2t2k2

(5.17)

and Az = 0,since we are considering 2D case ,the wave function 〈us(k)| and |us(k)〉

are independent of wave vector along z (kz)

5.2.1 Berry curvature in the vicinity of K− and K+ Valleys of doped Mono-
layer MoS2

The general expression for Berry curvature ,analogical with real space magnetic

field( B),along eγ or along perpendicular to α and β plane is found to be

~Ωn
α,β = −2Im

∑
m 6=n

〈un(k)|∇αĤ(k)|um(k)〉〈um(k)|∇βĤ(k)|un(k)〉
(εmk − εnk)2

eγ. (5.18)

For detail derivation see appendix A.1 of this dissertation.

Eq.(5.18) is general expression for K-space Berry curvature in 2D system. Now facil-

itating this expression to Berry curvature along z-axis(meaning carriers lied in x and

y plane of hexagonal lattice, whose spin polarization is along z axis),for transitions

metal(TM) doped MoS2 in the vicinity of K− and K+ hexagonal Brillouin zone (BZ)

using eigenvalues and eigenvectors obtained so far in section 5.1. Therefore,making

transformation, εnk − εmk → ζν+(k) − ζν−(k),∇α −→ ∂
∂kx

and ∇β −→ ∂
∂ky

using those

variable changes in Eq.(5.18) we shall rewrite Berry curvature for upper band,CBM,

and VBM in the vicinity of K− and K+ valleys as

Ων
x,y(z) = −2Im

〈uν+(k)| ∂
∂kx

(Ĥ(k))|uν−(k)〉〈uν−(k)| ∂
∂ky

(Ĥ(k))|uν+(k)〉
(ζν+(k)− ζν−(k))2

ez. (5.19)

using orthogonality relation we can have |uν+(k)〉〈uν+(k)|= |uν−(k)〉〈uν−(k)|= 1 from

Eq.(5.19) and rewrite it as spin splited form,

Ων
+(z) = −2Im

〈uν+(k)| ∂
∂kx

Ĥ(k) ∂
∂ky
Ĥ(k)|uν+(k)〉

(ζν+(k)− ζν−(k))2
ez. (5.20)

Ων
−(z) = −2Im

〈uν−(k)| ∂
∂kx

Ĥ(k) ∂
∂ky
Ĥ(k)|uν−(k)〉

(ζν−(k)− ζν+(k))2
ez. (5.21)

The velocity operator along x,y and z can be obtained either using v̂x,y,z = 1
i~ [r,H]

or using the relation between wave vector dependent Hamiltonian (Ĥ(k)) and mo-

mentum operator (p̂) as, v̂x,y,z = ∂Ĥ(k)
∂p̂

= ∂Ĥ(k)

~∂ ˆkx,y,z
and using the model Hamiltonian in
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Eq.(5.1) x,y components of velocity operators obtained as

v̂x =
∂Ĥ(k)

~∂k̂
= ν

1

~
atτ̂x (5.22)

v̂y =
∂Ĥ(k)

~∂k̂
=

1

~
atτ̂y (5.23)

Substituting Eqs.(5.22 and 5.23 ) into Eq.(5.19) together with simple manipulation

,yields the Berry curvature for upper and lower band (±) as,

Ω±x,y = ∓ νa2t2

~2D2
szν

ez, (5.24)

where Dν
sz(k) =

√(
∆m + νsz(

1
2
υλso − hex)

)2

+ a2t2k2. In Eq.(5.24) ez is unit vector

along Z axis, to obtain the expression ez explicitly ,we introduce three dimensional

unit vector along x,y and z in two dimensional plane in k space in terms of eigen-

values as follows

n̂(k) = { νatkx
Dν
sz(k)

,
atky
Dν
sz(k)

,
∆m + szν(1

2
λso − hex)

Dν
sz(k)

}. (5.25)

Using Eqs.(5.25) into Eq.(5.24), we found

Ωp
ν(z) = −pν

a2t2(∆m + νsz(
1
2
λso − hex)

2Dν
sz(k)3

. (5.26)

Wher p = ±1,p=1 for conduction band curvature and p=-1 for valnce band curva-

ture.In the same valley, the Berry curvature is dependent on spin through the spin-

dependent band gap:(∆m + sz(ν
1
2
λso− νM), sz = + for spin up electrons(holes) and

sz = −1 for spin down electrons(holes).

5.3 The Kubo formula and Anomalous Hall Conductivity

Starting from linear response theory,the most general form of Quantum Kubo for-

mula for current-Current correlated system is found to be

σµv(q,$)) =
i~
V d

∑
n,m

〈
f(En)− f(Em)

(En − Em)(En − Em + ~(ω + iη)
Jnmµ (q)Jmnv (−q)

〉
c

. (5.27)

for detail derivation see appendix B. Where,〈〉C impurity averaging. However,the

anomalous Hall conductivity related with Berry phase(curvature) is believed to be
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intrinsic properties of carriers due to spin-orbit (SO) interaction and magnetic tex-

ture in system under the consideration. Therefore,at low impurity concentration(dilute

limit)impurity averaging (disorder effect is not considerable here).Hence it is con-

venient to remove impurity varying from expression (5.27) and rewrite it as ,

~σα,β(ω) =
lim

η → 0+

~
V d

∑
n

∑
m

(fn − fm)

εm − εn
.Im

〈n|Ĵα|m〉〈m|Ĵβ|n〉
(εn − εm) + ~(ω + iη)

. (5.28)

Here,V is volume of system,d is the dimensionality |n〉is basis of eigenvectors of

the one particle Hamiltonian Ĥ of eigenvalues εn i.e Ĥ|n〉 = εn|n〉, fn and fm are

Fermi Dirac distribution function respectively given by fn = 1
1+exp( εn−µ

KBT
)

andfm =

1
1+exp( εm−µ

KBT
)
,Ĵα and Ĵβ are single particle current operators given by Ĵα = qv̂α and

Ĵβ = qv̂β.

Now we specialize Eq.(5.28),for system of two dimensional spin polarized mono-

layer(ML) MoS2 DMSs subjected to spin-orbit coupling resulted from TM (Mo atom)

and exchange field (hex) introduced by substitution of Mo atom by magnetic dopant

(Mn,V). a particular,we employ the following variables change n → fζν+(k) and fm →

fζν−(k) , 〈n| −→ 〈ψν+,k′| and |m〉 → ψν−,k′〉 .In addition to this, for clean sample making

η = 0 and static limit (ω = 0) Eq.(5.28) can be rewritten as,

~σα,β =
~q2

V d

∑
kk′

∑
n6=m

(fζν+(k) − fζν−(k′)).Im
〈ψν+,k′|v̂α|ψν−,k〉〈ψν−,k|v̂β|ψν+,k′〉

(ζν−(k)− ζν+(k))2
. (5.29)

After mathematical operation together with simplification for k = k′, Eq.(5.29) will

be rewritten in terms of periodic part of wave function as

σα,β =
q2

~V d

∑
k

(fεkm − fεkn).

(
Im

∑
n 6=m

〈unk|∇αĤ(k)|ukm〉〈umk|∇βĤ(k)|unk〉
(εkm − εkn)2

)
(5.30)

Therefore,z components of Anomalous Hall conductivity can be written in terms of

unit vector along ez as

σνx,y(z) =
q2

~V d

∑
k

(fζν−(k) − fζν+(k)).

(
Im

∑
+ 6=−

〈uν+k|∇xĤ(k)|uνk−〉〈uν−,k|∇yĤ(k)|uν+k〉
(ζν−(k)− ζν+(k))2

)
ez

(5.31)
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On account of Eq.(5.19),right side of Eq.( 5.31) inside the bracket gives (−Ωn(γ)
2

)

.Thus Eq.(5.31) becomes,

σpν(z) = − q2

2~V
∑
k

(f(ζk− ) − f(ζk+ ))Ω
p
ν(z) (5.32)

This recovers the conductance formula in terms of the Berry curvature,the intrinsic

Anomalous Hall conductance is sum of Berry curvature of all occupied states .Here

after we replace the band idices n via ± = p which designates conduction/valance

band respectively in the vicinity ofK+andK− valleys indexed by ν .Eq. (5.32) rewrit-

ten as both spin and Valley split form:

σpAHC(z) =
q2

2~V
∑
k

(f(ζk+ ) − f(ζk− )Ω
p
νSz

(z)). (5.33)

Considering the presence of many atoms in system under consideration ( continu-

ous limit) it is convenient to replace summation in Eq.(5.33) into integration

∑
k

→ V D

∫
dDk

(2π)D
(5.34)

For 2D case ∑
k

→ V 2

∫
d2k

(2π)2
(5.35)

Using Eq.(5.35) into Eq.(5.33) and Considering spherical symmetry in which carriers

propagating d2k can be rewritten as d2k =
∫ 2π

o
dφ
∫
kdk = 4π

∫
kdk,thus Eq.(5.33)

becomes

σpAHC =
q2

2h

∫
(f(ζk+ ) − f(ζk− )Ω

p
νsz(z))kdk (5.36)

5.4 Spin and valley Hall Conductivity

Following [118] spin Hall conductivity and valley Hall conductivity can be defined

by

σspin(z) =
∑
ν

(σ(ν, ↑)− σ(ν, ↓) (5.37)

σvalley(z) =
∑
sz

(σ(ν = +, sz)− σ(ν = −1, sz) (5.38)

After rearranging we shall obtain



5.4 Spin and valley Hall Conductivity 69

σspin(z) = ((σ+
↑ (z)− σ+

↓ (z)) + ((σ−↑ (z)− σ−↓ (z)). (5.39)

σvalley(z) = ((σ+
↑ (z) + σ+

↓ (z))− ((σ−↑ (z) + σ−↓ (z)). (5.40)

Where± designates short notation for K+ and K− valleys respectively and both spin

and valley split form of anomalous Hall conductivity, ,σ±↑,↓ ,are evaluated by making

use of Eq.(5.36). To calculate total valley and spin Hall conductivity using Eqs.(5.39)

and (5.40) together with Eq.(5.36), we have considered different limiting cases based

on temperature dependence and state occupancy based Fermi Dirac distribution

function.

5.4.1 Spin and Valley Hall conductivity in ML MoS2 when Fermi level is in
the gap

At absolute zero,T=0K, in undoped ML MoS2 system all electron states below the

Fermi level will contribute (i.e.,it is a Fermi sea property)to Anomalous Hall conduc-

tivity and we can assume that the upper band is empty,since the system is gaped,the

temperature is null and Fermi energy µ lies in the gap. Therefore,in this limit it is

convenient to use the following logical approximation for f(ζk±)
entering in Eq.(5.36)

as, ζk+ >> εF and ζk− << εF

For upper band ζk+ >> εF

f(Ek+) =
1

1 + expβ(ζk+ − εF )

f(ζk+) =
1

1 + e∞
= 0 (5.41)

For lower occupied band ζk− << εF

f(ζk−) =
1

1 + expβ(Ek− − εF )

f(ζk−) =
1

1 + e−∞)
= 1 (5.42)

Therefore,using Eqs.(5.41) and (5.42) into Eq.(5.36) ,~σAH(z)

σpν(z) = − q
2

2h

∫
Ωp
νsz(z)kdk (5.43)
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Now up on substituting Eq.(5.26) into Eq.(5.43),we have

σpν(z) =
pνq2

2h
(∆m + νsz(

1

2
λso − hex))

∫ ∞
0

a2t2kdk

2

(
(∆m + νsz(

1
2
υλso − hex))2 + a2t2k2

) 3
2

.

(5.44)

Anomalous Hall conductivity in the vicinity of K+ valleys in occupied valance band

,for spin up electrons(holes) σ+
↑ can be calculated using ν = 1 ,p=-1,sz = 1 in Eq.

(5.44)

σ+
↑ (z) = − q

2

2h
(∆m + (

1

2
λso − hex)

∫ ∞
0

a2t2kdk

2

(
(∆m + (1

2
λso − hex))2 + a2t2k2

) 3
2

. (5.45)

letting u = (∆m + 1
2
υλso − hex)

2 + a2t2k2 and du = 2a2t2kdk,integral in Eq.(5.45)

evaluated to give,

σ+
↑ (z) = +

q2

h
(∆m + (

1

2
λso − hex)

(
1√
u(∞)

− 1√
u(0)

)
,

σ+
↑ (z) = −q

2

h

(
(∆m + (1

2
λso − hex)√
u(0)

)
,

⇒ σ+
↑ (z) = −q

2

h
, (5.46)

whereas,substitution of ν = 1,p=-1,sz = −1 into eq.(5.44) and after similar mathe-

matical manipulation expression for σ+
↓ (z) obtained as

⇒ σ+
↓ (z) = −q

2

h
. (5.47)

Similarly anomalous Hall conductivity in the vicinity ofK− valleys in occupied valance

band ,for spin up and spin down electrons(holes) σ−↑(↓) respectively can be calculated

by substituting ν = −,p=-1,sz = ±1 in eq. (5.44) and after straight forward algebra

σ−↑ (z) =
q2

h
. (5.48)

σ−↓ (z) =
q2

h
, (5.49)

spin Hall conductivity and Valley Hall conductivity respectively are obtained by sub-

stituting Eqs.(5.46-5.49) into Eq.(5.39) and Eq.(5.40)

σspin(z) = 0. (5.50)
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σvalley(z) = −4
q2

h
. (5.51)

5.4.2 Spin and Valley Hall conductivity in Mn doped ML MoS2 at T=0

From DFT result we have found that Mn doped ML MoS2 the Fermi level shift to

conduction band .Therefore,in this limit both spin hall and valley hall conductivity

should be calculated by taking consideration of both occupied band from (−∞ to 0

plus the conduction band until (εF ) or (kF ).Hence in this limit Eq.(5.36) rewritten as

,

σpAHC(z) =
q2

2~V
∑

−∞<k<0

(f(ζk+ )Ω
p
νSz

(z)−
∑

0<KF

(f(ζk− )Ω
p
νSz

(z). (5.52)

Using Eqs.(5.41) and (5.69) and after transforming summation into integration

σpAHC(z) =
q2

2h

∫ 0

−∞
Ωp
νSz

(z)−
∫ kF

0

Ωp
νSz

(z) (5.53)

substituting Eq.(5.26) into Eq.(5.53) yields

σpνsz(z) = −pνq
2

2h
(∆m + νsz(

1

2
λso − hex)

∫ 0

−∞

a2t2kdk

2

(
(∆m + νsz(

1
2
λso − hex))2 + a2t2k2

) 3
2

+
pνq2

2h
(∆m + νsz(

1

2
λso − hex)

∫ kF

0

a2t2kdk

2

(
(∆m + νsz(

1
2
λso − hex))2 + a2t2k2

) 3
2

. (5.54)

Hence for Mn-doped ML MoS2 (n-doped ) σ+
↑ (z), σ+

↓ (z), σ−↑ (z) and σ−↓ (z) are evalu-

ated by varying the values of ν and sz in Eq.(5.54). To evaluate σ+
↑ from Eq.(5.54) we

use ν = 1, sz = 1 ,p=-1 for the first term and p=1 for the second part

σ+
↑ (z) =

q2

2h
(∆m +

1

2
λso − hex)

∫ 0

−∞

a2t2kdk

2

(
(∆m + 1

2
λso − hex)2 + a2t2k2

) 3
2

+
q2

2h
(∆m +

1

2
λso − hex)

∫ kF

0

a2t2kdk

2

(
(∆m + (1

2
λso − hex)2 + a2t2k2

) 3
2

. (5.55)

letting u = (∆m + (1
2
λso−hex)2 + a2t2k2 and du = 2a2t2kdk,integral in Eq.(5.57) yields

σ+
↑ (z) = −q

2

h
∆m +

1

2
λso − hex

(
1√
u(0)

− 1√
u(−∞)

+
1√
u(kF )

− 1√
u(0)

)
.
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= −q
2

h

(
∆m + 1

2
λso − hex√
u(kF )

)
.

⇒ σ+
↑ (z) = −q

2

h

∆m + 1
2
λso − hex√

(∆m + 1
2
λso − hex)2 + a2t2k2

F

. (5.56)

Similarly substitution of ν = 1, sz = −1,results expression for spin down electrons

in in the vicinity of K+ valleys as

σ+
↓ (z) =

q2

2h
∆m −

1

2
hex − λso)

∫ 0

−∞

a2t2kdk

2

(
(∆m − (1

2
hex − λso))2 + a2t2k2

) 3
2

+
q2

2h
(∆m +

1

2
λso − hex)

∫ kF

0

a2t2kdk

2

(
(∆m + 1

2
λso − hex))2 + a2t2k2

) 3
2

(5.57)

letting u = (∆m + hex − 1
2
λso)

2 + a2t2k2 and du = 2a2t2kdk integral in eq.(5.55) yields

σ+
↓ (z) = −q

2

h
(∆m + hex −

1

2
λso)

(
1√
u(0)

− 1√
u(−∞)

+
1√
u(kF )

− 1√
u(0)

)

= −q
2

h

(
(∆m + hex − 1

2
λso)√

u(kF )

)

⇒ σ+
↓ (z) = −q

2

h

(∆m + hex − 1
2
λso)√

(∆m + hex − 1
2
λso)2 + a2t2k2

F

. (5.58)

Following the same procedure ,σ−↑ (z) and σ−↓ (z) are found to be,

σ−↑ (z) =
q2

h

(∆m + hex − 1
2
λso)√

(∆m + hex − 1
2
λso)2 + a2t2k2

F

. (5.59)

σ−↓ (z) =
q2

h

(∆m + 1
2
λso − hex)√

(∆m + 1
2
λso − hex)2 + a2t2k2

F

. (5.60)

Spin Hall conductivities for the Fermi level in the conduction band at zero temper-

ature can be obtained as by substituting Eqs.(5.56-5.60)) into Eq.(5.39)

σspin(z) = −q
2

h

(
∆m + 1

2
λso − hex√

(∆m + 1
2
λso − hex)2 + a2t2k2

F

−
(∆m + hex − 1

2
λso)√

(∆m + hex − 1
2
λso)2 + a2t2k2

F

)
.

+
q2

h

(
(∆m + hex − 1

2
λso)√

(∆m + hex − 1
2
λso)2 + a2t2k2

F

−
(∆m + 1

2
λso − hex)√

(∆m + 1
2
λso − hex)2 + a2t2k2

F

)
(5.61)
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which can be rewritten as more compact form,

σspin(z) =
2q2

h

(
(∆m + hex − 1

2
λso)√

(∆m + hex − 1
2
λso)2 + a2t2k2

F

−
∆m + 1

2
λso − hex√

(∆m + 1
2
λso − hex)2 + a2t2k2

F

)
.

(5.62)

Finally Valley Hall conductivity can be calculated by making use of those Eqs.(5.56-

5.60) into Eq.(40),

σvalley(z) = −q
2

h

(
∆m + 1

2
λso − hex√

(∆m + 1
2
λso − hex)2 + a2t2k2

F

+
(∆m + hex − 1

2
λso)√

(∆m + hex − 1
2
λso)2 + a2t2k2

F

)
.

−q
2

h

(
(∆m + hex − 1

2
λso)√

(∆m + hex − 1
2
λso)2 + a2t2k2

F

+
(∆m + 1

2
λso − hex)√

(∆m + 1
2
λso − hex)2 + a2t2k2

F

)
After rearranging we have,

σvalley(z) = −2q2

h

(
(∆m + hex − 1

2
λso)√

(∆m + hex − 1
2
λso)2 + a2t2k2

F

+
∆m + 1

2
λso − hex√

(∆m + 1
2
λso − hex)2 + a2t2k2

F

)
.

(5.63)

5.5 Discussion

First, we discuss the energy eigenvalues obtained in Eq. (5.7) for the K± point to

explore the effect of dopant introduced magnetic exchange field(hex) on low energy

band structure. The energy is plotted as a function of dimensionless wave num-

ber (ka
π

) in Fig. (5.2). In Figs. (5.2a) and (5.2b), we found that for zero spin-orbital

coupling (lo=0) and zero dopant introduced exchange field (hex=0),both bands (K+

and K−) valleys are degenerate. On the other hand,for nonzero spin-orbit coupling

and zero exchange field Fig.(4c) and (4b),conduction band K+ point eigenvalues

are identical to those of the K− point if spin up and down are exchanged but the

degeneracy in valence band hole state in K+ and K− valleys are lifted due to spin-

orbital coupling resulting from transition metal(Mo) orbitals. However,for finite

spin-orbit coupling(lo) and finite dopant introduced exchange field degeneracy in

both valance band holes and conduction band electrons in valley K+ and K− are

lifted a seen in Figs. (5.2e) and (5.2f). Moreover,to understand the role of dopant

introduced magnetic exchange field (hex) on momentum space Berry curvature,we
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have plotted the Berry curvature as function of wave number (ka
π

) in the vicinity of

K+ and K− valleys for spining up holes in valence band Fig. (5.3) ,enhancement of

curvature with rise in dopant introduce exchange field(0 to 0.16 eV) for state in the

vicinity K+ valleys are observed Fig.(5.3a),since Berry curvature is related with both

spin hall and Valley hall through relation Eq. (5.36). Therefore, the spin and val-

ley Hall conductivity expected to increase with dopant introduced exchange field

for state in the vicinity of K+ valleys. In contrast with Berry curvature for state in

the vicinity of K+ valley,the Berry curvature of state in the vicinity of K− valley sup-

press with rise in dopant introduced exchange field (0 to 0.16eV). Therefore, the

degeneracy of curvature in K+ and K− are lifted under dopant introduced magnetic

exchange field in other words unequal number of spin up states are accumulated

in K+ and K− curvature. Employing the Kubo linear response theorem within the

low-energy effective model, we have investigated the Berry curvature mediated spin

Hall and valley Hall conductivities (effect),in which electrons from different valleys

(the region about the inequivalent K+ and K−= K points of the hexagonal Brillouin

zone) flow to opposite transverse edges when the system is subjected to a longitu-

dinal electric field in the presence of intrinsic spin-orbit coupling (SOC) in vicinity

of K± valleys. At absolute zero (T=0K) and insulating regime where the chemical

potential is in gap,Eqs.(5.46-5.49),show that the universal value of conductivity q2

h
is

obtained if for single spin and single valleys. Hence, we can say Hall conductivity is

quantized in this limit and the sign of conductivity in K+ and K− are opposite indi-

cating that both of valleys are related with time reversal symmetry. On the other

hand, From Eqs. (5.50) and (5.51) and the total spin Hall conductivity vanishes

identically. Whereas,total valley Hall conductivity is integral multiple of quantum

conductivity (4 q
2

h
) the term 4 appear from two-fold valley degree of freedom (DOF)

corresponding to the K− and K+ valleys of the Brillouin zone and two fold spin de-

gree of freedom of those carriers. In addition,we have calculated both spin and val-

ley Hall conductivity considering shift of chemical potential(Fermi level) mediated
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by magnetic dopant atoms,in this scenario in contest to conductivity in insulating

regime,the Hall conductivity calculated in single spin state (↑ / ↓) and in single val-

ley (K− ) are not quantized but depend on the parameters (∆m,λso,hex, kF ,a and t)

see Eqs.5.(56-5.59). The calculated total spin Hall conductivity and total valley hall

conductivity in Eqs. (62) and (63) can be written in more compact form as

σspin(z) =
2q2

h

{(
1+

a2t2k2
F

(∆m + hex − 1
2
λso)2

)− 1
2

−
(

1+
a2t2k2

F

(∆m + 1
2
λso − hex)2

)− 1
2
}
. (5.64)

σval(z) = −2q2

h

{(
1+

a2t2k2
F

(∆m + hex − 1
2
λso)2

)− 1
2

+

(
1+

a2t2k2
F

(∆m + 1
2
λso − hex)2

)− 1
2
}
. (5.65)

From Eq.(5.64) and Eq.(5.65) ,total spin Hall conductivity and Valley conductivity

depends on parameters : ∆m,λso,hex,kF ,a and t,for particular limit hex = λso=0 and

hex = 2λso total spin hall conductivity in Eq.(5.64) vanishes whereas the total val-

ley hall conductivity simplified to −4q2

h
(

∆2
m+a2t2k2F
atkF

)
1
2 , which indicates the interplay

between spin-orbit coupling and dopant introduced magnetic exchange field are

crucial for existence of spin hall conductivity.

5.6 Conclusion

The existence of dopant introduced exchange field breaks the time inversion sym-

metry and decouples the energetically degenerated valleys,elucidating the occur-

rence of valley polarization. The Berry curvature of occupied state resulting from

transverse motion unequal number of of carriers in both valleys of 2D hexagonal

lattice are responsible for existence of valley and spin hall conductivity. At low tem-

perature ,in insulating regime valley Hall conductivity in a single valley is quantized.

At finite dopant concentration,the strength of the spin orbit coupling together with

the exchange energy determine the valley polarization,which in turn controls valley

and spin Hall conductivity in doped ML MoS2 system.The spin Hall and valley hall

conductivity are dissipationless in the absence of any external magnetic field. This

effect could enable a new generation of low power electronic devices.
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Fig. 5.2: Electronic band structure near valley K±: a) and b)for zero both
spin-orbit coupling and hexchange field (lo=hex=0),c) and d) for spin-orbit cou-
pling(lo=0.08eV,) and zero exchange field ,and e) and f) for spin-orbit cou-
pling(lo=0.08eV) and exchange field(hex=0.2eV). Red: spin up electron(hole) states,
blue: spin down electron(hole) states,right panel forK+ and left panel forK− valley.
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Fig. 5.3: Berry Curvature as function of (ka
π

) for different values of exchange field(hex)
,right panel for K+ and left panel for K− valley.
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Summary and future work

Transition metal dichlcogenides(TMDs),MoS2, are new class of open band gap semi-

conductors materials very essential for transistor applications and other semicon-

ductor technology. However, those materials are non magnetic in their pure state.

Hence it is necessary to introduce magnetism to this system to make it dilute mag-

netic semiconductors so that to broaden its application to spintronics.

In the first part of this work,chapter three and chapter four,the effect of magnetic

dopants (V,Mn) on structural ,electronic and magnetic property are investigated in

detail from stand point of defect formation energy calculations,electronic struc-

ture and magnetic energy calculations considering different impurity configura-

tions and dopant concentrations. Moreover, the effect of layer number on magnetic

interactions between dopants are also accessed.

The calculated dopant formation energy indicate Mn and V dopants in ML(BL)

MoS2 phase are energetically favorable to occupy the substitutional lattice site(Mo)

and strongly bonded with host system(MoS2).

It is found that,the magnetic interaction between Mn dopants in doped ML and BL

MoS2 are always ferromagnetic irrespective of dopant configurations. In contrast,

in V doped case the magnetic interaction oscillates from ferromagnet to Antiferro-

magnet depending on the separation between dopants.

It is found that the interlayer interaction in (V,Mn) doped bilayer MoS2 system affect

the magnetic interactions between dopants .

The calculated ferromagnetic transition temperature (TC) in Mn doped ML and BL

MoS2 cases are found to be above the room temperature (RT), whereas in V doped
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cases TC closer to RT. In addition, TC increases with doping concentrations in a

range of dilute limit (6.5%) of magnetic atoms for doped ML and BL MoS2 ,which

agree with latest experimental observed RT TC .

In second part of this dissertation,using low energy effective tight binding model

together with consideration of dopant introduced exchange field introduced mag-

netic exchange field it is found that ,dopant introduced exchange field breaks the

time inversion symmetry and decouples the energetically degenerated valleys.

In addition to this ,we found that the strength of spin-orbit coupling together with

exchange energy determine the valley polarization,which in turn controls valley

and spin Hall conductivity in doped ML MoS2 system. Our results are step towards

information processing based on the valley degree of freedom.

Finally,it is worth noting that DFT underestimate the band gap value and to over-

come the short coming of GGA functionals we have employed DFT+U formalism

with U=3 and 4 eV for V and Mn to describe the strong electronic exchange corre-

lation interaction in 3d state of V and Mn .However,for future we want to extend to

GW method(Green function with self energy).
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A

Appendix

A.1 Derivation of Berry curvature in two dimensional k-space

In this particular section we shall derive the general expression to Berry curvature

for two dimensional (2D) system in terms of Berry potentialAα andAβ ,hereα, β and

γ designates x,y and z coordinates respectively .The Berry curvature along perpen-

dicular to α, β plane is defined using analogical expression for real space magnetic

field( ~B)

Ωα,β,γ = 5α,β,γ × Aα,β,γ (A.1)

In two dimensional system,

~Ωα,β = (5α,β, × Aα,β)eγ

~Ωα,β = (5αAβ −5βAα)eγ (A.2)

Where Aα and Aβ are given by

Aα(k) = i〈un(k)|5α|un(k)〉 (A.3)

Aβ(k) = i〈un(k)|5β|un(k)〉 (A.4)

Substituting Eqs. (A.3) and (A.4) into (A.2),

~Ωα,β = i(5α(〈un(k)|5β|un(k)〉)−5β(〈un(k)|5α|un(k)〉)eγ (A.5)

Using properties of partial derivative ,Eq.(A.5) can be written as

~Ωα,β = i

(
〈5αun(k)|5β|un(k)〉+ 〈un(k)|5α5β |un(k)〉 (A.6)
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−〈5βun(k)|5α|un(k)〉 − 〈un(k)|5β 5α |un(k)〉
)
eγ

Collecting the same terms together,we have

~Ωα,β = i

(
〈5αun(k)|5β|un(k)〉 − 〈5βun(k)|5α|un(k)〉

+ 〈un(k)|5α5β |un(k)〉 − 〈un(k)|5β 5α |un(k)〉
)
eγ, (A.7)

Which can be written as compact form after introducing commutator

~Ωα,β = i

(
〈5αun(k)|5β|un(k)〉 − 〈5βun(k)|5α|un(k)〉+ 〈un(k)[5α,5β]un(k)〉

)
eγ.

(A.8)

Since5α and5β are commutate to each other ,hence the term i(〈un(k)[5α,5β]un(k)〉)

appeared in Eq.(A.8) vanishes and we left with

~Ωα,β = i(〈5αun(k)|5β|un(k)〉 − 〈5βun(k)|5α|un(k)〉)eγ (A.9)

Introducing identity
∑

m|um(k)〉〈um(k)|= 1 into Eq.(A.9)

~Ωα,β = i
∑
m6=n

(〈5αun|um(k)〉〈um(k)|(k)|5β|un(k)〉−〈5βun(k)|um(k)〉〈um(k)|5α|un(k)〉)eγ

(A.10)

Any complex number Z and its complex conjugate Z∗ can be written as,

Z − Z∗ = i2ImZ (A.11)

In the view of Eq.(A.11) ,Eq.(A.10) can be written as

~Ωn
α,β = −2Im

∑
m 6=n

(〈5αun|um(k)〉〈um(k)|(k)|5β|un(k)〉eγ (A.12)

It is convenient to rewrite Eq.(A.12),in compact and more elegant form in terms of

Eigenvalues and Eigenvectors , to do so we proceed further as follows,

Ĥ(k)|ψmk(k)〉 = εmk|ψmk(r)〉 (A.13)

where eigenfunction |ψmk(r)〉 are given by 1√
A
exp(ik.r)um(k)〉 ,and taking momen-

tum derivative ∂
∂k

on both sides of Eq.(A.13),we have

∂

∂k
(Ĥ(k)|ψmk(r)〉) =

∂

∂k
(εmk|ψmk(r)〉). (A.14)
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Eq.(A.14) can be rewritten using properties of partial derivative as

∂

∂k
Ĥ(k))|ψmk(r)〉+ Ĥ(k)

∂

∂k
|ψmk(r)〉) (A.15)

=
∂

∂k
εmk)|ψmk(r)〉+ εmk

∂

∂k
|ψmk(r)〉).

Then overlapping with 〈ψnk′(r)| from left,Eq.(A.15),we have

〈ψnk′(r)|
∂

∂k
Ĥ(k))|ψmk(r)〉+ 〈ψnk′(r)|Ĥ(k)

∂

∂k
|ψmk(r)〉) (A.16)

= 〈ψnk′(r)|
∂

∂k
εmk)|ψmk(r)〉+ 〈ψnk′(r)|εmk

∂

∂k
|ψmk(r)〉)

Using Eigenfunction 〈ψnk′(r)| and its complex conjugates into Eq.(A.16) together

with implementing relation 〈ψnk′(r)|Ĥ(k)=En(k′)〈ψnk′| and straight forward simpli-

fication at( k = k′) yields

〈un(k)| ∂
∂k
Ĥ(k)|um(k)〉+ εnk〈un(k)| ∂

∂k
|um(k)〉 (A.17)

= (
∂

∂k
εmk)〈un(k)|um(k)〉+ εmk〈un(k)| ∂

∂k
|um(k)〉

After rearranging

〈un(k)| ∂
∂k
Ĥ(k)|um(k)〉 = (

∂

∂k
εmk)〈un(k)|um(k)〉+(εmk−εnk)〈un(k)| ∂

∂k
|um(k)〉 (A.18)

since(εmk 6= εnk),their overlap should vanish i.e 〈un(k)|um(k)〉 = 0.Therefore ,Eq.(A.18)

reduced to

〈un(k)| ∂
∂k
Ĥ(k)|umn(k)〉 = (εnk − εnk)〈un(k)| ∂

∂k
|um(k)〉

⇒ 〈un(k)| ∂
∂k
|um(k)〉 =

〈un(k)| ∂
∂k
Ĥ(k)|um(k)〉

(εmk − εnk)
(A.19)

Using orthogonality relation one can show that

〈 ∂
∂k
un(k)|um(k)〉 = −〈un(k)| ∂

∂k
um(k)〉 (A.20)

On the view of Eq.(A.19), we can write Eq.(A.20) and its complexcongugate respec-

tively as

〈∇αun(k)|um(k)〉 = −〈un(k)|∇αĤ(k)|um(k)〉
(εmk − εnk)

. (A.21)
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〈um(k)|∇β|un(k)〉 =
〈um(k)|∇βĤ(k)|un(k)〉

(εmk − εnk)
. (A.22)

Where we have introduced short notation( ∂
∂kα
→ ∇α, ∂

∂k β
→ ∇β). Using those

Eqs.(A.21) and (A.22) into Eq.(A.12) the general expression for Berry curvature along

eγ as

~Ωn
α,β = −2Im

∑
m6=n

(
〈un(k)|∇αĤ(k)|um(k)〉〈um(k)|∇βĤ(k)|un(k)〉

(εmk − εnk)2
eγ. (A.23)



B

Appendix

B.1 Linear response theory to derivative Kubo formula for Hall

conductivity

linear response theory is based on the idea that the external perturbation, for exam-

ple an external electric field, is small enough so we can only take into account the

linear perturbation term.Assuming that the Hamiltonian operator of system under-

consideration can be decomposed into the Hamiltonian of unperitubed system ,Ĥ0

and operator related to general time dependent perturbation,Ĥ
′
(t).

Ĥ(t) = Ĥ0 + Ĥ
′
(t). (B.1)

Using grand canonical ensembele ,the density operator of unperitubed system can

be written using the Van Newmann equation of motion for density matrix,

%(t) =
exp(−βH0)

Z
. (B.2)

Where β= 1
KBT

,T is temperature and KB the Blothmann constant ,wheras Z is given

by Z = Tr(exp(βH0)). In the Schrdinger picture the equation of motion for density

operator %(t) with respect to H(t) is given by ,

i~
∂%(t)

∂t
= [H(t), %(t)]. (B.3)

We know that in absence of perturbation ,the density operator %(t) is just %(0).Therefore,%(t)

can be written as

%(t) = %(0) + %
′
(t) (B.4)

93



B.1 Linear response theory to derivative Kubo formula for Hall conductivity 94

Now substituting Eqs.(B.1) and (B.4) into Eq.(B.3),

i~
∂

∂t

(
%(0) + %

′

I(t)

)
= [Ĥ0 + Ĥ

′
(t), %(0) + %

′

I(t]. (B.5)

Making use of [H0, %0] = 0 ,we shall get first order in H
′
(t) as

i~
∂

∂t
%
′
(t)) = [Ĥ0, %

′
(t)] + [Ĥ

′
(t), %(0)] (B.6)

It is now worth to switch interaction (or Dirac) picture,

%(t) = %(0) + %′I(t) (B.7)

%
′

I(t) = exp(
i

~
H0t)%

′
(t)exp(

−i
~
H0t) (B.8)

Evaluting i~ ∂
∂t
%
′
I(t) using above as follows,

i~
∂

∂t
%
′

I(t) = i~
∂

∂t

(
exp(

i

~
H0t)%

′
(t)exp(

−i
~
H0t)

)
(B.9)

After expanding right side of Eq. (B.9) can be written as ,

i~
∂

∂t
%
′

I(t) = i~
∂

∂t
exp(

i

~
H0t)%

′
(t)exp(

−i
~
H0t)

+exp(
i

~
H0t)(i~

∂

∂t
%
′
(t))exp(

−i
~
H0t)

+ i~exp(
i

~
H0t)(%

′
(t)

∂

∂t
exp(
−i
~
H0t) (B.10)

Then performing derivative we have,

i~
∂

∂t
%
′

I(t) = −H0exp(
i

~
H0t)%

′
(t)exp(

−i
~
H0t)

+exp(
i

~
H0t)(i~

∂

∂t
%
′
(t))exp(

−i
~
H0t)

+ exp(
i

~
H0t)(%

′
(t)exp(

−i
~
H0t)H0 (B.11)

In view of Dirac(interaction)picture ,Eq.(B.11),becomes,

i~
∂

∂t
%
′

I(t) = −H0%
′

I(t) + exp(
i

~
H0t)(i~

∂

∂t
%
′
(t))exp(

−i
~
H0t) + %

′

I(t)H0 (B.12)

which can be written in compact form after introducing commutator as,

i~
∂

∂t
%
′

I(t) = [%
′

I(t), H0] + exp(
i

~
H0t)(i~

∂

∂t
%
′
(t))exp(

−i
~
H0t) (B.13)
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Plugging Eq.(B.6),into Eq.(B.13),we obtain,

i~
∂

∂t
%
′

I(t) = [%
′

I(t), H0] + exp(
i

~
H0t)

(
[Ĥ0, %

′
(t)] + [Ĥ

′
(t), %(0)]

)
exp(
−i
~
H0t) (B.14)

which can be written as

i~
∂

∂t
%
′

I(t) = [%
′

I(t), H0]+[Ĥ0, exp(
i

~
H0t)%

′
(t)exp(

−i
~
H0t)]+[exp(

i

~
H0t)Ĥ

′
(t)exp(

−i
~
H0t), %(0)]

(B.15)

Recaling Dirac(interaction) picture, Eq.(B.15) becomes

i~
∂

∂t
%
′

I(t) = [%
′

I(t), H0] + [Ĥ0, %
′

I(t)] + [Ĥ
′

I(t), %(0)] (B.16)

Using properties of cumutation relation,Eq.(B.16) simplified to,

i~
∂

∂t
%
′

I(t) = [Ĥ
′

I(t), %(0)] (B.17)

The solution of the above equation with the boundary condition %
′
I(t) → 0 as t →

−∞ (in other words as t goes to∞ there is no perturbation)can be given as

%
′

I(t) =
−i
~

∫ t

−∞
dt′[Ĥ

′

I(t
′), %(0)] (B.18)

Therefor, Eq.(B.18) can be approximated as first order as

%(t) = %0 −
i

~

∫ t

−∞
dt′exp(

−i
~
H0t)[Ĥ

′

I(t
′), %(0)]exp(

i

~
H0t). (B.19)

The time evolution of physical observable ,say A(t) associated with Hermitian oper-

ator can be defined as expection vlue,

〈A(t)〉 = Tr(%A) (B.20)

Using Eq.(B.19) into Eq.(B.20) we have

A(t) = Tr(%0A)− i

~

∫ t

−∞
dt′Tr

(
exp(
−i
~
H0t)[Ĥ

′

I(t
′), %(0)]exp(

i

~
H0t)

)
A. (B.21)

Aftre introducing interaction,Dirac picture, Eq.(B.21),

A(t) = A0 −
i

~

∫ t

−∞
dt′Tr

(
[Ĥ
′

I(t
′), %(0)]AI(t)

)
. (B.22)
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Where,A0 = Tr(%0A) and AI(t) = exp( i~H0t)Aexp(
−i
~ H0t). Applying identity

Tr([A,B]C) = Tr(ABC −BAC) = Tr(BCA−BAC) = Tr(B[C,A]). (B.23)

Change of expection value of operator δA(t),from Eq.(B.22) togher with employing

relation Eq.(B.23) we have ,

A(t)− A0 = δA(t) = − i
~

∫ t

−∞
dt′Tr

(
%(0[AI(t)), Ĥ

′

I(t
′)]

)
. (B.24)

The Quantum Kubo’s formula

Applying Heisenberg picture instead of Dirac(interaction) picture Eq.(B.24) become

δA(t) = − i
~

∫ t

−∞
dt′Tr

(
[%0, Ĥ

′

H(t′)]ÂH(t)

)
. (B.25)

Where operators are taken to be in Heisenberg picture with respect to the unper-

tubed system. Kubo’s identity state that for any observable XH(t) in Heisenberg

picture can be written as

i

~
[%,XH(t)] = %

∫ β

0

dλẊH(t− iλ~) (B.26)

ẊH(t) = − i
~

[XH(t), Ĥ]. (B.27)

Where the density operator is given by

% = − exp(−βH)

Tr(exp(−βH))
, (B.28)

XH(t) = exp(
i

~
H0t)X(t)exp(

−i
~
H0t). (B.29)

Applying Kubo’s identity in Eq.(B.26),Eq.(B.25),yields,

δA(t) = −
∫ t

−∞
dt′
∫ β

0

dλTr

(
%0

˙̂
H ′(t− iλ~)ÂH(t)

)
. (B.30)

After performing properties of Trace of an operator we shall obtain,

δA(t) = −
∫ t

−∞
dt′
∫ β

0

dλTr

(
%0

˙̂
H ′(t′))Â(t− t′ + iλ~)

)
. (B.31)

To Introduce the concept of current-current correclation,we assuming that when

time varing electric field applied to solid.Obviously this induce currents ,which in
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turn emits electric field.Taking account of the variation of current density due to

applied electric field the µth components of corrent density Jµ can be written as

Ĵµ(r, t) = −
∫ t

−∞
dt′
∫ β

0

dλTr

(
%0

˙̂
H ′(t′)Ĵµ(r, t− t′ + iλ~)

)
. (B.32)

To obtain explicit form of Ḣ we assume that the total electric field (internal plus ex-

ternal electric field) (E(r,t)is related to perturbation through a scalar potential(φ(r, t))

E(r,t)=−5 φ(r, t).

H ′(t) =

∫
Qφ(r, t)d3r

=

∫
(nq)φ(r, t)d3r

=

∫
d3rqn(r, t)φ(r, t)

=

∫
d3rρ(r)φ(r, t) (B.33)

where ,ρ(r) is charge density (in coulumb per meter),n(r,t) is number density. Taking

time derivative in both sides of Eq.(B.33),

Ḣ ′(t) =

∫
d3rρ̇(r)φ(r, t) (B.34)

To obtain the explicit form of ρ̇(r) we shall use continity equation which relates the

number density to electron current density

dρ

dt
= −∇rJ(r) (B.35)

Substitution of Eq.(B.35) into Eq.(B.34) yields

Ḣ ′(t) = −
∫
d3r∇rφ(r, t)J(r)

=

∫
d3rE(r, t)J(r) (B.36)

Now substituting Eq.(B.36) into Eq.(B.32),we have

Ĵµ(r, t) =
∑
v

∫ t

−∞
dt′
∫ β

0

dλTr

(
%0

∫
d3rEv(r, t)Jv(r)Ĵµ(r, t− t′ + iλ~)

)
. (B.37)
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On the other hand,using Ohm’s law ,one can write µth component of current density

as

Ĵµ(r, t) =
∑
v

∫ t

−∞
dt′
∫
d3r′σµv(r, r

′, t, t′)Ev(r
′, t′). (B.38)

Comparision of Eq.(B.37) and Eq.(B.38) yields space-time correlation function as

σµv(r, r
′, t, t′) = θ(t− t′)

∫ β

0

dλTr

(
%0Jv,o(r)Ĵµ(r, t− t′ + iλ~)

)
. (B.39)

Assuming that σµv(r, r′, t, t′) is homogenous in space i.e,σµv(r, r′, t, t′) = σµv(r− r′, t−

t′) Fourier transformation Ĵ(r, t) can be written as

Jµ(q, ω) =
1

V

∫ ∞
∞

dt

∫
d3rJµ(r, t)exp(−iq.r + iωt) (B.40)

From which we shall obtain the Fourier transform of cunductivity tensor as,

σµv(q,$) =
1

V

∫ ∞
0

dtexp(iωt)

∫ β

0

dλTr

(
%0Jv(q, 0)Ĵµ(q, t+ i~λ)

)
(B.41)

Using the value of %0 ,

%0 =
exp(−βH0)

Z
(B.42)

Where,Z is partition function given by Z = Tr(exp(−βH0)) and using the relation

Ĵµ(q, t+ i~λ) = exp(−βλ)Ĵµ(q, t)exp(βλ) (B.43)

After substituting Eqs.(B.26) and (B.43) into) Eq.(B.41) togther with some mathe-

matical algebra,

σµv(q,$) =
i

~V

∫ ∞
0

dtexp(iωt)

∫ ∞
t

dt′Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
(B.44)

Employing integration by part technique∫ b

a

f(t)ġ(t)dt = f(t)g(t)
∣∣b
a
−
∫ b

a

ḟ(t)g(t)dt (B.45)

On the view of Eq.(B.45),Eq.(B.44)) can be written as

σµv(q,$) =
1

~V ω

(
exp(iωt)

∫ ∞
t

dt′Tr

(
%0

[
Jµ(q, t′), Jv(q, 0)

]))∣∣∣∣∞
0

+
1

~V ω

∫ ∞
0

dtexp(iωt)Tr

(
%0

[
Jµ(q, t′), Jv(q, 0)

])
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=
1

~V ω

∫ ∞
0

dtexp(iωt)Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
− 1

~V ω

∫ ∞
0

dt′Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
(B.46)

Now defing current-current correlation function as

Cµv(q, ω) =
1

~V

∫ ∞
0

dtexp(iωt)Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
(B.47)

From which at ω = 0 ,the correlation function becomes

Cµv(q, 0) =
1

~V

∫ ∞
0

dtTr

(
%0

[
Jµ(q, t), Jv(−q, 0)

])
(B.48)

Using Eqs.(B.47) and (B.48) conductivity can be written in terms of current-current

correlation as function as

σµv(q,$) =
1

ω

(
Cµv(q, ω)− Cµv(q, 0)

)
(B.49)

To tackle Eq.(B.47) here after we introduce independent particle approximation ,which

appears for a system of independent Fermions by defining one particle operators

and the corresponding Dirac Distribution function.For this we use f(H0) = 1
expβ(H0−µ)+1

insetead of %0 = exp(−βH0)
Z

and employing basis of eigenfunction and eigenvalue

equations ,

H0|n〉 = En|n〉 (B.50)

〈m|n〉 = δnm, (B.51)∑
n

|n〉〈n| = I (B.52)

Using thus basis we shall evaluate the cumutation relation in current-current core-

lation function in Eq.(B.47) as follows,

Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
=
∑
n

〈n|%0

[
Jµ(q, t′), Jv(−q, 0)

]
|n〉 (B.53)

using commutation relation Eq.(B.53) can be expanded as,

Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
=
∑
n

〈n|f(H0)Jµ(q, t′)Jv(−q, 0)|n〉−
∑
n

〈n|f(H0)Jv(−q, 0)Jµ(q, t′)|n〉.

(B.54)
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Introducing completeness relation
∑

n|n〉〈n| =
∑

m|m〉〈m| =
∑

Q|Q〉〈Q| = I Into

right side of Eq.(B.54) ,

Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
=
∑
n

∑
m

〈n|f(H0)Jµ(q, t′)|m〉〈mJv(−q, 0)|n〉−
∑
m

∑
n

〈m|f(H0)Jv(−q, 0)|n〉〈nJµ(q, t′)|m〉

(B.55)

=
∑
n

∑
m

∑
Q

〈n|f(H0)|Q〉〈Q|Jµ(q, t′)|m〉〈mJv(−q, 0)|n〉

−
∑
m

∑
n

∑
Q

〈m|f(H0)|Q〉〈Q|Jv(−q, 0)|n〉〈nJµ(q, t′)|m〉 (B.56)

Using interaction (Dirac) picture we rewrite Jµ(q, t) and Jµ(q, o) as

Jµ(q, t′) = exp(−iH0t
′)Jµ(q)exp(iH0t

′) (B.57)

plugging Eq.(B.57) into Eq.(B.56),we have

Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
=
∑
n

∑
m

∑
Q

〈n|f(H0)|Q〉〈Q|exp(−iH0t
′)Jµ(q)exp(iH0t

′)|m〉〈mJv(−q, 0)|n〉

−
∑
m

∑
n

∑
Q

〈m|f(H0)|Q〉〈Q|Jv(−q, 0)|n〉〈nexp(−iH0t
′)Jµ(q)exp(iH0t

′)|m〉 (B.58)

Using the relation 〈n|f(H0)|Q〉 = f(En)δQn and 〈m|f(H0)|Q〉 = f(Em)δQm, Eq.(B.58)

can be rewritten,

=
∑
n,m,Q

f(En)δQnexp(−iEQt′)JQmµ (q)exp(iEmt
′)Jmnv (−q)

−
∑
m,n,Q

f(Em)δQmJ
Qn
v (−q)exp(−iEQt′)Jmnµ (q)exp(iEnt

′) (B.59)

=
∑
n,m

f(En)exp(−iEnt′)Jnmµ (q)exp(iEmt
′)Jmnv (−q)

−
∑
m,n

f(Em)JQnv (−q)exp(−iEnt′)Jnmµ (q)exp(iEmt
′) (B.60)

Which can be written in more compact form as

Tr

(
%0

[
Jµ(q, t′), Jv(−q, 0)

])
=
∑
n,m

(f(En)− f(Em)exp(
i(Em − En)

~
)t′Jnmµ (q)Jmnv (−q)

(B.61)

Where Jnmµ (q) = 〈n|Jµ(q)|m〉 ,Jmnµ (q) = 〈m|Jµ(q)|n〉. Using Eq.(B.61) into (B.47) of

current-current correlation function ,we obtain

Cµv(q, ω) =
1

~V

∫ ∞
0

dtexp(iωt)
∑
n,m

(f(En)− f(Em)exp(
i(Em − En)

~
)t′Jnmµ (q)Jmnv (−q)

(B.62)
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when the perturbation is switched on,we have (t=t’),after rearranging ,

Cµv(q, ω) =
1

~V
∑
n,m

(f(En)− f(Em)′Jnmµ (q)Jmnv (−q)
∫ ∞

0

dtexp(
i(En − Em + ~ω)

~
)t

(B.63)

Using laplace transformation with respect t for s > 0∫ ∞
0

dtexp(
i(−s+ En − Em + ~ω)

~
)t =

exp( i(−s+En−Em+~ω)t
~ )

(−s+ En − Em + ~ω)
(B.64)

At t=0, s ≈ 0,the right side of Eq.(B.64) becomes 1
i
~ (En−Em+~ω)

and substituting this

into Eq.(B.63),

Cµv(q, ω) =
1

iV

∑
n,m

f(En)− f(Em)

i(En − Em + ~ω)
Jnmµ (q)Jmnv (−q) (B.65)

Cµv(q, 0) =
1

iV

∑
n,m

f(En)− f(Em)

i(En − Em)
Jnmµ (q)Jmnv (−q) (B.66)

Finally plugging Eqs.(B.65) and (B.66 ) into Eq.(B.49) and straight forward manipu-

lation yields Kubo formula for Hall conductivity

σµv(q,$)) =
i~
V

∑
n,m

〈
f(En)− f(Em)

(En − Em)(En − Em + ~ω)
Jnmµ (q)Jmnv (−q)

〉
c

. (B.67)
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