
DICHALCOGEN SEMICONDUCTORS FOR
OPTOELECTRONIC AND SPINTRONIC

APPLICATIONS

Thesis by

Bhagyashri Devaru Bhat
Registration ID : 20163486

In partial fulfillment of the requirements
for the degree of

Doctor of Philosophy

Under the supervision of

Dr. Mukul Kabir
Department of Physics

Indian Institute of Science Education and Research
Pune, India

January 2023



i

CERTIFICATE

This is to certify that the work incorporated in the thesis entitled ”Dichalcogen

semiconductors for optoelectronic and spintronic applications” submitted by Bhagyashri

Devaru Bhat was carried out by the candidate under my supervision. To the best

of my knowledge, the work presented here or any part of it has not been included

in any other thesis submitted previously for the award of any degree or diploma

from any other university or institution.

Signature of Thesis Supervisor

Dr. Mukul Kabir

Associate Professor

Department of Physics

IISER Pune-411008



ii

DECLARATION

I, Bhagyashri Devaru Bhat, declare that this Ph.D. thesis entitled ”Dichalcogen

semiconductors for optoelectronic and spintronic applications” represents my ideas in

my own words and where others ideas have been included, I have adequately

cited and referenced the original sources. I also declare that I have adhered to

all principles of academic honesty and integrity and have not misrepresented or

fabricated or falsified any idea/data/fact/source in my submission. I understand

that violation of the above will be cause for disciplinary action by the institute and

can also evoke penal action from the sources which have thus not been properly

cited or from whom proper permission has not been taken when needed.

Bhagyashri Devaru Bhat

ID: 20163486



To my beloved grandmother

Smt. Vishalakshi Parameshvar Hegde

A constant inspiration to my life



ii

ACKNOWLEDGEMENTS

This research work was successful due to the tremendous contribution of the

scientists who built fundamental laws of physics and Density Functional Theory.

The computational modeling of materials was only possible with their prior hard

work. I sincerely express my gratitude to all of them. Numerous people have

supported me scientifically and personally in fulfilling this work. Through this

opportunity, I greatly appreciate their help.

Every student needs good guidance to conduct research. I have gained it from

my supervisor Dr. Mukul Kabir. He provided me with enough freedom to work.

He inspired me to conduct research independently. His precise way of writing re-

search articles directed me toward scientific writing and helped me get research

exposure. It is the most excellent support a student can get in their Ph.D. tenure.

He taught me advanced condensed matter physics in my coursework, which was

outstanding teaching. In a way, he empowered me to think independently about

the research projects. I have got the publications due to the knowledge and in-

novative ideas gained by my supervisor. This thesis was impossible without my

supervisor’s support.

This thesis would not have been possible without the financial support of the

DST INSPIRE fellowship. Thanks to our campus, the Indian Institute of Science

Education and Research Pune, for providing the best environment to proceed with

the research. I gratefully acknowledge the funding provided by the Department

of Science and Technology, Government of India, under the Nano Mission project

SR/NM/TP-13/2016. I also gratefully acknowledge the Centre for Development

of Advanced Computing, Pune; Center for Computational Materials Science, In-

stitute of Materials Research, Tohoku University, Japan; PARAM Brahma Facility

at IISER Pune, under the National Supercomputing Mission of Government of In-



iii

dia and S. N. Bose National Centre for Basic Sciences, Kolkata, for providing an

enormous computational facility. I want to thank my thesis committee: Dr. Atikur

Rahman and Dr. Bhalchandra Pujari, for their encouragement and valuable sug-

gestions during the research advisory community meetings, which motivated me

to have more exposure to research. My special thanks to Prof. Satishchandra Ogale

for helpful discussions during the research work.

I thank my past and present labmates, Dr. Rohit Babar and Dr. Srilatha Arra,

Dr. Tilak Das, Dr. Ramya, Chandan Kumar Singh, Anju Chandran, Deepak Kumar

Roy, Dr. Amareen, Basavaraj G, Anupama, Ashutosh, and Dr. Ashish.

I would like to thank IISER staff, Mr. Tushar Kurulkar, Mr. Prabhakar Anagare,

Mr’s Dhanashree, Mr’s Nisha Kurkure, and Mr’s Saylee for helping with technical

and academic issues. I thank every person at IISER, Pune.

With immense pleasure and love, I want to thank my husband and my best

friend, Dr. Hariprasad M Hegde, for enhancing my research interest through his

excellent support, encouragement, discussions, and motivation.

I could pursue research because of the inspiration from my teachers. So at this

time, I would like to sincerely say thank you to all my teachers: Mr’s Sharada, Mr.

Manjunath M Ambig, Mr’s Annapoorna, Mr’s Mangalagowri Shet, Mr’s Mangala,

Mr. K. G. Bhat, Mr. G. N. Hegde, Mr’s Srikala Bhat, Mr. M. G. Bhat, Mr. Pramod

Basgode, Mr. Ramesh, Mr. Hunasikatti, Mr. Rajesh, and Mr’s Divyajyothi Shetty. I

sincerely thank my professors, Prof. K. B. Vijaykumar and Prof. Gopalakrishna K

Naik, for directing me toward research.

My most enormous thanks to my grandparents Sri Parameshvar Hegde, Smt.

Vishalakshi Parameshvar Hegde, Sri Ganesh Bhat, and Smt Parvati Ganesh Bhat,

who instilled confidence in me and made me enjoy life right from my childhood;

without their blessings, my effort was not successful. Their blessings are my strength.

I sincerely thank my parents and in-laws: Mr. Devaru Bhat, Mr’s Ganga Bhat, Mr.



iv

Manjunath Hegde, and Mr’s Malathi Hegde, for their continuous support and in-

spiration throughout my journey. I am thankful to Mr. Manjunath Shivram Hegde

and his family for their support during the COVID-19 pandemic. Also, I am grate-

ful to my second parents, Mr. Ramachandra V Hegde and Mr’s Nagarathna R

Hegde, for their tremendous support and excellent research atmosphere. I thank

my beloved brothers and sisters: Mr. Shriganesh Bhat, Mr’s Rashmi Thriguna, Mr.

Thriguna Mutuguppe, Mr. Shriprasad Hegde, and Mr. Gaurish Hegde, for their

motivation. I thank all my friends: Manasa Hegde, Meghana Shivanna, Krithika,

Dibyata, Anjusha, Hridya, Ajith, Shathruhan, Vijaya, and Shridhar Hegde for mak-

ing me happy with fun, enjoyable, and fruitful discussions. I would like to thank

my wellwishers, Mr’s Shanti R Hegde, Mr. Shridhar Bhat, and Mr. Vinayaka Bhat,

for their moral support and help.



v

SYNOPSIS

Semiconductors are the building blocks of electronic, optoelectronic, and spin-

tronic technologies. Irrespective of unique electronic and optical attributes, the

zero band gap of graphene stimulated the search for layered materials with semi-

conducting characteristics. Layered metal dichalcogenides have gained immense

interest in this regard due to the sizeable band gap and their easy tunability. Tin

disulfide (SnS2) is a layered metal dichalcogenide semiconductor that exhibits a

wide electronic band gap.

Here we investigate the transition metal doped SnS2 and its optoelectronic

properties. However, predicting a true band gap accurately with theoretical meth-

ods is a complex problem. In this contemplation, we use dielectric-dependent

hybrid functionals (DDHF), and band gaps are calculated self-consistently. Self-

consistent DDHF provides the range of band gap values within which the exper-

imental band gap is expected. In a way, it predicts the upper and lower bound

for the actual value of the band gap. Further, we discuss the optical properties of

all the doped systems. Absorption spectra, optical constants, and exciton binding

energies are well studied in this part. The absorption spectra reveal the enhanced

absorption and red shift in the energy of all the doped systems. Here we dis-

covered the direct band gap semiconductors with small exciton binding energies.

These findings confide that the transition metal-doped SnS2 systems are viable

candidates for optoelectronic applications.

Next, we discuss the magnetic properties of the doped systems. Here we dis-

cuss the origin of magnetic moment and magnetic interaction between the two

magnetic impurities with electronic properties. Ferromagnetic metals, half-metals,

and ferromagnetic semiconductors investigated in this study are suitable candi-

dates for spin injection, the spin-polarized current generation, and other spintronic
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applications.

Due to the unvanished polarity between the two unidentical chalcogen atoms,

Janus metal dichalcogenide monolayers are expected to exhibit the Rashba effect.

In this context, we study the Rashba spin splitting in Janus SnXY and WXY (X, Y

= S, Se, Te with X 6= Y) monolayers along with their vertical heterostructures. The

SnSSe/WSSe semiconducting heterostructure exhibits room temperature Rashba

spin-splitting energy of about 43 meV and shows enhancement in the Rashba pa-

rameter up to 1 eVÅ with the vertical compressive strain. These results indicate

that the heterostructure is productive for spintronic applications.
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CHAPTER 1

INTRODUCTION

1.1 Layered Metal Dichalcogenides

The research of two-dimensional (2D) materials has obtained particular interest

after the discovery of single-layer graphene [1]. The unique electronic proper-

ties of graphene are contributed by the linear dispersion at K-point in its band

structure. Additionally, this results in novel phenomena like the anomalous room-

temperature quantum Hall effect [2]. Graphene is a superb thermal conductor and

an excellent electronic conductor. There are numerous applications for graphene-

based materials, including high-speed electronics devices such as a flexible graphene

terahertz detector [3, 4], optical devices such as optical sensors [5, 6], solar cells [7,

8], modulators [9], high-speed optical switch [10] and photonic devices [11]. Graphene-

based energy storage devices such as batteries [12, 13] and supercapacitors [14]

are fabricated. Graphene-based systems are useful for hydrogen evolution reac-

tion [15] and visible light photocatalysis [16]. Apart from this, it also has applica-

tions in the field of spintronics. It is a good material for spin channels due to the

flexible spin injection and transport at room temperature on the graphene surface,

which enhances the spin lifetime [17, 18]. Despite all these interesting properties,

the zero band gap nature of graphene makes explosive interest to think about other

layered materials with a finite band gap. Layered metal dichalcogenides (LMDs)

have gotten greater attention due to their fascinating electrical and optical proper-

ties.

LMDs are indicated by a chemical formula MX2, where M is the metal atom,

9
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M = Mo, W, Hf, Nb, Sn, and so on, and X is the chalcogen atom X = S, Se, Te.

LMDs naturally exist in the bulk form with atomically thin layers stacked by Van

der Waals interaction. The individual layers can be extracted with the extremely

small thickness possible for nanoscale research. The sizeable band gap spans their

applications related to the electronic structure in place of graphene. This made

them considerably necessary in 2D materials research and significantly attracted

the design of novel electronic and optoelectronic devices. As graphene shows

novel properties in the nanoscale rather than in the bulk counterpart, LMDs can

also access the unique physics when they are thinned down to the atomic scale.

This is the most outstanding contribution of LMDs to 2D materials research.

MoS2 [19] is the first layered material studied extensively after the graphene

discovery. It is one of the transition metal dichalcogenides (TMDs). Out of sixty

TMDs, forty are of layered nature. These layered TMDs exhibit strong covalent in-

tralayer bonding between the metal and chalcogen atoms. Each individual layer is

weekly interacted by the Van der Waals force. The detailed structure of MoS2 was

first determined by Linus Pauling in 1923 [20]. Among the two common structural

phases 1T (octahedral) and 2H (trigonal prismatic), 2H is the thermodynamically

stable phase for all the TMDs except WTe2, which exhibits an orthorhombic phase.

In the 2H phase, M-atom is sandwiched between two chalcogen atoms. TMDs

such as MoS2, WS2, MoSe2, and WSe2 [21, 19] turn into direct band gap semicon-

ductors when they are transformed from bulk to monolayer environment. The

band gap lies in the visible light region in all the TMDs from bulk to monolayer

limit. This is the remarkable electronic property of TMDs over graphene. The di-

rect electronic transition leads the TMDs to use in various optoelectronic devices.

When a bulk MoS2 is thinned down to a monolayer, its band gap increases from

1.3 to 1.8 eV [19] and turns into a direct band gap semiconductor. The possibility

of band gap tuning with the number of layers makes TMDs a perfect candidate
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for device applications. Based on these properties 2D-TMDs are utilised in many

electronic and nanoelectronic devices [22, 23] such as Esaki diodes [24], resonant

tunneling diodes(RTDs) [25], logic and RF transistors [26, 27, 28], tunneling field-

effect transistors (TFETs) [29, 30, 31, 32], bipolar junction transistors [33, 34], static

random access memories (SRAMs) [35], dynamic RAM (DRAMs) [36], flash mem-

ory [37, 38] and ferroelectric memories [39, 40] etc. TMDs-based optoelectronic

and photonic devices [41] are photodetectors [42, 43], photovoltaic cells [44, 45]

and light-emitting devices [46] etc.

Most of the layered TMDs are non-magnetic semiconductors. Many attempts

have been done to induce magnetism using disorder[47], vacancies [48], strain [49,

50, 51], non-metal absorbates [52, 53] and doping magnetic impurities [54, 47]. The

loss of inversion symmetry in monolayer TMDs results in the spin splitting of en-

ergy bands, and a maximum spin splitting energy of 456 meV is calculated in WSe2

monolayer at valence band maxima at K-point [55]. On top of this, the lack of in-

version symmetry with spin-orbit coupling causes coupled spin and valley physics

in monolayer MoS2 and other group-4 dichalcogenides [56]. Consequently, in both

electron and hole-doped TMDs, the valley and spin Hall effects coexist; hence,

the charge carriers will have longer spin and valley lifetime. This is because the

spin and valley-dependent optical selection rules restrict the easy recombination

of photoinduced charge carriers in spin-split bands. These outcomes indicate the

potential for applications that blend spintronic and valleytronic technologies.

1.2 Tin Disulfide (SnS2): A wide band gap semicon-

ductor

Tin disulfide (SnS2) is a member of the LMDs family. Various polytypes of SnS2

crystal are studied using a variation of conductivity with temperature [57]. The
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Figure 1.1: Crystal structure for a monolayer of (a) SnS2 (SnSe2) and (b) MoS2
(MoSe2), taken showing the different metal and chalcogen coordination in both
the crystals. Figure reprinted from [59] is taken from the permission of APS.

stable form of the crystal is found in 2H-polytype [58, 59]. The confusion regard-

ing the nomenclature of the crystal phases of the TMDs and SnS2 are clearly re-

moved by Figure 1.1 Unlike the TMDs, it belongs to the P3̄m1 space group with

octahedral coordination of the Sn atom surrounded by six S atoms. It is a wide

band gap semiconductor with a band gap of 2.2-2.43 eV from bulk to monolayer

limit. The chemical stability of SnS2 crystal makes it a nontoxic, nonflammable,

and affordable material that can resist water and air. The layered structure of SnS2

allows one to synthesize it in a single layer. Several experimental techniques have

been devised to manufacture SnS2 nanostructures of various sizes (from 10 to 100

nm) and morphologies such as nanoparticles, nanorods, nanobelts, nanotubes, and

nanosheets [60, 61, 62, 63, 64, 65, 66]. For extensive commercial applications, bulk

and nanoform SnS2 have significant advantages due to the abundance of both Sn

and S on Earth and the environmentally genial, low-cost production technique.

All these advantages attracted the crystal to study extensively by researchers. The

electronic and optical properties of SnS2 crystal are well studied to date. Due to

its indirect band gap behavior, it is restricted to applications in light harvesting or
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detecting devices. Hence numerous efforts are made to convert the bulk crystal

into a direct band gap semiconductor. It is predicted that applying biaxial ten-

sile strain of 2.98% bulk SnS2 undergoes indirect-to-direct band-gap transition [67]

and results in a quasiparticle direct band gap of 2.17 eV. A biaxial tensile strain

of 9.75% causes semiconductor-to-metal transition. The transition is caused by the

strain-induced weakening of the interaction of the in-plane orbitals, which changes

the dispersion and characteristics of the valence and conduction band edges. To

study the effect of band gap with the number of layers, layer dependence of the

SnS2 crystal is well researched. In this approach, electronic and optical properties

are well explained by considering the monolayer to few-layer to bulk crystal. The

screening of electrostatic interactions effectively reduces in a few-layer system sur-

rounded by vacuum [68, 69, 70] also the quantum confinement effect [21] plays

a vital role in monolayer systems. The combined effect causes an increase in the

band gap of monolayer semiconductors than in their bulk counterpart, as revealed

in TMDs [71] and phosphorene [72, 73]. A slight increase ( 2.2 to 2.43 eV) in the

band gap from bulk to monolayer limit shows that the SnS2 crystal is insensitive to

the number of layers. In contrast to TMDs monolayers, it remains an indirect band

gap semiconductor in a monolayer environment.

Excitons are the bound form of electrons and holes. Exciton physics is crucial

for understanding the importance of a system’s optical properties. In this regard,

the layer-dependent study of excitons in SnS2 crystal is very well explained by Ivan

I. Oleynik and Joseph M. Gonzalez [59]. The bulk system is thoroughly surrounded

by a dielectric medium from all three directions; hence the Coulomb interaction

between electron and hole is well screened by the dielectric medium. In the case of

a 2D-system, the screening effect is reduced and confined only to the 2D-plane. On

top of this, quantum confinement also adds to dielectric confinement. Finally, these

two confinement effects make the excitons tightly bound on a 2D-plane rather than
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in the bulk environment of the system. This fact leads to higher binding energy

in monolayer systems. The layer-dependent study reveals that strong excitonic

effects are observed as the number of layers decreases in the stack of the bulk

crystal. The 2D exciton binding energy of 0.912 eV is substantially decreased to

0.137 eV for the 3D-SnS2 [59].

As a layered semiconductor, 2D-SnS2 sheets provide a large surface area for so-

lar energy absorption and active sites for chemical reactions. Due to the cheap and

clean elemental components monolayer SnS2 is an excellent semiconducting mate-

rial in photocatalytic water-splitting reactions. Aron Walsh et al. [74] demonstrated

that a single crystal of SnS2 is an earth-abundant disulfide photocatalyst.

Carbon anodes cannot supply the large capacity batteries that will be required

in the future(with a theoretical capacity of 372 mAhg�1) [75]. Considering their

transformation into lithium-metal alloys, different metal composites, metal ox-

ides, and metal sulfides have recently undergone substantial research as poten-

tial substitutes for carbonaceous anode materials due to their greater capabili-

ties [76, 77, 78, 79, 80]. In this regard, SnS2 nanosheets are a suitable replacement

for the anode material in Li-ion batteries [81]. With an average discharge capac-

ity of 583 mAhg�1 which is 90% of the maximum theoretical reversible value and

1.6 times higher than that of a commercialized carbon electrode [82], the 2D-SnS2

nanoplates are excellent alternative electrode materials for Li-ion batteries. Ac-

cording to room temperature gas sensing measurements, the 3D-SnS2 nanostruc-

tures are capable of NH3 molecule sensors [83].

A good optoelectronic device needs a direct band gap semiconductor, with

small exciton binding energy and high carrier mobility. A direct band gap mate-

rial absorbs/emits sun light efficiently. A small exciton binding energy of carriers

helps in the easy separation of electron and hole. With high carrier mobility the

carriers move fast and takes less time to travel the device. The higher carrier mo-
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bility increases the operation speed of the device. In this context many attempts

are made to though SnS2 is an indirect band gap semiconductor,

The SnS2 nanosheets synthesized with a simple biomolecule-assisted method

have proven to be ideal candidates for photoelectric applications, such as those

found in Li-ion batteries, and exhibit photocatalytic, field emission, and photocon-

ductive capabilities [84]. The study showed the rapid response of SnS2 device to

UV light and exceptional photosensitivity and stability. Further investigations into

the field emission characteristics of SnS2 nanosheets revealed a turn-on field of 6.9

V/µm, which is lower than previously reported values [84]. Thus based on the

field emitters made by SnS2 nanosheets, one can assure that it is a promising ma-

terial for future optoelectronic applications. In addition to this, electronic devices

such as field effect transistors implemented by using exfoliated nano-membranes

of a layered 2D-SnS2 semiconductors showed high on/off ratio exceeding 2⇥106

and carrier mobility of 1 cm2V�1s�1 [85]. The improved electronic and photo-

electric characteristics were expected from graphene-like structures. The findings

show that SnS2, a layered semiconductor with a finite band gap, has enormous

potential as the foundation for upcoming photoelectric and nanoelectronic ap-

plications that complement graphene-based materials with zero or narrow band

gaps. High-performance top-gated field-effect transistors and related logic gates

are fabricated using monolayer SnS2 with carrier mobility of 50 cm2V�1s�1 which

is higher than the back-gated value 1 cm2V�1s�1 [86]. In addition, the wide band

gap SnS2 shows n-type electrical conductivity with a maximum dark value of

1.3⇥10�2 cm�1 and activation energy of 0.14 eV. As a result, an entire solar cell

was created using SnS2 crystal. These findings show that SnS2 has a broad area

of applications in the field of (Opto) electronics, nanoelectronic, energy storage,

and photocatalysis. Apart from this, the 2D-SnS2 based tunneling transistors with

2D-WS2 are fabricated [87], which exhibits superior on-state current and steeper
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subthreshold slope than conventional FET. It shows the highest on-off ratio over

106 among the value of 2D-2D tunneling transistors.

Motivated by the exciting electronic and magnetic properties induced in TMDs

by transition metal doping [54, 47], in this work, bulk and monolayer SnS2 crys-

tals are doped by 3d series transition metal atoms. Band gap is a crucial metric for

deciding the potential applications of a semiconductor. Accurately measuring the

true band gap of a semiconducting system is an enormous challenge for theoretical

methods. Theoretical predictions need to match the experimental values better. In

this regard, Chapter 3 discusses the dielectric-dependent hybrid functionals cal-

culations and applies them to all the bulk and monolayer doped systems. This

computation provides the upper and lower bound for a system’s true band gap

within which the experimental gap is expected.

1.2.1 Optoelectronic applications

A suitable optoelectronic device needs a direct band gap semiconductor with small

exciton binding energy and high carrier mobility. A direct band gap material ab-

sorbs/emits sunlight efficiently (high absoprtion coefficient). The small exciton

binding energy of carriers helps to easily separate electrons and holes. With high

carrier mobility, the carriers move fast and take less time to travel the device. The

high carrier mobility increases the operation speed of the device. These charac-

teristics are essential for the efficient generation of photocurrent in the device. In

this context, many attempts are made for the indirect-to-direct band gap transition

in SnS2 as explained previously using strain engineering. This study carried the

transition metal doping on SnS2, and we observed indirect-direct-band gap transi-

tion with small exciton binding energy in bulk-doped systems. This chapter also

explains the optical properties of all the doped systems in bulk and monolayer en-

vironments. Finally, we conclude that the transition metal doped SnS2 systems are
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viable candidates for electronic and optoelectronic devices.

1.2.2 Spintronic applications

Spintronic devices use spin-polarized current instead of charge current in elec-

tronic devices. Hence it is essential to get the spin currents in semiconducting ma-

terials. Due to low power consumption, less heat dissipation, massive data storage,

high-speed operation, and non-volatile magnetic storage, spintronic technology

gains superiority over electronic technology. As the electron’s spin participates in

transport, a suitable channel that supports and smoothens the spin transport is

essential. Along with this, it is also necessary that the spins should have a long

lifetime for long-lived current production, and more extended spin propagation is

required for spins to transport long distances. Achieving all these requirements

in a single material is a challenge in the spintronic field. With these transport re-

quirements, obtaining spin and generating one-spin orientation is difficult. A fer-

romagnetic material is a suitable candidate to produce one-spin polarization, but

having Curie temperature in the room temperature range and controlling the Tc

is another trouble in getting the spin-polarized current. Substitutional doping by

magnetic species excites studying the formation of magnetic moment and possible

magnetic interactions, which leads to determining the spintronic and related ap-

plications. Though the SnS2 crystal is well studied in optoelectronic fields, further

studies are required in the perspectives of spintronic applications. In Chapter 4, we

discuss the transition metal doping on monolayer SnS2 crystal. Here we study the

origin of magnetic moment formation and the interaction between the two mag-

netic species. We will eventually understand the importance of transition metal

doped SnS2 for potential applications in the spintronic field.
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1.3 Rashba effect in 2D materials

The generation of spin-polarized current in a non-magnetic material is possible

when the degenerate spin states are well separated. The spin splitting within the

same band in a dispersion relation is possible by lifting the spin degeneracy. The

electric field and magnetic field applications can lift the spin degeneracy in some

semiconducting materials. Symmetry breaking induces new physics in condensed

matter systems. As we have seen in TMD monolayers, the lack of in-plane sym-

metry and the existence of spin-orbit coupling together generates Zeeman-type

of spin and valley coupling physics [56]. Further, with the strong spin-orbit cou-

pling and in-plane inversion symmetry breaking, what happens to the system if

the out-of-plane mirror symmetry is also broken? This leads to a new kind of

spin splitting, which is entirely momentum-dependent. The out-of-plane symme-

try breaking leads to a potential gradient and creates an internal electric field (~Eint)

along the out-of-plane direction. The moving electron in a 2D-plane then experi-

ences a crossed effective magnetic field perpendicular to both electron momentum

and electric field. This magnetic field quantizes the spins, and the spins orient

according to momentum as the effective magnetic field directs according to the

electron’s momentum. Hence the spin splitting caused by the electric field takes

place along the in-plane momentum direction in the energy dispersion relation.

This type of spin splitting is known as Rashba spin splitting [88], and it is expected

in monolayers, surfaces, and interfaces that exhibit a loss of inversion symmetry

perpendicular to the 2D-plane.

Rashba spin splitting is not observed in 2D-TMDs due to out-of-plane mirror

symmetry. As a result, tremendous attempts such as making Van der Waals het-

erostructures with TMDs, combining MOS2 with graphene [89], bismuth (111) [90],

and ferromagnetic CoFeB [91], also electric field is applied to break the vertical
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mirror symmetry [92, 93, 94]. Due to the polar nature, the trimerized MoS2 have

shown the Rashba effect [95]. In 2017 ternary MoSSe (Janus MoSSe) layers are

synthesised [96]. In the MoS2 monolayer, out of two S atom layers, one of the lay-

ers is entirely replaced by Se atoms. Now the two different electronegative atoms

cause nonzero net polarity, which induces an internal electric field perpendicu-

lar to the 2D-plane. The breaking of out-of-plane mirror symmetry in the polar

MoSSe monolayer produces Rashba spin splitting. The Rashba Hamiltonian is

given by [88]

HR = aR|~Eint|(~s ⇥~k).ẑ (1.1)

Here aR is the Rashba parameter, ~s is the spin polarization vector, ~Eint is the in-

ternal electric field, and ẑ is the unit vector perpendicular to 2D-plane. The corre-

sponding band dispersion relation for the spin split bands is given by

E ± (k) =
h̄2

2m⇤ ± aR|Dk| (1.2)

Where m⇤ is the effective mass of the electron. The E+k and E�k represent energy

eigenstates for the opposite in-plane spin polarization. The energy bands with

eigenstates E+k and E�k are perpendicular to the ~k direction and are shifted by

Dk. By keeping the one parabolic band fixed, the other band will either shift by

+Dk or by -Dk. Here aR dictates the strength of Rashba spin splitting. This is given

by

aR =
2 ⇤ ER

kR
(1.3)

Where ER is the spin splitting energy, and kR is the wavenumber difference in the

spin split bands. The Rashba spin splitting in Janus-TMD systems with M = Mo, W

are well studied[97], a highest aR of 524 meVÅ is calculated in Janus WSeTe mono-

layer. A few layer Bi2Se3/2L PtSe2 heterostructure shows a giant Rashba splitting

energy of 275-278 meV and aR = 16.66 to 16.84 eVÅ [98], which is the highest value



Introduction 20

reported till date. The MoTe2/PtS2 heterostructure has a room temperature spin

splitting energy (� 25 meV) ER = 94 meV, enough momentum shift kR = 0.182 Å�1

to get a short device channel length of about 0.87 nm and aR = 1.03 eVÅ [99]. As

well as, the band dispersion has only Rashba bands at the Fermi level. This het-

erostructure meets all the requirements to be a good Rashba material. Monolayer

tin dichalcogenides such as SnS2, SnSe2, and SnTe2 don’t show the Rashba effect

due to the presence of out-of-plane mirror symmetry. Hence one needs to study

them by replacing one of the chalcogen atoms with a different one. Chapter 5 dis-

cusses the Rashba effect in Janus SnXY and WXY (X, Y = S, Se, Te with X 6= Y)

monolayers and their heterostructures. In addition, the chapter also explains the

effect of vertical strain on the Rashba spin splitting energy and Rashba parameter

in SnSSe/WSSe heterostructure.



CHAPTER 2

COMPUTATIONAL METHODS

This chapter explains the computational methods used to study the properties of

bulk and monolayer crystals using density functional theory (DFT). The funda-

mental ideas that underpin the DFT computations are presented in this chapter. It

begins with the difficulties in solving the quantum mechanical many-body prob-

lem. Every crystal is subjected to relaxation using several DFT approximations to

get its minimal energy state. Material’s electronic properties significantly impact

the applications of electrical, optoelectronic, and spintronic devices. Thus com-

putationally expensive but accurate hybrid DFT functionals are used to study the

electronic properties. The band gap dependency on the dielectric constant is stud-

ied very well. Spin-polarized calculations describe spin splitting in the electronic

band structure.

2.1 Many-body problem

A condensed matter system has positively charged nuclei and negatively charged

electrons. Thus the system involves various interactions, namely ion-ion, electron-

electron, and electron-ion interactions. Hydrogen molecule, including all these

interactions, can be solved exactly using the Schrödinger equation. A condensed

matter system’s total number of electrons becomes wN when it contains N atoms

and w electrons. This system is now referred to as a many-body system. One can

21
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exactly set up the many-body Hamiltonian as

H = �Â
I

h̄2

2MI
r2

I + Â
i

h̄2

2mi
r2

i +
1
2 Â

I 6=J

ZIZJe2

|RI � RJ |
+

1
2 Â

i 6=j

e2

|ri � rj|
� Â

i,I

e2ZI
|RI � ri|

(2.1)

where I(i) represents an ion (electron), M(m) is the ion (electron) mass, R(r) is the

position of ion (electron). The Hamiltonian containing the terms r2
I and r2

i repre-

sent the kinetic energy of ions and electrons, respectively. The ion-ion and electron-

electron Coulomb interaction energy are represented by the third and fourth terms

of the Hamiltonian. The last term in the expression represents the electron-ion

interaction. The solution is given by the Schrödinger equation

H Y(ri, RI) = EY(ri, RI), (2.2)

where Y is the many-body wave function, and E is the eigenvalue of the system.

Except for systems like Hydrogen molecule, it is nearly hard to obtain the analyti-

cal solution for this many-body wavefunction. Hence approximation methods are

applied for the possible interactions in the above Hamiltonian.

2.1.1 Born-Oppenheimer approximation

It is known that the ion is heavier than the electron. Its mass is 103 to 105 times

greater than that of electron mass (MI � mi). Due to heavy mass, the characteristic

time (t) scale associated with ions is much larger than that of the electrons (tI �

ti). Thus, the ions remain unchanged in the short period T, during which electrons

change states. Hence one can separate the motion of the electrons from the motion

of the ions. Therefore the total wavefunction in equation can be divided into ionic
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and electronic wavefunctions.

Y(ri, RI) = y(RI)F(ri)

where F(ri) and y(RI) are the electronic and ionic wavefunctions respectively.

This is called as Born-Oppenheimer or Adiabatic approximation [100, 101]. This

indicates that the moving electrons feel the static potential produced by the static

ions. The Schrödinger equation for the electronic part is given by

"

Â
i

h̄2

2mi
r2

i +
1
2 Â

i 6=j

e2

|ri � rj|
� Â

i,I

e2ZI
|RI � ri|

#
F(ri) = E(ri)F(ri) (2.3)

where E(ri) represents the electronic eigenvalue. The electronic part calculates the

electronic structure of the system. Then the effective Hamiltonian is expressed as

H = Â
i

h̄2

2mi
r2

i +
1
2 Â

i 6=j

e2

|ri � rj|
� Â

i,I

e2ZI
|RI � ri|

+ Vion (2.4)

Due to the many-body electron-electron interactions, this Hamiltonian has to be

simplified further using mean-field theory.

2.1.2 Hartree and Hartree-Fock Approximations

One needs to solve the electron-electron interaction part to simplify the electronic

part of the many-body Hamiltonian. A many-body system of N atoms will have

3N variables when it couples with the coordinates of all N atoms in the system.

Now it is impossible to solve the electron-electron interactions for 3N variables in

the electronic part of the many-body Hamiltonian. To simplify the electronic part,

several approximation methods have arisen. Hartree suggested that the many-

body electronic wave function F(ri) is the product of single electronic wave func-
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tions [102].

F(r1, r2, ....ri, rj......rN�1, rN) = f1(r1)f2(r2)....fi(ri)fj(rj).......fN�1(rN�1)fN(rN)

(2.5)

Each fi(ri) is orthonormal and satisfies the one-electron Schrödinger equation. It

indicates that each electron moves independently of the other. Electron only feels

the average electrostatic potential created by the ions and all other electrons. This

potential is termed as Hartree potential. Now substitute Eq. 2.5 into the electronic

part of the Schrödinger equation H F = EF

2

4� h̄2

2m
r2

i + Vion(ri) + e2 Â
j( 6=i)

Z |fj(r0)|2

|r � r0| dr0
3

5 fi(r) = Ei ji(r), (2.6)

This single particle Schrödinger equation is called as Hartree equation. By apply-

ing the variational principle, the total energy is given by

E = Â
i

Ei �
e2

2

Z Z ri(r)rj(r0)
|r � r0| drdr0. (2.7)

Here the second term is known as the Hartree energy, and r(r) = |f(r)|2 repre-

sents the electron density. Though one can get the best fit for the electronic wave

function, the Hartree approach lacks information that significantly affects the prop-

erties of the many-body system. It doesn’t consider Pauli’s exclusion principle;

it only considers symmetric wavefunctions Eq. 2.5 that holds only for bosons. In

other words, it totally neglects the Fermi-Dirac statistics. As the approach assumes

that the electrons are moving independently in the average potential of all other

electrons and ions, it doesn’t take the exchange and correlation effects.

Electrons are indistinguishable and obey Pauli’s exclusion principle. These two

natures together make their wavefunction antisymmetric, which is not included in

the Hartree approach. To overcome the inconsistency caused by the Hartree ap-
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proach, Hartree and Vladimir Fock together address the antisymmetric wavefunc-

tion,

F(r1, r2, ....ri, rj......rN�1, rN) = �F(r1, r2, ....rj, ri......rN�1, rN) (2.8)

Hartree-Fock’s approach uses the Slater determinant [103] to express the antisym-

metric wavefunction F(r) for electrons. Now the two anti-parallel electrons will

have the exchange interaction that reduces the electron-electron repulsion. Hence

the Coulomb energy of the entire system reduces. This energy gain is known as

exchange energy. The Schrödinger equation corresponding to the Hartree-Fock

approximation is given by [104]

"
� h̄2

2m
r2

i + V(r) + e2 Â
j

Z |fj(r0)|2

|r � r0| dr0
#

fi(r) � e2 Â
j

Z f⇤
j (r

0)fi(r0)
|r � r0| dr0fj(r)

= Eifi(r) (2.9)

Except for the exchange interaction term e2 Â
j

R f⇤
j (r

0)fi(r0)
|r�r0| dr0fj(r) which includes

Pauli’s exclusion principle, the other terms are precisely same as the Hartree equa-

tion Eq 2.6. Like-spin electrons are avoided by the exchange interaction, creating

an exchange hole all around them. Despite adhering to the conventional single-

electron understanding of the electronic structure, the Hartree-Fock approximation

ignores electron correlation and assumes a single determinant form for the wave

function. As a result, it underestimates the bond strengths and overestimates the

band gaps. Hartree-Fock’s theory needs to be revised to make precise quantitative

predictions.

2.2 Density Functional Theory

Density-functional theory (DFT) is a quantum mechanical computational model-

ing method used to investigate the ground state properties of many-body sys-
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tems. Here the word functional refers to the function of electron density which

is a function of spatial coordinates. In DFT, all the properties are studied using

the functional of electron density. Theoretically, Walter Kohn and Pierre Hohen-

berg first established density functional theory (DFT) within the context of the

two Hohenberg-Kohn theorems. But it was initially involved in the Thomas-Fermi

model [105, 106] for the electrical structure of materials. Even though the Hartree-

Fock approach using the Slater determinant method provides a single-particle pic-

ture, the Slater determinant method of solving many-body electronic wavefunc-

tion needs vast computational costs. Again it was impossible to apply for 3N vari-

ables. In this sense, Thomas-Fermi (TF) theory provided a very rudimentary idea

regarding the electron density. [105, 106]. Although it helped to define atoms’ total

energies, it did not result in chemical bonding. The intriguing aspect of the TF the-

ory is that it established an implied one-to-one relationship between the density

distribution r(r) and interacting electrons traveling in an external potential V(r).

1
2
(3p2)2/3r(r)2/3 + V(r) +

Z
r(r0)
|r � r0|dr0 � µ = 0, (2.10)

, where µ is the chemical potential. Only systems with slowly fluctuating densities

are most suited for the TF theory’s use, which entirely disregards gradients of the

effective potential.

The density r(r) is referred to as the fundamental variable in the Hohenberg-

Kohn theorem. This theorem states that the ground-state density r(r) of a bound

system of interacting electrons in an external potential V(r) determines this poten-

tial uniquely. The term uniquely means here: up to an uninteresting additive con-

stant. The lemma refers to any ground-state density r(r) for a degenerate ground

state. The theorem concluded that r(r) implicitly defines all attributes that can be

derived from Hamiltonians by solving the Schrödinger equation. As a result, the
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ground state electronic density contains all the information necessary to under-

stand the system’s physical observables. In other words, the electronic properties

are a functional of the electron density. However, the theorem does not explain

how to get the ground-state energy from the ground-state electron density with-

out first determining the wave function.

Kohn-Sham theory introduces a noninteracting kinetic energy functional Ts

into the energy expression. KS theory introduces a term DT[n] defining the dif-

ference between the kinetic energy of real and reference system of noninteracting

electrons with a density equal to the density of the real system.

DT[r] = T[r]� Ts[r] (2.11)

In other words, it maps the interacting many-body system onto a noninteracting

system of the same electron density. Similarly by defining

DU[r] = U[r]� 1
2

Z Z
r(r1)r(r2)
|r1 � r2|

dr1dr2) (2.12)

The energy functional has the form

Ev[r] =
Z

r(r)v(r)dr + Ts[r] +
1
2

Z Z
r(r1)r(r2)
|r1 � r2|

dr1dr2 + DT[r] + DU[r] (2.13)

Then the exchange-correlation energy is defined as

Exc[r] = DT[r] + DU[r] (2.14)

Where DT[r] and DU[r] are unknown functionals of density. Substituting Exc[r] in

Eq 2.13

E0 = Ev[r] =
Z

r(r)v(r)d(r) + Ts[r] +
1
2

Z Z
r(r1)r(r2)
|r1 � r2|

dr1dr2 + Exc[r] (2.15)
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According to Hohenberg-Kohn variational principle [107]

Z
r(r)dr = N (2.16)

Here N is the number of electrons in the many-body system. Kohn and Sham

introduced orbitals ji into DFT as a collection of auxiliary variables that had no

physical significance and were only used for computing the overall energy and

charge density. Then by putting the KS orbital ji instead of r, the kinetic energy

term Ts reduced to the form

Ts[r] =
N

Â
i=1

*
ji | �

h̄2

2m
ri

2 | ji

+
(2.17)

By substituting Eq 2.16 and Eq 2.17, Eq 2.15 reduces to

"
� h̄2

2m
r2 + v(r) +

Z
r(r0)
|r � r0|dr0 + vxc

#
ji = #i ji (2.18)

This is the Kohn-Sham equation. Then the Kohn-Sham functional is given by

EKS[r] = �
N

Â
1=1

h̄2

2m
ri

2 + v(r) +
1
2

Z Z
r(r1)r(r2)
|r1 � r2|

dr1dr2 + Exc[r] (2.19)

2.2.1 Exchange-correlation energy

The exchange-correlation functional still needs to be discovered in the Kohn-Sham

functional Eq 2.19. The Exc is defened in Eq 2.14. According to the expression de-

fined in Eq 2.14, Exc contains [108] (1) Kinetic correlation energy, is the difference

in the kinetic energy functional between the real and the noninteracting reference

system (2) The exchange energy, which arises from the antisymmetric requirement

(3) Coulombic correlation energy arises from the inter-electronic repulsion, and

(4) A self-interaction correction. The exchange-correlation energy is the real dif-
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ficulty in DFT. The results of DFT without exchange-correlation energy will not

match those of experiments. Hence several approximation methods are proposed

for exchange-correlation energy.

2.2.2 Local Density Approximation (LDA)

The Local density approximation (LDA)[107] considers electron density at each

point in space. It assumes that the fluctuations of density are very slow. The LDA

functional is expressed as

ELDA
xc [r] =

Z
r(r)E LDA

xc (r(r))dr. (2.20)

Here E
LDA

xc (r(r)) is the exchange plus correlation energy per electron in a uniform

electron gas with electron density r. The exchange-correlation energy is written as

a sum of exchange and correlation terms linearly,

Exc = Ex + Ec (2.21)

LDA functionals apply only for slowly fluctuating systems or uniform electron gas

and do not involve electron density gradients.

2.2.3 Generalized gradient approximation (GGA)

The Generalized gradient approximation (GGA) functionals overcome the LDA

functionals by considering the gradient of electron density along with the density.

These are expressed as

EGGA
xc [r] =

Z
r(r)E GGA

xc ((r(r)), |rr(r)|)dr. (2.22)
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In all the computations, we have used GGA functionals proposed by Perdew,

Burke, and Ernzerhof (PBE) [109].

2.2.4 Hybrid Functionals

Hybrid functionals are refined approximations of the exchange-correlation energy

functional. In these hybrid approximations, part of the exact exchange is derived

using the Hartree-Fock theory, and the rest by density functional approximations

(DFA) like LDA or GGA (PBE). The correlation energy is entirely taken from DFA.

In our calculation, DFA refers to PBE functional. The parameter that mixes the

portion of HF exact exchange and the semilocal DFA exchange is known as the

mixing parameter. The HF exact exchange is divided into short-range, long-range,

and full-range potentials. The exchange-correlation energy for hybrid functionals

is given by

EHSE
xc (r) = aEHF

x (r, r0; w) + (1 � a)EPBE
x (r; w) + EPBE

x (r; w) + Ec(r) (2.23)

Here a and w are the mixing and range separation parameters, respectively. In

exchange-correlation energy, if the short-range part is replaced by a times the HF

exact exchange and (1-a) times the PBE exchange and a long-range part with the

correlation are fully taken by the PBE functionals, then the hybrid functionals are

called short-range hybrid functionals. HSE06 [110, 111, 112] is one of the short-

range hybrid functionals. Here the range separation parameter w = 0.11 bohr�1.

EHSE
xc (r) = aESR�HF

x (r, r0; w) + (1 � a)ESR�PBE
x (r; w) + ELR�PBE

x (r; w) + Ec(r)

(2.24)
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For the full-range hybrid functionals like PBE0 [113], corresponding exchange-

correlation energy is given by

EPBE0
xc (r) = aEHF

x (r, r0) + (1 � a)EPBE
x (r) + Ec(r). (2.25)

These hybrid functionals are known for their remarkable accuracy in predicting

the band gap of bulk and 2D materials comparable with experimental values.

2.3 Dielectric-dependent hybrid functionals

In DFT, hybrid functionals are a prevalent and accurate method for predicting the

electronic properties of a material. As shown in 2.2.4, the Hybrid functionals rely

on the mixing parameter a. Apart from the success of hybrid functionals, the ma-

jor problem in their computation arises based on the usage of a. One needs to

understand the physical meaning of mixing parameters. In the hybrid functional,

the mixing parameter a adds the portion of exact exchange from HF theory to the

semilocal exchange functional of the DFT (LDA, GGA) and adds it with a semilocal

correlation functional. In the screened exchange term of self-energy, the dielectric

constant is taken as the screening term, and it is replaced by a�1 [114, 115]. By

changing the a from 0 to 1, Hartree-Fock and semilocal KS exchange will contin-

uously change. Hence by changing the a value, one can reproduce the experi-

mental band gap. In HSE06 functional a is replaced by e�1
• , e• is the static di-

electric constant of a material and examined [116, 117]. These hybrid functionals

with the mixing parameter termed screening parameter replaced by the inverse

of the static dielectric constant are known as dielectric-dependent hybrid func-

tionals(DDHF). These results in good band gap values with the experimental val-

ues [115, 118, 119, 120, 121, 122, 123]. In this work, band gap and static dielectric

constant are calculated using the hybrid functionals, HSE06 and PBE0, by taking
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Figure 2.1: Self-consistent loop showing the DDHF calculations performed using
HSE06 and PBE0 functionals.

a = 25% as an initial guess. In the next iteration, a is taken as the inverse of the

dielectric constant calculated in the previous step and proceeded until the dielec-

tric constant and band gap converge. The self-consistent DDHF calculations are

proceeded as shown in Figure 2.1. The band gap reaches a constant value when

the difference between the two consecutive dielectric constants is less than 0.01.

Therefore the convergence criteria we followed in this work is e• < 0.01. Further

details of DDHF will be discussed in Chapter 3.



CHAPTER 3

ELECTRONIC AND OPTICAL PROPERTIES OF 3D

TRANSITION METAL-DOPED SNS2

In this chapter, we discuss the electronic bandgap and optical properties of SnS2

and 3d-series transition metal-doped SnS2 systems. The SnS2 crystal is a non-

magnetic indirect bandgap semiconductor both in bulk and in the monolayer limit.

The transition metal substitution at Sn-site induces magnetism inside the crystal.

Therefore studying its doping by 3d-series transition metals is essential from an

application perspective. We use the dielectric-dependent hybrid functionals of ab

initio calculations for computing the electronic bandgap. The dielectric-dependent

hybrid computations rely on the electronic static dielectric constant. In these cal-

culations, we iteratively update the dielectric constant and exchange parameter

from one another until the convergence. As a result, we present a range of pos-

sible bandgap values. Specifically, we determine the lower and upper bounds of

possible experimental bandgap values for all these doped systems. Further, we ex-

plore the optical properties of each doped system in the monolayer and bulk forms.

We discuss the absorption spectra, optical constants, and exciton binding energy

of all the doped systems. We conclude that the transition metal doped SnS2 is a

good candidate for optoelectronic device applications. The reuslts are published

in Physical Review B 105, 195205 (2022) [291].
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3.1 Introduction

Layered metal dichalcogenides (LMDs) are found in nature as bulk crystals with

Van der Waals interactions connecting the layers. These are promising materials

for field effect devices, memory devices, and energy storage e.t.c. Monolayers of

them can be extracted via experimental techniques. The first monolayer to be pro-

duced experimentally is graphene [125]. Other layered materials of the form MX2,

where M = Ti, Hf, Zr and X= S, Se, Te [126, 127, 128, 129, 130, 131, 132, 133, 134, 135]

as well as the transition metal(TM) dichalcogenides MoS2 [136, 137, 138, 139],

WS2 [140, 141], WSe2 [142, 143], and NbS2 [144], are exceedingly promising ma-

terials due to their applications in electrical, optical, and magnetic fields.

As a metal dichalcogenide, SnS2 originates from the MX2 or CdI2 crystal type [145].

The chemical stability of SnS2 crystal makes it a non-toxic, non-flammable, afford-

able, and earth-abundant material that can resist water and air. The layered struc-

ture of SnS2 allows one to synthesize it in a single layer. The single-layer provides

a large surface area for solar energy absorption and active sites for chemical re-

actions. The optical properties of the SnS2 crystal are well studied. Also SnS2 is

an earth-abundant visible-light photocatalyst [74], making it a good candidate for

Li-ion battery electrode [81, 82], gas sensors [83], and field emitters [84]. The ex-

foliated nano-membranes of SnS2 exhibit a high FET on/off ratio exceeding 2⇥106

and a carrier mobility of 1 cm2V�1s�1 [85]. High-performance top-gated field-

effect transistor along with the integrated logic circuits have been fabricated [86]

in 2013, using monolayer SnS2 crystals. Thus, SnS2 will be a top candidate for

next-generation electronic gadgets.

SnS2 crystal shows n-type electrical conductivity with a maximum dark value

of 1.3⇥10�2 cm�1, and activation energy of 0.14 eV with a wide bandgap of 2.3

eV [146]. Thus a complete solar cell structure is built using SnS2 crystal [146]. These
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findings imply that SnS2, a layered semiconductor with a wide bandgap, will be

a nanoelectronic basis material, particularly as a supplement to graphene-based

materials with very small or no bandgap. SnS2 is an indirect gap semiconductor

in bulk and the monolayer limit, with a wide bandgap of 2.2-2.43 eV. Therefore, a

bandgap narrowing process is required for applications like solar cells. Narrowing

it to nearly 1.5 eV and then maintaining the higher absorption coefficient is essen-

tial [147, 148, 149]. Attempts are made using defect engineering [150, 151, 152, 153]

and impurity doping [71, 154] for reducing the bandgap. Transition metal doping

of the SnS2 crystal in monolayer or bulk environments make its bandgap fall below

the bandgap of pristine SnS2 crystal.

Electronic properties of materials profoundly influence electronic, optoelec-

tronic, and spintronic device applications. However, predicting electronic proper-

ties accurately with theoretical methods is a complex problem. Theoretical predic-

tions do not match the experimental values very well. Thus computational meth-

ods play a major role. In this regard, density functional theory [155] (DFT) is one

of the popular methodologies that provides a good balance between accuracy and

computation efficiency. The electronic bandgap calculations using DFT involve

exchange-correlation functionals such as local density approximation (LDA) [156],

semi-local generalized gradient approximation (GGA) [109] and hybrid function-

als [157, 158, 159]. Among these functionals, hybrid functionals are highly accu-

rate [160, 161]. They are the refined approximations to the exchange-correlation

energy functional. In these hybrid approximations, part of the exact exchange is

derived using the Hartree-Fock theory, and the rest by density functional approxi-

mations (DFA). Hybrid functionals are classified using the Hartree-Fock exchange

admixtures. They are short-range, long-range, or full-range separation. The effec-

tive non-local potential in the generalized Kohn-Sham formalism [162, 163, 164] is
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determined by

vGKS = vH(r) + vxc(r, r0) + vext(r), (3.1)

where vH is the Hartree potential, vxc is the exchange-correlation potential and vext

is the external potential of the nuclei. Also vxc can be expressed as

vxc = vHF
x + vDFA

x + vc(r), (3.2)

Where vHF
x and vDFA

x represent the exact exchange potentials corresponding to the

Hartree-Fock and density functional approximations respectively. vc(r) is the cor-

relation potential.

vHF
x = vSR�HF

x + vLR�HF
x , (3.3)

vDFA
x = vSR�DFA

x + vLR�DFA
x . (3.4)

The terms represent the short-range and long-range part of the exact exchange

potentials corresponding to the Hartree-Fock and the density functional approxi-

mations.

vxc = avSR�HF
x (r, r0; w) + (1 � a)vSR�DFA

x (r; w)

+ bvLR�HF
x (r, r0; w) + (1 � b)vLR�DFA

x (r; w)

+ vc(r),

(3.5)

where a and b are mixing parameters for short-range and long-range exchange

potentials. w is the range separation parameter that separates the short-range and

the long-range Hartree-Fock exchange potentials. Hartree-Fock exchange poten-



Electronic and optical properties of 3d transition metal-doped SnS2 37

tials are expressed as [165, 121]

vLR�HF
x (r, r0; w) = �

Nocc

Â
i=1

fi(r)f⇤
i (r

0)
er f (w|r � r0|)

|r � r0| , (3.6)

vSR�HF
x (r, r0; w) = �

Nocc

Â
i=1

fi(r)f⇤
i (r

0)
er f c(w|r � r0|)

|r � r0| . (3.7)

Here fi are single-particale occupied electronic orbitals, er f and er f c are error func-

tion and complimentary error functions respectively. The Coulomb potential [157]

is expressed as

1
|r � r0| =

er f c(w|r � r0|)
|r � r0| +

er f (w|r � r0|)
|r � r0| . (3.8)

With a fixed mixing parameter, a and b the hybrids are called global-hybrid func-

tionals. The hybrid functionals where the mixing parameter changes with material-

dependent properties are known as local hybrid functionals. When b = 0, the equa-

tion (3.5) becomes

vxc(r) = avSR�HF
x (r, r0; w) + (1 � a)vSR�DFA

x (r; w)

+ vLR�DFA
x (r; w) + vc(r)

. (3.9)

These are the short-range hybrid functionals e.g HSE06 [110, 111, 112], here a

= 0.25 and w = 0.11 bohr�1. When b 6= 0, then these are the long-range hybrid

functionals e.g CAM-B3LYP functionals [166, 167] where b = 0.65, a = 0.19, w =

0.33 bohr�1. The full-range hybrid functionals are with a = b. For full range hybrid

functionals we have,
vxc(r) = avSR�HF

x (r, r0; w) + (1 � a)vSR�DFA
x (r; w)

+ avLR�HF
x (r, r0; w) + (1 � a)vLR�DFA

x (r; w)

+ vc(r)

(3.10)
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vxc(r) = a(vSR�HF
x (r, r0; w) + vLR�HF

x (r, r0; w))

+ (1 � a)(vSR�DFA
x (r; w) + vLR�DFA

x (r; w))

+ vc(r)

, (3.11)

vxc(r) = avHF
x (r, r0) + (1 � a)vDFA

x (r) + vc(r). (3.12)

In our calculation, DFA refers to PBE functional. For the full-range hybrid func-

tionals like PBE0 [113] we have a = 0.25. These hybrid functionals are known for

their remarkable accuracy in predicting the bandgap of bulk and 2D materials com-

parable with experimental values. However, they are computationally expensive.

The electronic dielectric constant, es is known to be a reliable screening parameter

for understanding the exact exchange potential in non-metallic systems. Miguel

A.L. Marques et al [115], T. Shimazaki and Y. Asai [168, 169, 120, 121] and Sivan

Refacly-Abramson [122] reported that the electronic static dielectric constant of a

non-metallic system represents the effective screening of the exact-exchange po-

tential, vscreened
x . T. Shimazaki and Y. Asai calculated the band structure of Dia-

mond using the screened Fock exchange method [170] in which they have utilized

the Bechstedt model [171] for dielectric function and simplified it in the form of

screened Fock exchange,

vscreened
x =

✓
1 � 1

es

◆
[ver f c

SR�X] +
1
es

vFock
x . (3.13)

They have calculated the bandgap of Diamond using the self-consistent screened

Hartree-Fock exact exchange potential, which is in agreement with the experiment.

Nevertheless, exactly how much exchange rate was involved in their calculation is

not specified.

In a semiconductor system, the static dielectric constant, e• facilitates effective
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screening. Miguel A.L. [115] et al. reported that the static dielectric constant cal-

culated using the PBE functional, ePBE
• could be related to the mixing parameter of

the full-range hybrid functional as

a =
1

ePBE
•

. (3.14)

On the other hand using self-consistent scheme, T. Shimazaki and Y. Asai [116, 172]

evaluated the relation

a =
1

e•
, (3.15)

for both short-range and full-range screened hybrid functionals. Koller et al [173]

reported that, in self-consistent short-range hybrid functionals the mixing parame-

ter is inversely proportional to the static dielectric constant of the system. In recent

publications, several authors have proposed introducing a as an adjustable param-

eter into solids to reproduce the experimental bandgap [174, 175, 176, 177, 178].

In our computations, initially, the self-consistency loop is triggered by a guess

for a, which ranges between 0 and 1; the estimate determines the exact amount

of exchange included in the exchange-correlation potential expression. In this

dielectric-dependent hybrid functional (DDHF) calculation, the static dielectric

constant is calculated with HSE06 and PBE0 functionals based on the initial guess

of a as 25%. In the first iteration of HSE06 and PBE0 calculation, exchange pa-

rameter is a = 25%. The inverse of the static dielectric constant calculated in the

first iteration is taken as the exchange parameter for the next iteration. These steps

are repeated until the static dielectric constant, and hence the bandgap converges.

Convergence is reached when the consecutive difference between the calculated

static dielectric constant, e• < 0.01. When the static dielectric constant converges,

the bandgap also converges. These self-consistent HSE06 and PBE0 calculations

are performed to find the bandgap of bulk and monolayer SnS2 and all the transi-
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Figure 3.1: Top view of SnS2 crystal doped with transition metal atom. Blue, yellow
and red balls represent Sn, S and transition metal atom respectively.

tion metal-doped systems. We also use the inverse of the static dielectric constant

obtained by the PBE functional to do a one-run hybrid functional computation to

estimate the bandgap.

3.2 Computational Details

First principle calculations [179] are performed by using Vienna ab initio Simulation

Package(VASP) [180, 181]. The electron-ion interactions in these calculations were

carried by projector augmented wave (PAW) [182, 183] pseudopotentials. Since

SnS2 is a layered Van der Waals material, the Van der Waals interaction is involved

in the DFT calculation. The bulk and ML-SnS2 crystals are relaxed using Perdew,

Burke, and Enzerhof (PBE) Generalized Gradient Approximation (GGA) [109] with

D3 [184], optB86b [185] vdw-functions to calculate the ground state lattice param-

eters respectively. While doing the calculations, atomic positions are optimized

using the conjugate-gradient method with a force convergence criterion of 10�3

eV/Å and a tight energy convergence criterion of 1⇥10�8 eV. Cutoff energy of 400
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eV is used. The Brillouin zone sampling of bulk and ML-SnS2 was employed by

Monkhorst-Pack [186] k-grid of size 21⇥21⇥13 and 21⇥21⇥1 respectively. The

electronic bandgap values are estimated using the short-range i.e Heyd-Scuseria-

Ernzerhof (HSE06) [110, 111, 112] and full-range i.e PBE0 [187] screened hybrid

functionals with 25% exchange for the initial guess. A supercell of size 2⇥2⇥1 is

considered. One of the Sn atoms is replaced by each transition metal atom. The top

view of the supercell doped with the transition metal atom is shown in Figure 3.1.

A self-consistent hybrid scheme is used for calculating the electronic part of the

static dielectric constant. Each time, a fraction of the exact exchange of screened

hybrid functional is calculated by the inverse of e•. In this calculation, the LOP-

TICS tag in VASP employs the Kramers-Kronig transformation to separate the real

part of the frequency-dependent dielectric function. The static dielectric constant

is calculated using this code, and the local field effects are neglected to reduce the

computational cost. For bulk systems, the average of the dielectric constants along

the x, y, and z axes is considered. For monolayers the dielectric constant is calcu-

lated using the relation

#2D =
1
3

⇣
2#2D,k + #2D,?

⌘
(3.16)

by eliminating the vacuum contribution. Where #2D,k and #2D,? are the in-plane

and out of plane dielectric constants of the proper 2D material. It is taken from

the simple capacitor combinations of series and parallel connections of the slab-

vacuum model proposed in [188].
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3.3 Results and Discussion

3.3.1 Structural stability

It is important to calculate the formation energy of each transition metal-doped

SnS2 both in the bulk and monolayer form to explore the stability of the sys-

tems. The formation energy of the TM-doped systems are calculated using the

relation [189, 190],

Ef orm = Edoped � Epristine � nµTM + nµSn. (3.17)

Here Edoped and Epristine are the energies of transition metal-doped and pristine

systems respectively. n is the number of Sn atoms replaced with transition metal

atom. µTM and µSn are the chemical potentials of the transition metal and Sn-

atom, respectively. For the pristine SnS2 crystal the chemical potentials of Sn and

S should satisfy [191]

µSn + 2µS = DEf (SnS2) (3.18)

where D Ef (SnS2) is the enthalpy of formation of SnS2. Formation energy of such

reaction is given by [192],

Ef orm(SnS2) = µSnS2 � µSn,bulk � 2µS,bulk (3.19)

Where µ(SnS2) is the energy per unit cell of the SnS2 crystal. µSn,bulk and µS,bulk

are the energy per atom of the bulk Sn and bulk S crystal structure. The formation

energy of bulk and ML SnS2 are calculated as -1.48 and -0.95 eV/atom, respectively.

Several thermodynamic constraints are applied to the chemical potentials to avoid

the formation of elemental phases (Sn, S and TM-atom) and the secondary phases

by TM-atom with S-atom [191]. The constraints applied to the chemical potentials
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are [191],

µSn < 0, µS < 0, µTM < 0, (3.20)

nµTM + mµS  DEf (TMnSm). (3.21)

where DE f (TMnSm) is the enthalpy of formation for the secondary phase TMnSm.

The chemical potentials of TM-atoms are calculated using the equations (3.20) and

(3.21). Since SnS2 has two-type of atoms Sn and S, we need to find the formation

energies both in Sn-rich (S-poor) and Sn-poor (S-rich) experimental growth con-

ditions. These conditions are based on the chemical potentials of the individual

atoms. In Sn-rich and Sn-poor conditions µSn is given by [192],

µSn�rich
Sn = µSn,bulk, (3.22)

µ
Sn�poor
Sn = µSn, bulk + DEf (SnS2). (3.23)

The maximum allowed chemical potential of TM-atom is considered to calculate

the formation energy of each doped system in Sn-rich and Sn-poor conditions [191].

All the potential secondary phases of TM-atoms and bulk phases of Sn and S-

atoms are taken from Materials Project [193], and their energies are calculated us-

ing VASP.

Figure 3.2 shows the formation energy of transition metal-doped bulk and ML-

SnS2 in the Sn-rich and Sn-poor conditions. Here the green line (Sn-poor) falls

below the red (Sn-rich) line. This indicates the lower formation energy in the

Sn-poor (S-rich) condition than in Sn-rich (S-poor) condition in all the transition

metal-doped systems. Hence Sn-poor (S-rich) condition is the favourable condi-

tion to incorporate the transition metal atoms into SnS2-crystal. As a result, the

impurities Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn are comparatively easy to inte-
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Figure 3.2: Formation energy of transition metal-doped bulk and ML-SnS2.

grate into the SnS2 crystal at the Sn-site in Sn-poor(S-rich) condition. Therefore,

further calculations are performed based on substitutional doping at the Sn-site by

the transition metal atom.

3.3.2 Dielectric response of a proper 2D-material

In a 2D material, the electrons are bound to the two-dimensional plane. Conse-

quently, a 3D system can be converted to a quasi-2D system by filling a vacuum

in one direction. However, the dielectric response will be strongly affected by the

vacuum known as vacuum effect. Due to the periodicity of the two-dimensional

environment, neither VASP nor any comparable computational tool can calculate

the dielectric constant of a proper two-dimensional system. Thus it is necessary to

eliminate the vacuum contribution to the dielectric response calculated by VASP.

For this purpose we use the simple capacitor combinations of series and parallel

connections for the slab-vacuum model proposed in [188]. We have calculated the

dielectric constant of a monolayer SnS2 and TM-doped monolayer SnS2 systems

using dielectric dependent hybrid functionals.
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Figure 3.3: Orbital projected band structure of bulk SnS2 calculated using HSE06
functional with 25% exchange.

-2

 0

 2

 4

 6

Γ M K Γ

E
-E

f 
(e

V
)

S-p
Sn-s

S-s
Sn-p

Figure 3.4: Orbital projected band structure of monolayer SnS2 calculated using
HSE06 functional with 25% exchange.
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Table 3.1: Relaxed lattice parameters (a,b and c), Sn-S bond length dSn�S, direct
Edir

g and indirect bandgap Ein
g , values of bulk and monolayer SnS2 calculated us-

ing PBE, PBE-D3 and PBE-optB86b functionals respectively. The HSE06 and PBE0
bandgap values are calculated using PBE (D3 and optB86b) relaxed lattice param-
eters.

PBE HSE06 PBE0
System a=b c dSn�S Ein

g Edir
g Ein

g Edir
g Ein

g Edir
g

(Å) (Å) (Å) (eV) (eV) (eV) (eV) (eV) (eV)

BULK-SnS2 3.64 5.98 2.60 1.41 1.92 2.22(D3) 2.66[L] 2.83 3.36 [M]
(3.69) (5.98) (2.62) [L] 2.35 2.5[M] (optB86b) (optB86b)
[67] [67] [67] (optB86b) (D3)

(3.649) (5.899) (2.18) (2.88)
[58] [58] [59] [L] [194]

(2.07) [194]
(2.28) (2.56)
[74] [M] [74]

(2.25) (2.61)
[195] [L] [59]

ML-SnS2 3.68 - 2.59 1.45 1.69 2.43 2.64 [M] 3.11 3.41[M]
(3.68) (2.59) [M] (2.41) (2.68)
[196] [196] [59] [M] [59]

A 2D material has a two dimensional slab and a vacuum filled in another di-

rection. Hence we can propose it as a slab-vacuum model. Figure 3.5 shows

the supercell of a slab-vacuum model. Here the capacitance of a supercell CSC

can be expressed as a series and parallel combinations of the capacitance of two

dimensional-slab(layer) C2D and the capacitance of vacuum layer CVac. To elimi-

nate the vacuum contribution in out of plane direction we consider CSC as a series
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combination of CVac and C2D.

1
CSC,?

=
1

C2D,?
+

1
CVac

, (3.24)

c
#SC,?

=
t

#2D,?
+

c � t
#Vac

, (3.25)

#2D,? =


1 +

c
t

✓
1

#SC,?
� 1

◆��1
. (3.26)

To eliminate the vacuum contribution along in-plane direction we consider CSC as

parallel combination of C2D and CVac.

CSC,k = C2D,k + CVac, (3.27)

c#SC,k = t#2D,k + (c � t)#Vac, (3.28)

#2D,k =
h
1 +

c
t

⇣
#SC,k � 1

⌘i
. (3.29)

where c, t and c � t are the thicknesses of the supercell, 2D-layer and vacuum re-

spectively. Further, #SC, #2D and #Vac = 1 are the dielectric constant of the supercell,

2D-layer and vacuum respectively. Using the out of plane and in-plane dielectric

constants one can find the dielectric constant of proper 2D-material as

#2D =
1
3

⇣
2#2D,k + #2D,?

⌘
. (3.30)

Using the above relations, the dielectric constant of pristine and transition metal

doped monolayer SnS2 systems are calculated.

3.3.3 Electronic properties

Bulk SnS2 crystal is a 2H-polytype, it has hexagonal crystal structre with the space

group of P3̄m1 [59, 197, 58]. The six sulfur ligand field octahedrally surrounds

the central Sn-atom with Sn-S bond length of 2.60 Å. The calculated in-plane and
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Figure 3.5: Schematic diagram of supercell of a slab-vacuum model.

transverse lattice parameters using vdw-D3 functionals are 3.64 Å and 5.98 Å re-

spectively. These values are in agreement with the other theoretical work [67]

where a = 3.69 Å and c = 5.98 Å. Note that the single crystal XRD [58] also has

the parameters a = 3.649 Å and c = 5.899 Å . Monolayer SnS2 crystallizes to the

same space group whose top view and side views are same as the bulk SnS2. The

in-plane lattice parameter is found to be 3.68 Å using PBE functional. And the Sn-S

bond length is 2.59 Å. The band structure of pristine bulk SnS2 is shown in Figure

3.3. This shows, bulk-SnS2 has indirect gap nature like bulk MoS2. In bulk MoS2,

the indirect gap appears due to the in-plane electronic transition. This transition

happens from valence band edge at G - point to conduction band edge between G

and K-point. In bulk-SnS2, even though it is indirect, the valence band edge is near

G - point and conduction band edge is out of plane, at L-point.

Valence band edge in bulk MoS2 emerges from out of plane S-pz and Mo-dz2

orbitals, whereas conduction band edge is from S-px,py,pz and Mo-dxy,dx2�y2 ,dz2

orbitals [198]. In bulk-SnS2, valence band edge originates from the S-px,py,pz and

Sn-pz orbitals, conduction band edge is from Sn-s and S-px,py orbitals. Valence

bands are mainly composed of S-px,py,pz and Sn-s,px,py,pz orbitals near the Fermi

level. The conduction bands are composed of S-px,py and Sn-s orbitals very near
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to the Fermi level. Sn-px,py,pz orbitals influence the conduction band far from the

Fermi level. The fundamental (indirect) band-gap calculated using HSE06 func-

tional with D3 and optB86 corrections are 2.22 and 2.35 eV respectively for the ex-

change fraction of a=25%. They are in agreement with the various research works

shown in Table 3.1. An experimental bandgap value is 2.25 eV [195], Greenaway

and Nitsche showed the value 2.21 eV [145] and D.C Lokhande gave the value

to be 2.35 eV [199]. Our bandgap values are comparable with these experimental

values. The direct gap calculated at L and M-points is 2.66 eV and 2.5 eV, respec-

tively. The PBE0+optB86b functional gives the gap of 2.83 eV. This is higher than

the calculated theoretical and experimental gaps.

In the case of monolayer MoS2, both valence band edge and conduction band

edge originate at the K-point. This makes it as direct gap semiconductor. In this

case, valence band edge is composed of Mo-dxy+dx2�y2, S-px+py orbitals and con-

duction band edge is of Mo-d2
z, S-px+py orbitals [198]. Similar to MoS2, indirect to

direct gap transition occurs from bulk to monolayer limit in all of the transition

metal dichalcogenides. However, this phenomenon does not occur in the case of

SnS2. In monolayer SnS2, valence band edge originates near G-point from the S-px

and Sn-py orbital, whereas conduction band edge originates at M-point from the

Sn-s and S-px,py orbitals. This makes it an indirect gap semiconductor. The band

structure is shown in Figure 3.4. The valence bands near Fermi level are due to

S-px,py and Sn-px,py and s orbitals. The conduction bands are from Sn-s,px,py and

S-px,py orbitals. The experimental bandgap is 2.29 eV [200]. The HSE06 functionals

with a=25% have shown the band-gap of 2.4 eV. This is comparable with the other

theoretical works shown in Table 3.1. But the bandgap of 3.11 eV calculated by

PBE0 with a=25% overestimates the other theoretical and experimental bandgap

values. The direct gap calculated at the M-point using HSE06 is 2.64 eV. Bulk (2.35

eV) and monolayer (2.4 eV) limit show that, SnS2 has a wider bandgap compared
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Table 3.2: Bandgap of bulk SnS2 and TM-doped semiconductor systems estimated
using DDHF calculations. Where a = 1

eSC�HSE and 1
eSC�PBE0 use converged dielectric

constant calculated using HSE06 and PBE0 under self-consistent scheme. a = 1
ePBE

uses the dielectric constant calculated using PBE functionals. Bandgap values are
in eV.

HSE06 PBE0

System a = 25% a = 1
eSC�HSE a = 1

ePBE a = 25% a = 1
eSC�PBE0 a = 1

ePBE

Bulk-SnS2 2.35 1.68 1.7 2.83 2.06 1.83
Ti 1.58 0.61 0.45 2.28 1.13 0.62
V 1.05 0.0 0.0 0.51 0.0 0.0

Mn 1.36 0.51 0.71 2.06 0.93 1.26
Fe 0.9 0 0.5 1.58 0.09 1.09
Ni 0.91 0.47 0.42 1.63 0.77 0.83

to transition metal dichalcogenides. This is in contrast with phosphorene [72, 73],

where the layer thickness greatly influences the bandgap.

3.3.4 Importance of DDHF calculation

The dielectric constant is equivalent to effective screening in semiconductor sys-

tems, as discussed in the introduction. The mixing parameter is inversely related

to the static dielectric constant in hybrid functionals. This fact is investigated

for a variety of materials [115, 118, 119, 120, 121, 122, 123]. Instead of randomly

choosing the exchange percentage value, the DDHF allows one to manually cal-

culate the value of the exchange parameter based on the inverse static dielectric

constant. The self-consistent steps performed by incorporating the exchange pa-

rameters into hybrid functionals provide the bandgap values until convergence is

reached. Bandgap remains unchanged when the dielectric constant and exchange
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Table 3.3: Bandgap of monolayer SnS2 and TM-doped semiconductor systems es-
timated using DDHF calculations. Where, a = 1

eSC�HSE and 1
eSC�PBE0 use converged

dielectric constant calculated using HSE06 and PBE0 under self-consistent scheme.
a = 1

ePBE uses the dielectric constant calculated using PBE functionals. Bandgap val-
ues are in eV.

HSE06 PBE0

System a = 25% a = 1
eSC�HSE a = 1

ePBE a = 25% a = 1
eSC�PBE0 a = 1

ePBE

ML-SnS2 2.43 1.89 1.85 3.11 2.23 2.11
Ti 1.80 1.17 1.05 2.48 1.60 1.25
V 1.30 0.0 0.0 1.75 0.0 0.0
Cr 1.72 0.0 0.0 2.44 0.54 0.3
Mn 1.75 1.03 0.93 2.43 1.34 1.1
Fe 1.50 0.31 0.02 2.19 0.63 0.05
Ni 1.50 0.99 0.94 2.22 1.27 1.11
Cu 0.0 0.0 0.0 0.73 0.0 0.0

parameter converges. These iterations highlight how the bandgap values change

depending on the dielectric constant of the system and how it depends on the ex-

change parameter.

In this sense, DDHF is not only important in calculating the range of bandgap

values but also provides the converged bandgap value and minimal exchange per-

centage a system can have. There is no fixed value for the exchange percentage

in the hybrid DFT calculations. One can easily understand this by considering

the TiS2 example. Finding the experimentally matchable bandgap of 1T-TiS2 us-

ing theoretical methods was a challenge for DFT calculations. We have first ex-

amined the bandgap calculation of a bulk 1T-TiS2. According to some tests, it

has either semiconducting [201] or semimetallic [202] behaviour. Klipstein and

Friend [203] found that TiS2 is a semiconductor with a gap of 0.18±0.06 eV, Green-

way and Nische [145] found that it is a semiconductor with a bandgap of 1-1.12 eV

by the optical measurement. Using angle-resolved photoemission studies (ARPS)
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Figure 3.6: Dielectric dependent HSE06 and PBE0 bandgap values of 1T-TiS2.

Chen et al [201] and Barry et al [204] found a bandgap of about 0.3± 0.2 eV. Using

photoemission experiments, Shepherd and Williams [205] determined a bandgap

of less than 0.5 eV. A bandgap of 2 eV was estimated using the pseudopoten-

tial approach [202]. By employing the linearized augmented plane wave (LAPW)

method [206], augmented spherical wave (ASW) method [207], the linear muffin-

tin orbital (LMTO) method [208, 209, 210] and the full-potential (FP)-LAPW method [211,

212] have claimed that TiS2 displays semimetallic behavior. Using resistivity mea-

surements [213, 214], several experiments have concluded that TiS2 shows metallic

behaviour.

The latest experiment on TiS2 utilising angle-resolved photoelectron spectroscopy

(ARPES) [215] verifies the semiconducting nature with a bandgap of 0.53 eV, while

the HSE06 calculation with 20% exchange yields a bandgap of 0.4 eV [215]. Our

band structure computations utilised LDA, GGA, and meta-GGA (SCAN) func-

tionals and revealed the metallic nature. HSE06 and PBE0 with alpha = 25% yield

bandgaps of 1.53 eV and 1.87 eV, respectively, overestimating the ARPES bandgap

of 0.53 eV [215]. Finally, our DDHF calculations gave 0.42 eV for the 11.9% ex-

change and 0.34 eV for the 8% exchange, respectively, after which the TiS2 system
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Table 3.4: Static dielectric constant and bandgap of bulk SnS2 and TM-doped semi-
conductor systems estimated using DDHSE06 functionals. Cr, Cu, Co and Zn-
doped systems are metals. Bandgap values are in eV.

System HSE1 HSE2 HSE3 HSE4 HSE5 HSE6 HSEone�run

Bulk-SnS2 e• 6.713 8.521 8.721 8.885 8.910 8.90 8.7
Eg 2.35 1.721 1.673 1.682 1.681 1.680 1.7

Ti e• 6.801 9.121 9.960 9.953 9.952 9.950 11.48
Eg 1.581 0.811 0.652 0.611 0.610 0.610 0.45

V e• 7.282 16.960 16.960 16.960 16.960 16.960 15.8
Eg 1.05 0.0 0.0 0.0 0.0 0.0 0.0

Mn e• 6.852 8.812 9.416 9.5 9.86 9.86 8.81
Eg 1.36 0.711 0.572 0.553 0.512 0.510 0.71

Fe e• 6.541 7.982 8.470 9.771 9.811 9.811 7.7
Eg 0.981 0.170 0.0 0.0 0.0 0.0 0.5

Ni e• 9.310 12.611 13.419 13.551 13.612 13.610 14.24
Eg 0.911 0.542 0.474 0.472 0.471 0.471 0.42

reaches a metallic phase which is shown in Figure 3.6. The bandgap of 0.42 eV

calculated with the 11.9% exchange of DD-HSE06 now matches the gap of 0.4 eV

estimated by other theory work [215], as well as the experimental bandgap of 0.53

eV [215]. This demonstrates that the experimental bandgap value is calculated for

the exchange value of 11.9% rather than 25%. DDHF has calculated the experi-

mental matchable bandgap value despite the system gaining the metallic phase.

This confirms that a system’s fundamental bandgap or experimental bandgap falls

within one of the DDHF bandgap values. This also demonstrates that for a given

exchange value, every semiconducting system has a genuine bandgap value, and

the value of that exchange parameter can be determined using the self-consistent
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Table 3.5: Static dielectric constant and bandgap of bulk SnS2 and TM-doped semi-
conductor systems estimated using DDPBE0 functionals. Cr, Cu, Co and Zn-doped
systems are metals. Bandgap values are in eV.

System PBE01 PBE02 PBE03 PBE04 PBE05 PBE06 PBE0one�run

Bulk-SnS2 e• 6.22 7.22 7.52 7.594 7.592 7.590 8.7
Eg 2.830 2.052 2.063 2.064 2.060 2.061 1.83

Ti e• 5.24 6.52 7.14 7.41 7.54 7.54 9.84
Eg 2.281 1.53 1.26 1.18 1.13 1.13 0.62

V e• 5.101 6.4 7.212 7.70 7.961 7.943 7.940
Eg 0.512 0.0 0.0 0.0 0.0 0.0 0.0

Mn e• 5.811 7.210 7.830 8.201 7.920 7.960 7.12
Eg 2.063 1.26 1.04 0.98 0.93 0.93 1.26

Fe e• 5.042 6.20 7.04 7.60 7.804 7.903 5.9
Eg 1.582 0.932 0.642 0.461 0.090 0.090 1.09

Ni e• 6.643 8.832 9.491 10.4 10.601 10.600 12.56
Eg 1.631 1.081 0.862 0.790 0.770 0.770 0.83

DDHF computation. Because the value of the exchange parameter is unknown,

the inverse of the dielectric constant can be substituted for the exchange parame-

ter value. The DDHF provide the ideal exchange value, which would otherwise be

unknown.

3.3.5 DDHF calculations on bulk and monolayer doped systems

We began the hybrid functional computation with an initial guess of a=25%. We

measured the dielectric constant and bandgap data once it reached self-consistency.

In the next iteration, the mixing parameter is determined by a = e�1
• . This process

is repeated until the dielectric constant and, as a result, the bandgap converges.
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Table 3.6: Static dielectric constant and bandgap of monolayer SnS2 and TM-doped
semiconductor systems estimated using DDHSE06 functionals. Cu, Co and Zn-
doped systems are metals. Bandgap values are in eV.

System HSE1 HSE2 HSE3 HSE4 HSE5 HSE6 HSE7 HSEone�run

ML-SnS2 e• 7.21 9.04 9.310 9.421 9.453 9.450 9.450 9.09
Eg 2.430 1.951 1.892 1.890 1.890 1.890 1.890 1.85

Ti e• 7.201 9.040 9.259 9.422 9.453 9.450 9.450 9.86
Eg 1.80 1.311 1.191 1.183 1.172 1.170 1.170 1.05

V e• 8.40 13.682 29.60 30.990 31.050 31.050 31.050 30.19
Eg 1.312 0.310 0.0 0.0 0.0 0.0 0.0 0.0

Cr e• 7.42 10.251 12.542 13.920 14.540 14.620 14.620 15.17
Eg 1.720 0.661 0.382 0.280 0.0 0.0 0 0.0

Mn e• 8.190 10.420 11.041 11.662 11.770 11.831 11.831 11.38
Eg 1.75 1.191 1.083 1.050 1.032 1.030 1.030 0.93

Fe e• 8.55 11.931 13.690 14.970 15.681 16.120 16.421 12.88
Eg 1.50 0.672 0.451 0.380 0.350 0.331 0.311 0.02

Ni e• 9.50 11.730 12.100 12.142 12.181 12.181 12.181 11.37
Eg 1.50 1.05 0.993 0.992 0.992 0.992 0.992 0.94

The convergence of the dielectric constant was checked with the kpoints and the

number of bands. The converged bandgap values calculated using DD-HSE06 and

DD-PBE0 are tabulated in Table 3.2 and Table 3.3 for bulk and monolayer systems,

respectively. On the other hand, in one run calculations, we have taken a = 1
ePBE

•
.

The symmetry of the system is slightly altered by the doping of the TM-atom.

In both the monolayer and bulk forms of the crystal, doping Ti, Cr, Mn, Ni, and

Zn causes the system to transform into trigonal prismatic symmetry, with two sets

of two-fold degenerate orbitals and one non-degenerate orbital. These orbitals are
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named as e1 (dxy/dx2�y2), e2 (dyz/dxz) and a (dz2). The average values of the relaxed

lattice parameters are a = b = 3.64 Å in monolayer, a = b = 3.65 Å and c = 5.48 Å

Table 3.7: Static dielectric constant and bandgap of monolayer SnS2 and TM-doped
semiconductor systems estimated using DDPBE0 functionals. Co and Zn-doped
systems are metals. Bandgap values are in eV.

System PBE01 PBE02 PBE03 PBE04 PBE05 PBE06 PBE07 PBE08 PBE0one�run

ML-SnS2 e• 7.290 8.591 8.910 8.930 8.930 8.930 8.930 8.930 8.925
Eg 3.11 2.38 2.24 2.230 2.230 2.230 2.230 2.230 2.11

Ti e• 6.041 7.421 7.710 7.840 7.881 7.921 7.921 7.921 9.07
Eg 2.480 1.880 1.651 1.621 1.610 1.601 1.601 1.601 1.25

V e• 7.01 9.772 12.350 28.55 32.55 32.55 32.55 32.55 31.7
Eg 1.751 0.872 0.483 0 0 0 0 0 0

Cr e• 5.950 7.491 8.632 9.441 9.990 10.280 11.761 11.220 13.09
Eg 2.440 1.441 1.032 0.834 0.733 0.692 0.650 0.541 0.3

Mn e• 6.82 9.870 10.310 10.102 9.941 9.940 9.940 9.940 10.95
Eg 2.43 1.301 1.360 1.352 1.344 1.341 1.341 1.341 1.1

Fe e• 7.14 9.620 11.031 11.762 12.710 12.742 12.740 12.740 27.6
Eg 2.190 1.240 0.860 0.740 0.691 0.630 0.630 0.630 0.05

Ni e• 7.72 9.85 10.57 10.72 10.764 10.762 10.760 10.760 10.52
Eg 2.220 1.482 1.310 1.282 1.273 1.270 1.270 1.270 1.11

Cu e• 11.17 31.82 32.7 32.7 32.7 32.7 32.7 32.7 32.7
Eg 0.73 0 0 0 0 0 0 0 0

in bulk systems with impurity doping. The average bond length of the transition

metal atom and the S-atom (dTM�S ) in transition metal-doped monolayer and

bulk systems are 2.42 Å and 2.40 Å respectively. Whereas dTM�S in monolayer and

bulk pristine SnS2 are 2.59 Å and 2.60 Å respectively. The shorter bond length of
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the relaxed transition metal-doped systems in comparison with the pristine system

is due to the larger difference in the average electronegativity value between the

transition metal atom and S-atom (0.85) than the electronegativity difference be-

tween Sn atom and S-atom (0.62). V, Cr, Mn, and Fe-doped bulk-SnS2 systems are

(nearly) direct-gap semiconductors that begin at the G-point. Valence band edge is

fixed at G-point in all of these systems, like the pristine bulk-SnS2. However, the

conduction band edge has migrated from L (pristine SnS2) to G-point from pristine

to all these doped systems. Because of the doping at the Sn-site, conduction band

has higher contribution from the d-orbitals of the transition metal atom and less

from the s-orbital of the Sn-atom in doped systems. The origin of the conduction

band edge shifts from the s-orbital of the Sn-atom (pristine SnS2) to the d-orbital of

the transition metal atom. As a result, 25% transition metal-doping on SnS2 crystal

causes the switch from indirect to nearly direct gap semiconductor. As the atomic

number of the transition metal increases among the semiconductors, the bandgap

decreases. We can see the highest bandgap in Ti and least in the Ni-doped systems.

This is due to the shifting of the valence band towards the Fermi level. The va-

lence band shifting enhances as the strength of the p-d hybridization increases. In

all these doped systems, the nature of the conduction band changes as the atomic

number of transition metal atoms increases, but the band structure at the valence

band is almost the same.

TM-doped bulk SnS2 systems: Our short-range hybrid functional computation

estimates an upper bound to the bandgap value of bulk SnS2 as 2.35 eV. It con-

verges to 1.68 eV. According to various experimental studies, the bandgap of bulk

SnS2 is found as 2.21-2.35 eV [145, 195, 199]. Even though our prediction of the

bandgap is 1.68-2.35 eV (Table 3.2), the upper bound is matching with one of the

experimental values. The experimental bandgaps of TiS2 and SnS2 are found in

the range of bandgap values calculated using the DDHF. This ensures that the
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DDHF are good enough to produce the bandgap range in which the experimental

bandgap exists. This motivated us to perform DDHF calculations on other doped

systems.

Both the HSE06 and PBE0 functionals revealed that Ti, V, Mn, Fe, and Ni-doped

bulk SnS2 systems are semiconductors with a=25%. The bandgap ranges estimated

using short-range hybrid functionals for Ti, Mn, and Ni-doped systems are 0.61-

1.58 eV, 0.51-1.36 eV and 0.47-0.91 eV, respectively, as shown in Table 3.2 which

has the bandgap values corresponding to the initial guess of 25% exchange, con-

verged with the dielectric constant and for the one-run calculation where a = 1
ePBE .

Apart from that, V and Fe-doped systems are semiconducting, with bandgaps of

1.05 eV and 0.9 eV as upper bounds, respectively. However, as we progressed

through the self-consistent phases in the HSE06 calculations, V and Fe-doped sys-

tems converged towards the half-metallic nature with a magnetic moment of 1 µB

and 2 µB respectively. PBE0 functionals shown in Table 3.2 produce slightly greater

bandgap values than HSE06 functionals. Still, the nature of the system remains the

same except for Fe-doped SnS2, which preserves its semiconducting nature with a

very tiny gap of 0.09 eV. The bandgap ranges calculated by the PBE0 functionals

for Ti, V, Mn, Fe and Ni-doped bulk SnS2 are 1.13-2.28 eV, 0.0-0.51 eV, 0.93-2.06 eV,

0.09-1.58 eV and 0.77-1.63 eV respectively.

Non-magnetic semiconductors have converged in Ti and Ni-doped systems. Ti-

doped SnS2 is synthesized experimentally [216] and found to be a semiconductor

when the Ti concentration is below 30% [217]. Also, the GGA+U study predicts it

as a semiconductor [218]. The semiconducting gap of 1.37 eV [219] and the GGA

gap of 0.86 eV [219] in V-doped bulk SnS2 were experimentally synthesized with

25% V concentration. When compared to the GGA gap, our HSE06 gap with 25%

exchange gives an indirect bandgap of 1.05 eV, which is a better value. Semicon-

ducting V-doped SnS2 thin films are made by spray pyrolysis [220] with a 25% V
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concentration. Under the DD-HSE06 and DD-PBE0 functionals, Cr-doping results

in a half-metallic nature shown in bulk band structure Figure 3.7 (c). However,

according to another DFT research, with low Cr content is a semiconductor [221].

Mn-doped SnS2, converges out as a semiconductor with a magnetic moment of 3

µB. Under the HSE06 and PBE0 computations, Fe-doped SnS2 is a semiconduc-

tor with 2 µB magnetic moment with 25% exchange. This is consistent with Fe-

doped SnS2 thin films produced experimentally [222]. Other DFT studies employ-

ing GGA+U [223, 221, 224] concur with the half-metal nature as we discovered in

our inquiry after the system converges using DD-HSE06 which is shown in Table

3.2. Aside from that, Fe-doped SnS2 polycrystalline samples were produced via

a molten salt solid-state process with Fe concentrations of 0, 12.5, 25, and 37.5%

for impedance and dielectric analysis, according to [225]. Co, Cu, and Zn-doped

systems are metals in the bulk environment regardless of the DFT functionals. For

effective oxygen evolution reaction electrocatalyst, Co-doped SnS2 nanosheet ar-

rays were successfully produced experimentally [226]. The Zn-doped SnS2 nanos-

tructures were produced, and it was discovered as semiconductors with Zn con-

centrations below 10% [227]. Figure 3.7 (a) to (i) show the electronic band structure

of Ti to Zn-doped bulk SnS2 systems using HSE06 functionals with 25% exchange.

The static dielectric constant and bandgap values of semiconductor doped systems

along with the pristine bulk SnS2, estimated using dielectric dependent HSE06 and

PBE0 functionals are listed in the Table 3.4 and 3.5, respectively.

TM-doped monolayer SnS2 system: The experimental bandgap of monolayer SnS2

is 2.29 eV [200]. This is in the range of 1.89-2.43 eV calculated by DD-HSE06 and

2.23-3.11 eV by DD-PBE0 (Table 3.3), which is in good agreement with the various

theory works (Table 3.1). Our PBE0 functionals with an exchange of 11.6% gives

a bandgap of 2.24 eV (Table ) which is in good agreement with the experimental

value. Also the HSE06 functionals with an exchange of 13.9% estimates a bandgap



Electronic and optical properties of 3d transition metal-doped SnS2 60

-1.5

 0

 1.5

Γ M K Γ A L H A

(a)

E
-E

F
 (

eV
)

TiTi

-1.5

 0

 1.5

Γ M K Γ A L H A

(b)

VV

-1.5

 0

 1.5

Γ M K Γ A L H A

(c)

CrCr

-1.5

 0

 1.5

Γ M K Γ A L H A

(d)

E
-E

F
 (

eV
)

MnMn

-1.5

 0

 1.5

Γ M K Γ A L H A

(e)

FeFe

-1.5

 0

 1.5

Γ M K Γ A L H A

(f)

CoCo

-1.5

 0

 1.5

Γ M K Γ A L H A

E
-E

F
 (

eV
)

(g)

NiNi

-1.5

 0

 1.5

Γ M K Γ A L H A

(h)

CuCu

-1.5

 0

 1.5

Γ M K Γ A L H A

(i)

ZnZn

Sn-s
Sn-p

S-p
S-s

TM-d

Figure 3.7: Orbital projected band structure of (a) Ti, (b) V, (c) Cr, (d) Mn, (e) Fe, (f)
Co, (g) Ni, (h) Cu and (i) Zn-doped bulk SnS2 calculated using HSE06 functionals
with an exchange of 25%. Fermi energy is set to zero.
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of 1.951 eV (Table 3.6). As per the dielectric-dependent HSE06 functionals Ti (1.17-

1.8 eV, 0 µB), Mn (1.03-1.75 eV, 3 µB ), Fe (0.31-1.50 eV, 2 µB) and Ni (0.99-1.50

eV, 0 µB)-doped monolayer SnS2 are semiconductors. V (0.0-1.3 eV, 1 µB) and Cr

(0.0-1.72 eV, 2 µB)-doped systems are semiconductors at the initial guess, and con-

verged to half-metals. These bandgap values are listed in the Table 3.3. The PBE0

functionals reveal that Cr (0.54-2.44 eV, 2 µB )-doped system converges to semicon-

ductor and Cu( 0.73 eV, 0 µB)-doped system initially has a semiconducting nature

and converges to half-metal.

Regardless of the DFT functionals used, Ti and Ni-doped systems converged into

non-magnetic semiconductors in the bulk and monolayer phases. The same is

stated in another DFT study [228]. Even though the V-doped system has a semicon-

ductor nature with a=25%, the DD-HSE06 and DD-PBE0 computations converge to

a half-metallic nature (Table 3.6 and 3.3.5). At 6.25% V concentration, a DFT study

revealed that the V-doped SnS2 monolayer is a semiconductor [228]. In a mono-

layer environment, a Cr-doped system is a semiconductor with a=25%, while it

is half-metal in the bulk environment. Experimentally produced Cr-doped SnS2

nanoflowers were found to be semiconductors [229]. Mn and Fe-doped systems

converged during the monolayer phase to form magnetic semiconductors. Single

crystals of Mn-doped SnS2, which are semiconductors, were produced experimen-

tally using the self-flux method [230]. The Fe-doped SnS2 monolayer produced

experimentally is a magnetic semiconductor [231]. Through strain engineering,

the DFT investigation of Fe-doped monolayer SnS2 is a half-metal [232] and Mn-

doped monolayer SnS2 is a semiconductor [233]. We discovered metallic nature in

the Co and Zn-doped environment. The intercalated Co-SnS2 and Cu-SnS2 mono-

layers are metal and p-type semiconductors, respectively, according to the exper-

iment [234]. When DD-PBE0 functionals are utilised with a=25% exchange, the

Cu-doped system is found to be a semiconductor with a finite gap of 0.73 eV. Once
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Figure 3.8: Orbital projected band structure of (a) Ti, (b) V, (c) Cr, (d) Mn, (e) Fe,
(f) Co, (g) Ni, (h) Cu and (i) Zn-doped monolayer SnS2 calculated using HSE06
functionals with an exchange of 25%. Fermi energy is set to zero.
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the convergence is achieved, the system approaches half-metallic nature. Through-

out the DD-HSE06 computation, it is a half-metal. Cu-doped SnS2 nanoflakes

were made using a hydrothermal technique, according to [235]. Zn-doped SnS2

nanoflakes were synthesized and showed that the system turns semiconductor at

very low Zn concentrations [236]. At low Zn concentrations, the DFT work on the

Zn-doped SnS2 monolayer also indicates it to be a semiconductor [190]. Figure

3.8 (a) to (i) show the electronic band structure of Ti to Zn-doped monolayer SnS2

systems using HSE06 functionals with 25% exchange. The static dielectric con-

stant and bandgap values of semiconductor doped systems along with the pristine

monolayer SnS2, estimated using dielectric dependent HSE06 and PBE0 function-

als are listed in the Table 3.6 and 3.3.5, respectively.

3.4 Optical properties

The study of the optical properties of a photovoltaic absorber is important for

building optoelectronic devices. Due to impurity, transition metal-doped systems

have a smaller bandgap than pure SnS2 (2.2-2.43 eV). According to the HSE06

band structure calculation with 25% exchange, the bandgap of bulk and mono-

layer doped systems vary within 0.9-1.58 eV and 1.5-1.8 eV, respectively. In these

systems, V, Mn, and Fe-doped systems are nearly direct gap semiconductors in

the bulk form. This is shown in the Figure 3.7 (b), (d) and (e). The optical prop-

erties we focus on are the absorption coefficient a(w), reflectivity R(w), refractive

index n(w) and exciton binding energy. For the study, we use HSE06 functionals

with 25% exchange. Optical constants have a dependence on the dielectric func-

tion #(w), which has a dependence on the frequency of the incident photon. To

completely understand the optical properties, we need to calculate its dielectric
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function #(w). The complex dielectric function is given by

#(w) = #1(w) + i#2(w). (3.31)

Here #1(w) is the real and #2(w) is the imaginary part of the dielectric function.

The real part of the dielectric function is obtained by the Kramers Kronig transfor-

mation [190]. It is given by

#1(w) =
2
p

P
Z •

0

w0#2(w0)dw

(w02 � w2)
. (3.32)

Where P denotes the principle value. The imaginary part of the dielectric function

is determined by summation over empty states using the equation [237]

#2(w) =

✓
4p2e2

m2w2

◆
Â
i,j

Z
hi|M|ji2 fi(1 � fi)(Ef � Ei � w)d3k. (3.33)

Here M is the dipole matrix, i and j are the initial and final states respectively, fi is

the Fermi distribution function for the ith state and Ei is the energy of electron in

the ith state. The optical constants such as absorption coefficient a(w), reflectivity

R(w) and refractive index n(w) can be calculated by the real #1(w) and imaginary

#2(w) part of the dielectric functions [238, 239, 240]. They are given by

a(w) =
p

2w

q
#2

1(w) + #2
2(w)� #1(w)

�1/2
, (3.34)

n(w) =
1p
2

q
#2

1(w) + #2
2(w) + #1(w)

�1/2
, (3.35)

k(w) =
1p
2

q
#2

1(w) + #2
2(w)� #1(w)

�1/2
. (3.36)
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Figure 3.9: Optical absorption spectra of Ti, V, Cr, Mn, Fe and Ni-doped bulk and
monolayer SnS2 systems.

Here k(w) is the extinction coefficient, which gives reflectivity as

R(w) =
(n � 1)2 + k2

(n + 1)2 + k2 . (3.37)

Bulk-SnS2 crystal has an absorption peak at 3.35 eV with an absorption coefficient

of 2.2 ⇥ 104 cm�1. In comparison to the monolayer-SnS2, the bulk absorption spec-

tra have shifted to the low-energy region. This might be due to the presence of

several layers in the bulk system, which are stacked by Van der Waals interaction.

The electrons in these layers undergo an interband transition from valence band

maxima near G-point to conduction band minima at L-point. The indirect bandgap

calculated using absorption spectra is 2.22 eV. For pure SnS2, the first prominent

peak in the entire energy region is located at 6.3 eV, and two small peaks are po-

sitioned at 3.35 eV and 4.36 eV. The higher intensity peaks are observed above 6.3
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eV. This shows that more of the absorption occurs in the near-ultraviolet region.

The absorption spectra of all the doped systems are shown in Figure 3.9 in com-

parison with the pristine SnS2. This shows the redshift in the energy of all the

transition metal-doped systems in comparison with the pristine SnS2. This red-

shift is due to the mediation of impurity 3d-bands of the transition metal atoms

near the Fermi level of the system. This can also be verified from the band struc-

ture calculations. In comparison with pure SnS2, the absorption coefficient of the

doped system has increased. Ni-doped system has the highest absorption in the

lower energy range than the other doped systems. The behaviour of the Cr-doped

system is different from other systems. It resembles free-electron absorption. This

is because of the half-metallic nature of the Cr-doped system in the bulk form.

However Cr-doped system in monolayer form is a semiconductor. It undergoes a

transition from a bulk half-metallic system to a monolayer semiconductor when it

is doped at 25% concentration. Co, Cu and Zn-doped systems also have metallic

absorption. The metallic nature can be seen from the absorption at zero energy

in Figure 3.11. All the transition metal-doped systems look similar in the (near)

infrared region. From the absorption spectra with 25% dopant concentration, we

can see the enhanced absorption coefficient. This shows that these systems have

a higher tendency of light absorption in the near-ultraviolet region. Figure 3.11

shows the optical absorption in Co, Cu, and Zn-doped SnS2 systems. We can also

see how the concentration of dopant affects the absorption by using the example

of the Fe-doped monolayer SnS2. As the concentration of Fe in the SnS2 crystal in-

creases, the absorption peaks shift towards the low-energy region. In other words,

the bandgap becomes narrower as the Fe-concentration increases (Figure 3.11).

The reflectivity (R) and refractivity index (n) spectra of SnS2 and all the doped

systems are presented in Figure 3.10. Both the spectra of the doped systems are

enhanced below 3 eV energy which is highest in Ni-doped SnS2 in comparison
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Figure 3.10: Reflectivity and refractivity spectra of Ti, V, Cr, Mn, Fe and Ni-doped
bulk and monolayer SnS2 systems.

with the pure SnS2 crystal. Above 3 eV, reflectivity and refractivity of the doped

systems are less enhanced in comparison with the pure SnS2. We have seen the

significant absorption of all these doped systems below 3 eV. Hence all these results

together indicate that the optical properties are greatly improved in the low energy

region.

3.4.1 Exciton binding energy

Excitons are the bound state of electrons and holes. Excitons play a vital role in

the optical properties of the crystal. The behaviour of the excitons in a system

purely depends on the electronic environment of the system. The bulk system

is surrounded by a dielectric medium thoroughly from all three directions, and
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hence the Coulomb interaction between electron and hole is well screened by the

dielectric medium. In the case of a 2D system, the screening effect is reduced and

is confined only to the 2D plane. On top of this, quantum confinement also adds

to the dielectric confinement in the 2D system. Finally, these two confinement ef-

fects make the exciton to be tightly bound on 2D-plane rather than in the bulk

environment of the system. This fact leads to higher binding energy in monolayer

systems. Hence it is very important to understand the dielectric screening in 2D

semiconductors or insulators. The dielectric screening can be measured using the

screening length r0. For a better understanding we adopted the theory described

by other work [241], we imagine a 2D dielectric sheet embedded in a vacuum ex-

posed to an external potential caused by a point charge placed at the origin. In the

long-wavelength limit, the induced charge density is related to the 2D polarization

P2D. Then using Poissons equation, the total electrostatic potential generated by

the point charge can be given by [241],

r2f(r) = �4ped(r)� 4pc2Dr2f(r, z = 0)d(z). (3.38)

Then by using the Fourier transform, we can get the 2D macroscopic potential.

f2D(q) =
2pe

|q|(1 + 2pc2D|q|)
. (3.39)

Here q is the in-plane component of the wave vector, and the c2D is the 2D polar-

izability of the dielectric sheet. Here f2D describes the 2D macroscopic screening

of a point charge. By considering the above expression of f2D, it is evident that

the macroscopic dielectric screening has no connection with a simple dielectric

constant, whereas that plays a role in 3D systems. Now by the inverse Fourier

transform of the ef2D(q), one can determine the effective potential experienced by

the electron in a dielectric 2D plane in the presence of a point charge. This was
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originally derived by Keldysh [242]

V2D(r) = � e2

8#0#̄r0


H0(

r
r0
)� Y0(

r
r0
)

�
. (3.40)

Where H0 and Y0 are the Struve and the second kind of Bessel functions, respec-

tively. We have r0 = 2pc2D/ke f f , where ke f f is the effective dielectric constant of

the environment surrounding the 2D system. With c2D calculated using the re-

lation #xy = 1 + 4pc2D/L. Here #xy is the in-plane dielectric constant, and L is

the thickness of the vacuum layer. From the expression of the 2D effective poten-

tial created by a point charge, we can understand that this potential depends on

distance r, relative to r0. The simplified potential given by Keldysh [242] when

r << r0 is

V2D(r << r0) ⇡ e2

4p#0#̄

1
r0


ln(

r
2r0

) + g

�
. (3.41)

Here g is the Euler constant. When r >> r0,

V2D(r >> r0) ⇡ � e2

4#0#̄

1
r

. (3.42)

One can notice the logarithmic potential like a line charge in the case of r << r0

and in the case of r >> r0 the potential varies like 1
r which is a standard electro-

static potential created by a point charge [243]. The combination of these two limits

is expressed in a single equation by Cudazzo et al. [241], given by

VC
2D(r << r0) ⇡

e2

4p#0#̄

1
r0


ln(

r
r + r0

) + (g � ln(2))e�
r

r0

�
.

(3.43)
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For a 2D system with anisotropic electron and hole, effective masses mx
e 6= my

e

and mx
h 6= my

h , the exciton wave function obtained using variational principle is

given by [244]

f(x, y) = (
2

a2
xlp

)1/2exp

�
q
(x/ax)2 + (y/lax)2

�
. (3.44)

Here l is the variational anisotropy scaling factor, ax is the exciton extension along

the x direction, l and ax are related by ay = lax. Using this variational wave func-

tion, the kinetic and potential energies of exciton are given by [243]. The expression

for the kinetic energy is

Ekin(ax, l) =
h̄2

2

Z Z
f


1

µx

∂2f

∂x2 +
1

µy

∂2f

∂y2

�
dxdy, (3.45)

Ekin(ax, l) =
h̄2

4a2
x

✓
1

µx
+

1
l2µy

◆
. (3.46)

Here µx and µy are the reduced effective masses of the exciton along x and y-

directions respectively, µ = memh/(me + mh). The potential energy is given by

Epot(ax, l) =
Z Z

V2D(x, y)f(x, y)2dxdy. (3.47)

Using the expected kinetic and potential energy of the exciton, its binding energy

is expressed as

EX�2D(ax, l) = Ekin + Epot. (3.48)

Where EX�2D specifies the exciton binding energy in a 2D system and it is calcu-

lated using a code developed in the our research group. The detailed study of the

exciton binding energy mentioned in [245] leads to running a Mathematic code

to calculate EX�2D. Using the above expression (3.48) formulated by the Wolfram
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Figure 3.11: Absorption spectra of Co, Cu and Zn-doped SnS2 in comparison with
pure SnS2 crystal in bulk and monolayer form. Absorption spectra of Fe doped
monolayer SnS2 for 12.5% and 25% concentration

Mathematica code of version 10.2.0 [246], we calculated the exciton binding energy

of all the monolayer systems doped with TM-atoms. This requires the effective

masses of the charge carriers along x, y-directions and the 2D polarizability c2D.

The effective masses of charge carriers are calculated by fitting the HSE06 bands

to the parabolic dispersion E(k) = h̄2k2

2m⇤ using VASPKIT version 0.52 [247]. Let us

consider the excitons in a 3D system. The dielectric screening is neglected while

formulating the exciton binding energy in a 3D system. By using the effective mass

theory of excitons developed by Velizhanin et al. [248] the 2D exciton binding en-

ergy is approximated to the 3D systems [59]. The exciton binding energy in the 3D

system is given by [59]

EX�3D =
µ3DERyd

k2
B

(3.49)
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Figure 3.12: Exciton binding energy in TM-doped monolayer and bulk SnS2 sys-
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Table 3.8: Effective masses of electron m⇤
e (kx), m⇤

e (ky), m⇤
e (kz) and hole m⇤

h(kx),
m⇤

h(ky), m⇤
h(kz) along x, y, z-directions for the bulk-SnS2 and doped semiconductor

systems. Also the reduced 3D effective mass, µ3D = 3(µ�
x 1 + µ�

y 1 + µ�
z 1)�1, the

effective bulk dielectric constant kB and the exciton binding energy EX�3D values
are given. Here µi = (me

i mh
i )/(m

e
i + mh

i ). Effective masses are in units of the
electron rest mass.

System m⇤
e (kx) m⇤

e (ky) m⇤
e (kz) m⇤

h(kx) m⇤
h(ky) m⇤

h(kz) µ3D kB EX�3D(meV)

BULK-SnS2 1.104 0.375 0.424 2.542 0.345 5.85 137
[59] 112

(expt) [59]
Present work 1.095 0.398 1.221 0.422 2.460 2.10 0.398 6.56 126.2

Ti 0.476 0.419 1.14 3.269 3.269 0.239 0.295 5.79 120.3
V 0.314 0.325 4.032 0.458 0.337 1.043 0.238 6.19 84.72

Mn 0.909 0.612 3.194 1.355 7.38 2.405 0.394 5.77 161.3
Fe 3.142 0.508 0.304 0.792 0.496 7.263 0.375 6.68 114.9
Ni 0.64 1.024 4.464 2.13 1.795 0.239 0.376 8.09 78.31

Here µ3D = 3(µ�
x 1+ µ�

y 1+ µ�
z 1)�1, µi = (me

i mh
i )/(m

e
i +mh

i ) and kB is the effective

bulk dielectric constant calculated using the bulk dielectric tensor. The expression
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Table 3.9: Effective masses of electron m⇤
e (kx), m⇤

e (ky) and hole m⇤
h(kx), m⇤

h(ky)
along x and y-directions for the monolayer-SnS2 and doped semiconductor sys-
tems. Also the reduced 2D polarizability c2D and the exciton binding energy
EX�2D values are given. Effective masses are in units of the electron rest mass.

System m⇤
e (kx) m⇤

e (ky) m⇤
h(kx) m⇤

h(ky) c2D(Å) EX�2D(eV)

ML-SnS2 [59] 0.342 0.815 0.342 2.266 0.912
Present work 0.340 0.810 0.335 2.272 2.28 0.926

Ti 0.869 0.663 0.60 0.436 2.11 1.293
V 0.658 0.346 2.486 0.112 2.03 1.055
Cr 0.638 0.682 2.609 0.407 1.88 1.46
Mn 0.526 0.657 1.988 0.450 2.04 1.42
Fe 0.277 0.483 0.426 2.134 2.18 1.24
Ni 0.740 0.895 2.127 0.384 2.3 1.295

is given by kB =
p

#z#xy, with #z and #xy are the transverse and in-plane component

of the bulk dielectric tensor.

We computed the dielectric tensor by using HSE06 functionals. Using the above

formula (3.49), we calculated the exciton binding energy of the bulk SnS2 crystal

as 126.2 meV, which is near to the calculated value by other theory work [59](137

meV). Also, it is in good agreement with the experimental work [249](112 meV).

Table 3.8 and 3.9 provide the exciton binding energy of all the bulk and monolayer

doped SnS2 systems along with the required parameters. The calculated value of

EX�2D for the pristine monolayer-SnS2 is 0.926 eV which is in good agreement with

the other theory value [59](0.912 eV). The variation in the exciton binding energy

after doping with the transition metal atoms is mainly due to the involvement of

the localized 3d-orbitals, which are absent in the pristine system. These 3d-orbitals

change the hybridization between the host and chalcogen atom. Thus changing the

extrema positions. This affects the curvature of the electron path in the valence and

conduction band. Since the curvature of the electron has an inverse dependence on
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its effective mass, exciton binding energy changes accordingly. The plot in Figure

3.12 shows, in the case of bulk doped systems Mn-doped system has the highest

exciton binding energy of 161 meV. To our knowledge, this large exciton binding

energy is because of the higher reduced effective exciton mass due to the flat band

near the Fermi level. This can be seen in the Mn-band structure in Figure 3.7 (d).

This flat valence band is due to the pz-orbital of S and dz2 orbital of Mn-atom.

Also, note that, it has a lower value of bulk dielectric constant (5.77) than other

systems. Further, the flatness of this band is more towards G to M path, and hence

the hole mass is heavier (7.38 m0) along the x-direction. The electron mass in the

conduction band is lighter than the hole mass, as shown in the band structure in

Figure 3.7 (d), which has more curvature than the flat valence band. Secondly, Ti

and Fe-doped systems also have larger binding energies of 120.3 meV and 114.9

meV, respectively. In this case, it is mainly because of the effective mass of the

carriers.

In the Fe-doped system, the spin-up hole has heavier mass along the y-direction

due to a flat curve along G to M path. This valence band just below the Fermi level

is mainly due to pz-orbital of S-atom and d-orbitals of Fe-atom. The same trend

holds for the Ti-doped system. The valence band is flatter than that of the Fe-doped

system. In the conduction band, the path along G to A has heavier electron because

the corresponding band has more contribution from the localized dxy/dx2�y2 and

dxz/dyz orbitals of Ti-atom with very less s-orbital contribution from Sn-atom. This

implies a heavier electron along the z-direction. These observations can be seen in

Ti and Fe-doped systems’ band structure in Figure 3.7 (a) and (e). In the case of V

and Ni-doped systems, the charge carriers possess lighter effective masses along

x, and y-directions, though the electron has a heavier mass along the z-direction.

Their bulk dielectric constants are higher compared to other systems. These two

factors compensate and result in smaller exciton binding energy in Ti and V-doped
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systems. Figure 3.12 shows the comparison between the exciton binding energy

of all of the transition metal-doped semiconducting systems in bulk and mono-

layer environment. Among these systems, exciton binding energy is larger in the

monolayer than in the bulk environment.

3.5 Conclusion

In conclusion, we have systematically studied the electronic bandgap and opti-

cal properties of all the 3d-series transition metal-doped SnS2 crystal both in the

bulk and monolayer form. Calculation of the formation energies shows that the

Sn-poor (S-rich) condition is the favourable condition to incorporate the TM-atom

into SnS2 crystal at Sn-site. The dielectric-dependent hybrid functionals calcula-

tions have predicted the experimentally matchable bandgaps for TiS2 and SnS2

crystals. Using the dielectric-dependent HSE06 and PBE0 hybrid functionals, we

have calculated the range of bandgap values for all the doped systems in bulk

and monolayer environment. The converged bandgap is calculated at the level of

the converged dielectric constant. The calculated range of bandgap values using

DDHF give the lower and upper bound to the true bandgap of the system. Possi-

ble experimental gaps are expected within this range. This helps us to determine

the application perspectives of the transition metal-doped systems.

The absorption spectra reveal the redshift in the energy of all the doped sys-

tems. V, Mn and Fe-doped systems are nearly direct bandgap semiconductors and

exhibit higher absorption coefficients in the bulk environment. These are suitable

optical absorber materials for optoelectronic devices. Cr doped bulk SnS2 is a half-

metal that is good for spin-injector materials. The absorption coefficient, reflectiv-

ity and refractivity of all the doped systems are enhanced in the low energy region.

Thus, our calculations support the effective use of solar energy. Semiconductors
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with a monolayer environment show higher exciton binding energy than in the

bulk environment. These results emphasize the importance of transition metal

doping on SnS2 crystal for optoelectronic device applications.



CHAPTER 4

TUNING THE MAGNETIC PROPERTIES OF MONOLAYER

SNS2 BY 3D TRANSITION METAL DOPING

In this chapter, we systematically study the electronic and magnetic properties of

3d transition metal atom-doped monolayer SnS2. The spin-polarized First-principles

calculations reveal that Sn-poor condition is the energetically favourable condition

to substitute all the 3d transition metal atoms into SnS2 monolayer at the Sn-site.

We observe that, in all the doped systems, the denser valence bands are filled with

the hybridized impurity 3d and S-3p orbitals. Here we show that, Sc-doped SnS2

is a nonmagnetic metal, and Ti and Ni-doped systems are nonmagnetic semicon-

ductors. Single V, Cr, Mn, Fe, Co, Cu, and Zn atom doped systems with a dopant

concentration of 6.25% are semiconductors with an induced magnetic moment of

1, 2, 3, 2, 1, 0.688, and 1.275 µB, respectively. Among them, Cu and Zn-doped sys-

tems are direct bandgap semiconductors. With a dopant concentration of 4.08%,

the double Fe and Co-doped SnS2 monolayers are ferromagnetic half metals with

4 and 2 µB, respectively. The double V, Cr, Mn and Zn-doped SnS2 are ferromag-

netic semiconductors with 2, 4, 6 and 2.56 µB, respectively. These results empha-

size the importance of 3d transition metal doped monolayer SnS2 for spin injec-

tion, spin polarized current generation and other spintronics device applications.

The above findings have been published in Materials Today Communications 33,

104626 (2022) [250].

77
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4.1 Introduction

In recent years, spintronic devices have attracted researchers due to their advan-

tages over electronic devices. They have low power consumption because of less

Joule-heating effect, non-volatility, less heat dissipation, and greater processing

speed compared to their electronic counterparts. However, utilizing the unpaired

electrons which give the spin and manipulating the spins are the biggest chal-

lenges in these devices. Therefore tremendous attempts have been made in search

of materials suitable for spintronic devices. Two-dimensional (2D) materials have

attracted a great deal of attention. Among them, metal monochalcogenides [251]

(MX-type, where M = Sn, Ge and X = S, Se, Te) and transition metal dichalco-

genides [126, 127, 128, 129, 130, 131, 132, 133, 134, 135] (MX2-type, where M = Ti,

Hf, Zr and X = S, Se, Te) are extensively studied and utilized in electronic and op-

toelectronic devices. With all these materials the transition metal dichalcogenides

MoS2 [136, 137, 138, 139], WS2 [140, 141], WSe2 [142, 143], and NbS2 [144], are

promising materials due to their applications in electrical, optical, and magnetic

fields. All of these layered materials show semiconducting nature. The semicon-

ductors that we have studied till date are almost of nonmagnetic behaviour. The

lack of unpaired electrons in all these semiconductors, such as graphene, phos-

phorene, transition metal dichalcogenides (TMDCs), metal dichalcogenides and

metal monochalcogenides restrict them for spintronic device applications. One

can utilize these purely diamagnetic semiconductors for the spintronic purpose by

inducing magnetic moment. Defects induce the magnetism in graphene [252]. It

can also be made magnetic by single vacancy defect [253], by hydrogination [254],

flourination [255, 256] and by TM doping [257]. Phosphorene becomes magnetic

with a single vacancy defects [258] and also with TM doping [259]. TMDCs namely

MoS2 [260], MoSe2 [261], WS2 [262] and WSe2 [263] all become magnetic with TM
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doping at the metal site.

Here we consider a layered metal dichalcogenide, namely SnS2 as a host ma-

terial. It originates from the MX2 or CdI2 crystal type [145]. Earth abundance

and non-toxic nature of SnS2 makes it as an environmental healthy and friendly

material. Thus it is also a promising candidate for electronic devices. It is non-

flammable, inexpensive, as well as impervious to water and air. Monolayer (ML)

SnS2 is a semiconductor with an indirect bandgap of 2.43 eV. Having an abandance

of visible-light photocatalyst [74], makes SnS2 as an excellent electrode material for

Li-ion batteries [81, 82], gas sensors [83], and field emitters [84]. A complete solar

cell model was constructed [146] using SnS2. With a high on/off ratio exceed-

ing 2⇥106 and a carrier mobility of ⇠1 cm2 V�1 s�1 [85], nano-membranes of SnS2

are able to demonstrate high FET performance. An integrated logic circuit based

on a high-performance top-gated field-effect transistor was fabricated [86] using

SnS2 monolayer. The electronic and optoelectronic properties of SnS2, along with

the photocatalytic [74, 82, 83, 84] properties, have been studied extensively. These

properties show that SnS2 is a good candidate for future electronic, nanoelectronic

and optoelectronic basis material. As a nonmagnetic semiconductor, SnS2 has lim-

ited applicability in spintronic devices. Therefore inducing the magnetism into

SnS2 is necessary to utilize it for the spintronic device applications. Inspired by

the magnetism induced SnSe2 [264], HfSe2 [154], ZrSe2 [265], via 3d TM doping,

we use the density functional theory (DFT) calculations to study the induced mag-

netism in TM substituted SnS2 monolayer. Here the TM atoms Sc, Ti, V, Cr, Mn,

Fe, Co, Ni, Cu and Zn are substituted at the Sn-site in the SnS2 crystal. The elec-

tronic properties of SnS2 monolayer vary with the TM doping. In this article, we

have studied the structural, electronic and magnetic properties of single and dou-

ble TM doped SnS2 monolayer. The formation energy calculations are performed

by considering the Sn-poor and Sn-rich conditions. The spin-polarized band struc-
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ture and density of states calculations are done using Heyd-Scuseria-Ernzerhof

(HSE06) [266, 267, 112] hybrid density functionals of DFT. To comprehend the for-

mation of the local magnetic moment, a single TM atom is doped in a smaller

supercell of size 4⇥4⇥1. For double TM atom doping in order to better under-

stand the magnetic interaction and magnetic ordering between the two TM atoms,

a larger supercell of size 7⇥7⇥1 is employed.

4.2 Computational Details

First-principles calculations [179] are performed by using Vienna ab initio Simula-

tion Package(VASP) [180]. The electron-ion interactions in these calculations were

carried by projector augmented wave (PAW) [182, 183] pseudopotentials. A super-

cell of size 4⇥4⇥1 is considered, and it is fully relaxed using Perdew, Burke, and

Enzerhof (PBE) Generalized Gradient Approximation (GGA) [109] to calculate the

ground state lattice parameters. Each transition metal (TM) atom replaces one of

the Sn atoms. Each dopant atom has a 6.25 % concentration. While doing the

calculations, atomic positions are optimized using the conjugate-gradient method

with a force convergence criterion of 10�3 eV/Å and a tight energy convergence

criterion of 1⇥10�6 eV. Cutoff energy of 400 eV is used. The thickness of the vac-

uum layer along the z-direction is relaxed to 20 Å. The Brillouin zone sampling

was employed by Monkhorst-Pack [186] k-grid of size 21⇥21⇥1 for pristine SnS2

unit cell and 9⇥9⇥1 for 4⇥4⇥1 cell. All the TM doped systems are relaxed using

spin-polarized PBE functionals. The spin-polarized band structure and density of

states (DOS) are studied using HSE06 functionals. A supercell of size 7⇥7⇥1 is

used to determine the magnetic ordering in V, Cr, Mn, Fe, Co, Cu, and Zn-doped

SnS2 systems. Two identical TM atoms replace the two Sn atoms in this cell. Now

the dopant concentration becomes 4.08 %. In this relaxation Monkhorst-Pack [186]
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Figure 4.1: Top view of 4⇥4⇥1 cell of SnS2 crystal doped with transition metal
atom. Green, yellow and red balls represent Sn, S and transition metal atom re-
spectively.

k-grid of size 5⇥5⇥1 is used to calculate the magnetic ground state.

4.3 Results and discussion

4.3.1 Formation energy of single TM doped ML-SnS2

It is necessary to calculate the formation energy of every TM doped SnS2 mono-

layer for studying the stability of the systems. TM atom is substituted at the Sn-

site. The formation energy of the TM doped systems is calculated using the rela-

tion [189, 190, 268],

Ef orm = Edoped � Epristine � nµTM + nµSn. (4.1)



Tuning the magnetic properties of monolayer SnS2 by 3d transition metal doping82

Table 4.1: The bond length of S with TM atom dTM and formation energy of TM
doped monolayer SnS2 systems at Sn-rich and Sn-poor conditions are given.

Ef orm Ef orm
System dTM Sn-rich Sn-poor

(Å) (eV) (eV)
SnS2 2.596 - -

Sc 2.608 -0.925 -1.874
Ti 2.500 -2.354 -3.303
V 2.438 -0.388 -1.337
Cr 2.411 0.292 -0.657
Mn 2.396 -1.026 -1.975
Fe 2.347 0.359 -0.590
Co 2.312 0.994 0.045
Ni 2.327 0.413 -0.536
Cu 2.428 2.575 1.626
Zn 2.519 2.461 1.512

Here Edoped and Epristine are the energies of transition metal-doped and pristine

systems respectively. n is the number of Sn atoms replaced with transition metal

atom. µTM and µSn are the chemical potentials of the transition metal and Sn-

atom, respectively. The formation energy of ML-SnS2 is found to be -0.95 eV/atom.

Several thermodynamic constraints are applied to the chemical potentials to avoid

the formation of elemental phases (Sn, S and TM atom) and the secondary phases

by TM atom with S-atom [191]. Since SnS2 has two-type of atoms Sn and S, we

need to find the formation energies both in Sn-rich (S-poor) and Sn-poor (S-rich)

conditions. These conditions are based on the chemical potentials of the individual

atoms. The detailed calculation for the formation energy is explained in( [291])

Chapter 3. In Sn-rich and Sn-poor conditions µSn is given by [192],

µSn�rich
Sn = µSn,bulk, , (4.2)

µ
Sn�poor
Sn = µSn,bulk + DEf (SnS2). (4.3)
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The formation energy of ML-SnS2 is found to be -0.95 eV/atom. Table 4.1 shows

the formation energy of TM doped SnS2 monolayer in both the Sn-rich and Sn-poor

conditions and the bond length of transition metal with S-atom. The formation en-

ergy values are lower in the Sn-poor (S-rich) condition than in the Sn-rich (S-poor)

condition. Hence Sn-poor condition is the energetically favourable growth condi-

tion to substitute the Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn atoms into SnS2 mono-

layer at the Sn-site. Under the Sn-poor condition, the formation energy values for

all dopants are negative with the exception of Co, Cu, and Zn-doped ML-SnS2. A

negative formation energy shows stable doped system. As a result, substitutional

doping is employed to model the doping of Sn sites with transition metal atoms.

4.3.2 Binding energy of double TM doped ML-SnS2

In order to understand the interaction between the two TM atoms at two different

Sn-sites and hence to determine the magnetic ordering in the ML-SnS2 systems, we

have considered a bigger supercell of size 7⇥7⇥1. The binding energy of two TM

atoms on two different Sn-sites in ML-SnS2 has been calculated before we proceed

with the double TM doping. It represents whether the two TM dopants prefer to

stay together at two different Sn-sites or they prefer to dissociate into individual

dopants. After studying the binding energy of TM doped 2D crystals [269, 270,

271], the binding energy of double TM doped ML-SnS2 system is defined as

Eb = ETM�SnS2 � ESnS2 � 2ETM + 2ESn. (4.4)

Where Eb, ETM�SnS2 and ESnS2 are the binding energy, total energy of relaxed SnS2

supercell of size 7⇥7⇥1 with two TM atoms and without TM atoms. ETM and

ESn are the energy of isolated TM atom and Sn atom, respectively. As the two

TM atoms are doped at two Sn-sites their energies are multiplied by two. Binding
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Table 4.2: The binding energy Eb of double TM atom doped monolayer SnS2 sys-
tems.

System Eb
(eV)

V -5.399
Cr -1.381
Mn -1.606
Fe -1.629
Co -0.721
Cu -0.941
Zn -0.521

energies are calculated only for systems wherein the TM atom induces magnetism

and helps to study the magnetic interactions. The Eb values are listed in the Table

4.2. Here Eb ranges from -5.399 eV to -0.521 eV, indicates double V, Cr, Mn, Fe, Co,

Cu and Zn atoms prefer to remain together at two different Sn-sites in ML-SnS2.

4.3.3 Electronic property

Monolayer SnS2 has hexagonal crystal structure with the space group of P3̄m1 [59,

197, 58] belongs to MX2 or CdI2 crystal family. The top view of 4⇥4⇥1 cell of

TM doped SnS2 monolayer is shown in Figure 4.1. The six sulfur ligand field oc-

tahedrally surrounds the central Sn-atom with Sn-S bond length of 2.59 Å. The

in-plane lattice parameter is 3.68 Å. The calculated bond length and lattice param-

eters are exactly matching with the theoretical work [196] using PBE functional.

Each S atom is bonded to three Sn atoms. The HSE06 bandstructure of pristine

ML-SnS2 is shown in Figure 4.2 (a). It is a nonmagnetic semiconductor with an

indirect bandgap of 2.43 eV. This is comparable with the other theoretical works

shown in Table 4.3. The direct gap calculated at the M-point using HSE06 band

structure is 2.64 eV. The experimental bandgap is 2.29 eV [200]. The valence band

edge originates near G-point (G0) from the S-px,py and Sn-px,py orbitals, whereas
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Table 4.3: Bandgap of ML-SnS2 calculated using different DFT functionals.

System Eindirect
g Edirect

g
[G0-M](eV) [M](eV)

PBE 1.45 1.69
HSE06 2.43 2.64

(2.41) [59] (2.68) [59]

conduction band edge originates at M-point from the Sn-s and S-px orbitals. The

valence bands near Fermi level are mainly influenced by S-px,py orbitals and Sn-

px,py orbitals. The conduction bands near the Fermi level have very high contribu-

tion from the Sn-s orbital and very less by the Sn and S-px,py orbitals.

Figure 4.2 (b) to (k) show the spin-polarized HSE06 band structures of Sc, Ti, V,

Cr, Mn, Fe, Co, Ni, Cu, and Zn-doped ML-SnS2 systems. Blue and red curves rep-

resent the spin-up and spin-down states. Except for Sc-doped SnS2, all other doped

systems are semiconductors. Sc-doped system is a nonmagnetic metal, and Ti and

Ni-doped systems are nonmagnetic semiconductors. Their band structures involve

only blue curves like pristine SnS2. V, Cr, Mn, Fe, Co, Cu, and Zn-doped SnS2 are

semiconductors with finite magnetic moments. In their case, the band structure

has well-separated spin-up (blue) and spin-down (red) states. The bandgap of all

the doped systems varies between 0.69 to 2.17 eV, and it is below the pristine SnS2

bandgap. Figure 4.3 clearly shows the total magnetic moment values, fundamental

bandgap values along with the bandgaps of spin-up and spin-down states for all

the TM doped systems. The Ti and Mn-doped systems have the highest bandgap

of 2.17 eV, and the Zn-doped system has the lowest bandgap of 0.69 eV. In all these

cases valence bands section is denser than the conduction bands section. Also, all

the doped systems have denser valence bands section in comparison with the pris-
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Figure 4.2: Spin-polarized bandstructure of (a) pristine SnS2, and (b) Sc, (c) Ti, (d)
V, (e) Cr, (f) Mn, (g) Fe, (h) Co, (i) Ni, (j) Cu, and (k) Zn-doped monolayer SnS2
calculated using HSE06 functionals. Blue and red lines represent the spin-up and
spin-down states. Fermi energy is set to zero.
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tine SnS2. Valence band near the Fermi level of pristine SnS2 is mainly influenced

by S-px,py and Sn-px,py orbitals. When the TM atom is substituted at the Sn-site,

d orbitals play the role of Sn-px,py orbitals. The valence bands section of pristine

SnS2 is filled with the hybridized Sn-p and S-p orbitals. But the TM atom doping

changes this hybridization in the valence bands section to S-p and TM-d orbitals,

making the valence band denser. The impurity 3d states are observed in the con-

duction bands section of the pristine SnS2 bands. In the pristine SnS2, the indirect

transition arises from G0 (VBM) to M-point (CBM). After substituting Ti, Cr, Mn,

Fe, Co, and Cu atoms to SnS2 systems, the indirect transition occurs from the va-

lence band edge at M-point to the conduction band edge at G-point. In the case of

a V-doped system, the valence band edge arises near K-point, and the conduction

band edge is at G-point. Monolayers of Ni and Zn-doped SnS2 undergo a direct

transition at M-point (Figure 4.2 (i) and (k)).

4.3.4 Magnetism in single TM atom doped ML-SnS2

Ti, Cr, Mn, Co, Ni, and Zn-doped systems exhibit trigonal prismatic symmetry

with the two sets of two-fold degenerate orbitals and one nondegenerate orbital.

These orbitals are named as e1-dxy/dx2�y2 , e2-dyz/dxz and a1-dz2 . This kind of de-

generacy is not observed in the case of V, Fe, and Cu-doped systems. The ob-

servations reveal the similarity in the electron filling in the impurity d-orbitals of

Ti, Cr, Mn, Co, Ni, and Zn-doped ML-SnS2. In all these systems electron fills the

a1 (dz2) orbital first and then e1 and e2 orbitals. Pristine SnS2 is a purely diamag-

netic system. The Sn-site is substituted with the 3d transition metal atoms. The

Sn(5s25p2) orbitals form bonds with S-atom. When it is substituted by the TM

atom, the impurity 3d orbitals will participate in the bonding. The remaining

3d electrons occupy the nonbonding orbitals. Once after participated in bond-

ing with the Sn-atom (5s25p2) the transition metal atoms Sc(3d14s2), Ti(3d24s2),
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Figure 4.3: Total magnetic moment mTot (µB), fundamental band gap (Eg), spin-up
and spin-down band gap values of 3d TM doped (6.25% concentration) ML-SnS2
systems are shown in green, black, red and blue curves, respectively.

V(3d34s2), Cr(3d54s1), Mn(3d54s2), Fe(3d64s2), Co(3d74s2), Ni(3d84s2), Cu(3d104s1)

and Zn(3d104s2)-doped SnS2 systems have 0, 0, 1, 2, 3, 4, 5, 6, 7, and 8 unbalanced

valence electrons, respectively in comparison with the host Sn-atom (5s25p2). From

Ti to Mn, these unbalanced electrons remain unpaired and contribute 0, 1, 2 and 3

µB respectively, thereby remaining in high spin states. From Fe onwards, these un-

balanced electrons tend to be paired and unpaired. Fe, Co, Ni, Cu, and Zn-doped

SnS2 systems contain 1, 2, 3, 3, and 3 sets of paired electrons and 2, 1, 0, 1 and 2

unpaired electrons, respectively, contributing 2, 1, 0, 0.688 and 1.275 µB magnetic

moments and belonging to the low spin state.

In a Ti-doped system, two spin-up and spin-down dz2 electrons participate in

bonding with S-pz orbital, and hence there are no unpaired electrons. It is an in-

direct bandgap semiconductor with Eg 2.17 eV. In Ni-doped systems, the spin-up

and spin-down channels are symmetric with a bandgap of 2.04 eV. Here spin-up

and spin-down e2 orbitals overlap with S-px,py orbitals. e1 and a1 orbitals are fully
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filled. These are nonmagnetic semiconductors. An asymmetry arises between the

two spin channels in the case of V, Cr, Mn, Fe, Co, Cu, and Zn-doped systems with

a finite bandgap, which indicates magnetic semiconductors shown in DOS Figure

4.4 (a) to (g). In V-doped system out of five d electrons three spin-up dxz, dx2�y2

and dyz orbitals are overlapping on S-px, py, and pz orbitals, that is shown in DOS

plot. One spin-down electron from dz2 orbital is overlapping with S-pz orbitals.

This overlapping orbitals show the strong dp hybridization in the V-doped system.

Also a prominent peak arises from dxy orbital in the spin-up channel reveals the

presence of unpaired electron which gives 1 µB magnetic moment to V-doped SnS2.

It is an indirect bandgap semiconductor with Eg 1.70 eV. Here VBM arises near K-

point from S-px + V-dxy orbitals and CBM at G-point from Sn-s + V-dx2�y2 orbitals.

In Cr-doped system out of six electrons, e1 orbital has two unpaired electrons, give

2 µB magnetic moment. Two spin-up electrons in the degenerate e2 orbital overlap

S-px,py orbital. One spin-up and spin-down electron in a1 overlaps on spin-up and

spin-down pz orbital. It is shown in the DOS plot. Here VBM arises at M-point

from S-px,py,pz + Cr-e1 orbitals and CBM at G-point from S-pz + Sn-s + Cr-dz2 .

This makes it as an indirect bandgap semiconductor with Eg 1.83 eV. In Mn-doped

system out of seven electrons, e1 and a1 contribute one unpaired electron each and

gives 3 µB magnetic moment. Spin-up and spin-down Mn-e2 orbitals overlap on

spin-up and spin-down S-px,py orbitals as shown in DOS. It is an indirect bandgap

semiconductor with Eg 2.17 eV. Here VBM arises at M-point from S-px,py,pz + Mn-

e1 orbitals and CBM at G-point from Sn-s + S-px,py + Mn-e1 orbitals. In Fe-doped

system, out of eight electrons, dxy and dz2 orbitals have one unpaired electron each

and gives 2 µB magnetic moment. dx2�y2 is fully filled. Electrons in spin-up dyz, dxz

orbitals overlap on S-py,px orbitals in the spin-up channel and electrons in spin-

down dyz, dxz orbitals overlap on S-py,px orbitals in the spin-down channel. It is an

indirect bandgap semiconuctor with Eg 2.03 eV. Here VBM arises at M-point from
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Figure 4.4: Spin-polarized density of
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(e) Co, (f) Cu, and (g) Zn-doped mo
nolayer SnS2 systems, calculated
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S-px,py,pz + Fe-dx2�y2 orbitals and CBM at G-point from S-px + Fe-dxz,dxy orbitals.

In Co-doped system, out of nine electrons, e1 orbital is fully filled. The spin-down

e2 orbitals overlap on spin-down S-py,px orbitals. The spin-up e1 orbitals overlap

on spin-up S-py,px orbitals. Spin-down e1 and spin-up e2 orbitals are fully filled. a1

orbital gives 1 µB magnetic moment. It is an indirect bandgap semiconductor with

Eg 2.08 eV. Here VBM arises at M-point from S-px,py + Co-e1 orbitals and CBM at

G-point from Sn-s + Co-a1 orbitals.

In Cu-doped system, out of ten d electrons, dxy, dyz ,dz2 and dxz orbitals are

fully filled. The spin-up dyz,dxz orbitals overlap on S-py,px orbitals and spin-down

dz2 ,dxz overlap on spin-down S-pz,px orbitals. A tiny magnetic moment of 0.196 µB

arises due to the asymmetry in the spin-up and spin-down dx2�y2 . It is an indirect

bandgap semiconductor with Eg 2.03 eV. Here VBM arises at M-point from S-px,py

+ Cu-dxz orbitals and CBM at G-point from S-pz,px,py + Cu-dyz orbitals. In Zn-

doped system, out of ten d electrons, e1 and a1 orbitals are fully filled in the deeper
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energy level. Electrons in spin-up and spin down e2 orbitals overlap on spin-up

and spin-down S-py,px orbitals. A tiny magnetic moment of 0.086 µB arises due to

the asymmetry in the spin-up and spin-down dx2�y2 orbital. Here direct bandgap

of 0.69 eV arises at M-point from S-px,py,pz + Sn-s + Zn-e2 orbitals. This tiny mag-

netic moment in Cu and Zn-doped systems is due to the fully filled shell nature of

the 3d orbitals in Cu and Zn atoms.

In V, Cr, Mn, Fe, and Co-doped SnS2 systems, the total magnetic moment is

mainly from the localized 3d orbital of TM atoms. In all these doped systems, the

induced magnetic moment by the impurity 3d orbital is antiparallel to the mag-

netic moment generated by S-atom. As a result, the total magnetic moment is

smaller than the dopant atom’s local magnetic moment, as shown in Figure 4.5.

Even though the total magnetic moments induced in the Cu and Zn-doped sys-

tems are 0.688 and 1.275 µB, the local moments generated by the 3d-orbitals of Cu

and Zn atoms are 0.198 and 0.086 µB only. The surrounded S-atoms generate 0.515

and 1.315 µB for Cu and Zn-doped systems. This observation is reflected by the S-

atom DOS (Figure 4.3 (f) and (g)), which is more asymmetric in these two systems

in comparison with other systems. This indicates most of the magnetic moment

arises from S-3p orbitals rather than impurity 3d orbital. As the 3d orbitals in Cu

and Zn-doped systems are fully filled, they are not sufficient to provide greater

magnetic moments like other TM doped systems [272, 154]. On top of this, in

these two systems, the induced magnetic moment by 3d orbital is parallel to the

magnetic moment generated by surrounded six S-atoms (Figure 4.9 (f) and (g)).

As a result, in the total magnetic moment, only a tiny fraction is caused by the 3d

orbital, whereas the S-atom causes a more significant part. In all the TM doped

systems the overlapping of impurity 3d orbital on S-3p shows strong dp hybridiza-

tion.
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Figure 4.6: Top view of 7⇥7⇥1 cell of SnS2 crystal doped with two identical TM
atoms. Green and yellow balls represent Sn and S atom respectively. Red and blue
balls are TM atoms. Red and blue dashed lines represent sidewise and diagonal
paths.

4.3.5 Magnetism in double TM atom doped ML-SnS2

To understand the interaction between two identical TM atoms in the doped sys-

tem, we considered a 7⇥7⇥1 cell. In that cell, two Sn atoms are substituted by two

identical TM atoms. The distance between the two TM atoms is varied along side-

wise and diagonal paths represented as path1 and path2, respectively. It is shown

in Figure 4.6. The distance between two TM atoms in sidewise path varies by 3.6,

7.2, and 11.1 Å. It is denoted by red dashed lines as first nearest neighbour (FNN),

second nearest neighbour (SNN), and third nearest neighbour (TNN). Similarly,

there are three closest neighbour distances along path2: 6.4 (FNN), 12.8 (SNN) and

19.2 (TNN) Å as shown in blue dashed lines. After relaxing the cell, the value

of these distances changes slightly. This method is applied to V, Cr, Mn, Fe, Co,

Cu, and Zn-doped SnS2 monolayers which give finite magnetic moment when it

is substituted with a single Sn atom. The relaxed ferromagnetic (FM) and anti-

ferromagnetic (AFM) energy are calculated for all these systems. The difference

between the FM and AFM energy is represented as DE = EFM - EAFM. We plot the



Tuning the magnetic properties of monolayer SnS2 by 3d transition metal doping94

−60

−30

 0

3.7 7.4 12.8

V

−25

 0

3.7 7.4 12.8

Cr

−30

 0

3.7 7.4 12.8

Mn

−15

 0

3.7 7.4 12.8

Fe

∆
E

 (m
eV

)

−15

 0

3.7 7.4 12.8

Co

−5

 0

 5

3.7 7.4 12.8

Cu

−160
−80

 0

3.7 7.4 12.8
d (Å)
(a)

Zn 

−60

−30

 0

6.4 11.1 19.2

V

 0

 25

6.4 11.1 19.2

Cr

−15

 0

6.4 11.1 19.2

Mn

−15

 0

6.4 11.1 19.2

Fe

−15

 0

6.4 11.1 19.2

Co

−0.6
 0

 0.6

6.4 11.1 19.2

Cu

−10

 0

6.4 11.1 19.2
d (Å)
(b)

Zn

 

Figure 4.7: DE, the energy difference between FM and AFM states as a function
of distance between two TM atoms for V, Cr, Mn, Fe, Co, Cu, and Zn-doped ML-
SnS2. Sidewise (a) and diagonal (b) paths are indicated by red and blue curves,
respectively.

DE as a function of the distance between the two TM dopants in Figure 4.7 (a) and

(b) for path1 (red curves) and path2 (blue curves). In the FNN the two TM atoms

are separated by 3.3 Å. In this case, the two TM atoms are bridged by the S atom

with an angle of 90�. In path2, the two TM atoms are intermediated by S, Sn and

S atoms; these intermediate atoms are nonmagnetic only. The two V, Mn, Fe, Co,

Cu, and Zn-doped ML-SnS2 systems induce 2, 6, 4, 2, 1.26 and 2.56 µB magnetic

moments respectively. As shown in Figure 4.7 (a) and (b) DE is negative in both

path1 and path2 for V, Mn, Fe, Co, Cu and Zn-doped ML-SnS2 systems, indicating

the ferromagnetic ground state. Only in the case of Cr-doped (4 µB) SnS2, DE is

negative in path1 and positive in path2, indicating dual magnetic ground states. It

has FM coupling in path1 and AFM coupling in path2. Though the Cu-doped SnS2

exhibits the exact nature, the positive DE value in path2 is negligible. It is around

0.3 mev. As the distance between the TM ions increases, the DE value becomes
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Figure 4.8: Total DOS of two identical TM atoms doped ML-SnS2, separated by a
distance of 3.7 Å for FM coupling.

insignificant in all cases. In the case of Cu-doped system, it is zero for the distance

19.2 Å. In case of V, Cr, Mn, Fe, Co, Cu, Zn-doped SnS2 systems the energy differ-

ence between the FM and AFM states are -3.5, 0.2, -0.1, -0.6, -0.2, 0.4, -1.1 meV for

the distance 12.8 , and 2.2, -0.4, -0.1, -1.6, -0.6, 0.0, -1.3 meV for the distance 19.2 re-

spectively. This indicates that the interaction between the two TM atoms decreases

as the distance between them increases. All the TM doped systems has negative DE

value for the first nearest neighbour distance in the sidewise path. In this distance

a nonmagnetic S atom bridges the two identical TM atoms with an intermediate

angle of 90� (two TM atoms form with an S atom). The magnetic interaction be-

tween these two TM atoms is well explained by using the Goodenough-Kanamari-

Anderson (GKA) rules [273]. The ferromagnetic coupling is explained by using the

GKA rule of 90� superexchange (SE). The total DOS of all these systems are shown

in Figure 4.8. Here the spin-up and spin-down channels are shown in blue and red

curves. The two Fe and Co atom doped SnS2 are half-metals, in which one of the
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spin channel has semiconducting nature and other has metallic nature. In other

words if spin-up channel is semiconductor then spin-down channel is a metal. So

the semiconducting channel has 100% spin polarization. Hence these doped sys-

tems are potential candidates for spin injector materials. V, Cr, Mn and Zn-doped

SnS2 are magnetic semiconductors with magnetic moment of 2, 4, 6 and 2.56 µB,

respectively. This factor makes them as attractive materials for spintronic devices.

We have shown the spin distribution of TM doped systems using spin density

isosurfaces in Figure 4.9 (a) to (g). As we explained in the previous section 4.3.4,

the magnetic moment mainly arises due to the polarized S atoms in case of Cu and

Zn-doped systems. It is clearly shown in the spin-density isosurface plots, that the

local induced spins of dopant atoms are significantly less, and it is high on the S

atom in case of Cu and Zn doped systems (Figure 4.9 (f) and (g)). Hence the spin

density is almost of one spin orientation belonging to the S atom. The six S ligands

together produce a greater magnetic moment. A tiny magnetic moment induced

by the two Cu or Zn atoms are ferromagnetically coupled as the DE is negative. The

two Cu-doped SnS2 is a ferromagnetic metal with a magnetic moment of 1.26 µB,

in that 0.402 µB is coming from Cu atoms. The Zn-doped SnS2 is a half-metal with

a magnetic moment of 2.56 µB, in that Zn atoms give 0.130 µB. Its spin-up channel

is 100% spin-polarized. In the case of V, Cr, Mn, Fe, and Co-doped SnS2 the spin

density isosurface shows that the spins of the TM atoms are parallel to each other.

Once again, it indicates the FM coupling between the two TM atoms. Also, in all of

these cases, the spins of the TM atoms are antiparallel to the induced spins of the

six nearest neighbour S atoms. Hence the resultant or the total magnetic moment

is smaller than the local magnetic moment of TM atoms.
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(a) V (b) Cr

(c) Mn (d) Fe

(e) Co (f) Cu

(g) Zn

Figure 4.9: Spin densities of two V, Cr, Mn, Fe, Co, Cu, and Zn atoms and its
neighboring S atoms in the double TM atoms doped SnS2 systems for first nearest
configuration of path1 at 4.08% dopant concentration. Blue and red isosurfaces
represent positive and negative spin densities (+0.001 eV Å�3), respectively.
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4.4 Conclusion

We have systematically studied the formation energy, electronic properties and

magnetic properties of 3d transition metal-doped SnS2 monolayer. Formation en-

ergy calculation reveals that the Sn-poor (S-rich) condition is the favourable con-

dition to incorporate the TM atom into SnS2 crystal at Sn-site. Double TM doped

systems with negative binding energies indicate that two TM atoms prefer to stay

together at two different Sn-sites in ML-SnS2.

The spin-polarized HSE06 band structure calculations reveal that single V, Cr,

Mn, Fe, Co, Cu and Zn-doped SnS2 are semiconductors with the magnetic moment

of 1, 2, 3, 2, 1, 0.688, and 1.275 µB respectively. Sc-doped system is a nonmagnetic

metal. Ti and Ni-doped systems are nonmagnetic semiconductors. Ni and Zn-

doped SnS2 are direct bandgap semiconductors, and all other doped systems are

indirect bandgap semiconductors. As the Ni-doped SnS2 is direct bandgap semi-

conductor it is good for optoelectronic devices. Except for V, Fe and Cu-doped SnS2

all other systems have trigonal prismatic geometry in the 3d orbitals. A strong dp

hybridization occurs in all the doped systems, which is confirmed by the overlap-

ping of transition metal 3d and sulfur 3p orbitals in the DOS plot. Due to the fully

filled d orbitals, the local magnetic moment induced by the Cu and Zn atoms is

significantly less (0.196 and 0.086 µB). Most of the total magnetic moment in these

systems comes from the six S ligand field.

In the double transition metal atom doped SnS2, the ferromagnetic ground

state is observed for V, Cr, Mn, Fe, Co and Zn-doped SnS2 system. The 90� su-

perexchange operates the FM coupling in all these systems for the first nearest

neighbour distance. Among them, the V, Cr, Mn, and Zn-doped ML-SnS2 are fer-

romagnetic semiconductors with the magnetic moment of 2, 4, 6 and 2.56 µB, re-

spectively. Further, Fe and Co-doped ML-SnS2 are ferromagnetic half-metals with
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the magnetic moment of 4 and 2 µB respectively. In this article the magnetic mo-

ment formation in all the single and double TM atom-doped monolayer SnS2 are

well explained. Magnetic half-metals exhibit 100% spin polarization. Hence they

are suitable spin injector materials. In conclusion, ferromagnetic semiconductors,

ferromagnetic half-metals and ferromagnetic metal are obtained by doping the 3d

transition metals into SnS2 monolayer. These results show that the 3d transition

metal doping on SnS2 monolayer is important for spin injection, spin polarized

current generation and other spintronic device applications.
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CHAPTER 5

RASHBA SPIN-SPLITTING IN JANUS SNXY/WXY (X, Y = S,

SE, TE WITH X 6= Y) HETEROSTRUCTURES

Janus transition metal dichalcogenide monolayers have shown a lack of mirror

symmetry perpendicular to the 2D plane. The breaking of out-of-plane symmetry,

along with the spin-orbit coupling, induces Rashba spin splitting in these materi-

als. In this chapter, we study the Rashba spin splitting in Janus tin dichalcogenide

monolayers. In addition, we also discuss the heterostructures from Janus SnXY

and WXY monolayers. A Rashba spin-splitting energy of about 43 meV, more

significant than the room temperature energy, is observed in the SnSSe/WSSe het-

erostructure. We examined the consequences of vertical strain on the semiconduct-

ing heterostructure. Compressive vertical strain enhances the Rashba splitting,

and tensile strain reduces the Rashba splitting. The SnSSe/WSSe heterostructure

remains semiconductor only with Rashba bands near the Fermi level with an in-

crease in the Rashba parameter of about 0.96 eVÅ and splitting energy of about

72 meV for the compressive strain of 10.4%. The calculated spin precession length

for the corresponding momentum offset is about 1.04 nm. These findings confirm

that the SnSSe/WSSe heterostructure is a good Rashba material and a productive

material for spintronic device applications. The manuscript involving the results

of this work is under preparation.
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5.1 Introduction

Janus transition metal dichalcogenide monolayers are promising candidates for

optoelectronic and spintronic applications. In most of the Janus TMXY (TM = tran-

sition metal, X, Y = S, Se, Te with X 6= Y) monolayers, one can observe the interest-

ing physics in the band nature, which is absent in transition metal dichalcogenide

(TMX2) monolayers. In recent years transition metal dichalcogenides (TMDCs)

have been essential materials for electronic and optoelectronic device making. Though

the TMDC monolayers exhibit coupled spin and valley physics [274] due to strong

spin-orbit coupling (soc) [275], and lack of in-plane inversion symmetry, the Rashba

type spin splitting [88] is not present in monolayer TMDCs. The Rashba spin split-

ting (RSS) strictly demands the breaking of inversion symmetry along the out-of-

plane direction of the crystal. As the monolayer TMDCs possess out-of-plane in-

version symmetry, they failed to produce Rashba spin splitting in their electronic

band structure. This limitation was overcome by the successful synthesis of the

Janus MoSSe monolayer. It was fabricated using monolayer MoS2 through chemi-

cal vapor deposition [276] in 2017. Some particular ways to break the out-of-plane

inversion symmetry include applying the electric or magnetic field perpendicular

to the crystal plane. Also, the interfaces across the vertical heterostructures break

the out-of-plane inversion symmetry. This is the effect of a built-in electric field

across the interface perpendicular to the 2D plane.

In the TMX2 monolayers, the metal atom is bonded to the two identical chalco-

gen atoms (X) with similar potential energy; this will not allow having RSS. When

one of the chalcogen atoms is replaced by a different chalcogen atom (Y), a po-

tential gradient will be created along the out-of-plane direction. The potential

drop across TM-X and TM-Y environments is different in this case. Due to this,

the built-in electric field generated perpendicular to the crystal plane allows the
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TMXY monolayer to possess RSS. This approach of building the internal electric

field perpendicular to the crystal plane by bonding the metal atom with two dif-

ferent chalcogen environments attracted the other TMX2 systems to produce RSS.

In this regard, monolayers of MoSTe, MoSeTe, WSSe, WSTe, and WSeTe [97] ex-

hibit considerable Rashba effect. The strong soc and lack of inversion symmetry

along the out-of-plane direction make them better candidates for spintronic appli-

cations. The heterostructures of MoXY, and WXY monolayers exhibit enhanced

RSS [277]. The Janus monolayers of other transition metals for TM = Ti, Zr, Hf, V,

Nb, Ta, Cr, Pt and X, Y = S, Se, Te, Cl, Br, O are also studied using first-principles

calculations [278, 279, 280, 281, 282, 283].

In the recent studies on Janus transition metal dichalcogenide (J-TMXY) mono-

layers, one can see the development of other metals in place of transition metals.

This work focuses on Janus tin dichalcogenide (SnXY, X, Y = S, Se, Te with X 6=

Y) monolayers and their heterostructures with WXY monolayers. The electronic

and optical properties of Janus SnSSe, SnSTe, and SnSeTe monolayers are well

studied using first-principles calculations [284, 285, 286]. The density functional

theory studies have proven that these Janus SnXY monolayers are energetically

and dynamically stable materials [287]. J-SnSSe is predicted as a good candidate

for solar cell design [288]. Along with applicable optoelectronic properties J-SnSSe

monolayers [285, 286] have also expanded their applications in the thermoelectric

and piezoelectric perspectives [287, 289, 290]. But, the applications towards the

spintronic perspective have yet to be studied from J-SnXY monolayers. The spin-

related studies of these J-SnXY monolayers are not entirely performed. Hence in

this study, we focus on the spin-splitting in the Janus-SnXY monolayers and their

heterostructures with J-WXY monolayers, which leads to a significant Rashba ef-

fect. This work will take forward by applying vertical strain on heterostructure.
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Table 5.1: Relaxed lattice parameters a, Sn-X dSn�X and Sn-Y dSn�Y bond lengths,
thickness h0, PBE and HSE06 band gap values with and without incorporating soc
EPBE

g , EPBE+soc
g , EHSE06

g and EHSE06+soc
g for SnS2, SnSe2, SnTe2, J-SnXY and J-WXY

monolayers. Here X and Y are chalcogen atoms with smaller and larger atomic
numbers respectively.

System a dSn�XdSn�Y h0 EPBE
g EPBE+soc

g EHSE06
g EHSE06+soc

g
(Å) (Å) (Å) (Å) (eV) (eV) (eV) (eV)

SnS2 3.68 2.59 - 2.96 1.45 1.44 2.43 2.429
3.68 2.59 - - 1.45 - 2.43 -
[196] [196] - - [291] - [291] -

SnSe2 3.87 2.74 - 3.19 0.95 0.946 1.46 1.41
3.82 2.73 - 3.212 0.953 1.41

[292] [292] - [285] 0.953 [292]
SnTe2 4.14 2.98 - 3.56 0.0 0.0 0.23 0.0

4.10 2.74 - - - - - -
[293] [293] - - - - - -

J-SnSSe 3.782 2.63 2.72 3.07 0.96 0.83 1.71 1.59
3.81 2.63 2.72 0.95 - 1.69 -
[287] [287] [287] [286] - [287] -

J-SnSTe 3.901 2.66 2.93 3.30 0.0 0.0 0.0 0.0
3.89 2.64 2.96 - - - - -
[284] [287] [287] - - - - -

J-SnSeTe 3.984 2.78 2.94 3.39 0.0 0.0 0.0 0.0
3.98 2.77 2.98 3.43 - - - -
[284] [287] [287] [284] - - - -

J-WSSe 3.248 2.423 2.539 3.25 1.71 1.42 2.19 1.92
3.232 2.421 2.538 - 1.77,1.72 1.23 2.27,2.13,2.15 1.85
[97] [97] [97] - [97], [294] [97] [97], [295], [294] [296]

J-WSTe 3.362 2.439 2.723 3.39 1.23 1.14 1.79 1.67
3.344,3.27 2.559 2.722 - 1.34,1.23 0.85,1.14 1.82,1.71 -
[97], [294] [97] [97] - [97], [294] [97], [297] [97], [294] -

J-WSeTe 3.392 2.573 2.751 3.46 1.30 1.08 1.48
3.413 2.559 2.722 - 1.42 0.83 1.88,1.79 1.40
[97] [97] [97] - [97] [97] [97], [296] [296]
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Figure 5.1: Crystal structures of Janus (a) 1T-SnSSe and (b) 2H-WSSe monolayers.
Upper panel shows the side view and lower panel shows the top view of the crys-
tals. Purple and blue balls represent Sn and W atoms, respectively. Red and green
balls represent S and Se atoms, respectively.

Table 5.2: Band gap using orbital projected PBE band structure included with soc
EPBE+soc

g , intersection energy Eint, energy difference ER, momentum offset kR for
the Rashba bands splitting at G-point, and Rashba parameter aR for the J-SnXY,
J-SnXY/WXY and J-WXY layers. The Rashba spin splitting along G-M and G-K are
given separately.

G-M G-K
System EPBE+soc

g Eint ER kR aR ER kR aR
(eV) (eV) (meV) (Å)�1 (eVÅ) (meV) (Å)�1 (eVÅ)

J-SnSSe 0.80 1.199 0.15 0.0164 0.018 1.03 0.0189 0.109
J-SnSSe/WSSe 0.55 -0.323 42.96 0.122 0.704 42.91 0.126 0.681

J-WSSe 1.39 -0.478 2.694 0.0376 0.143 2.743 0.0436 0.126
J-SnSTe - 0.539 5.031 0.0162 0.621 6.95 0.0184 0.755

J-SnSTe/WSTe - -0.051 2.34 0.0364 0.129 2.47 0.0366 0.135
J-WSTe 1.05 -0.291 7.58 0.0546 0.278 7.78 0.0631 0.247

J-SnSeTe - 0.704 1.05 0.0156 0.135 2.46 0.0180 0.273
J-WSeTe 0.99 -0.487 35.7 0.145 0.492 23.5 0.123 0.380



Rashba spin-splitting in Janus SnXY/WXY (X, Y = S, Se, Te with X 6= Y)
heterostructures 106
Table 5.3: Band gap using orbital projected PBE band structure included with
soc EPBE+soc

g , intersection energy Eint, energy difference ER(ER�like), momentum
offset kR(kR�like) for the Rashba(Rashba-like) bands splitting at M-point, and
Rashba(Rashba-like)parameter aR(bR�like) for the J-SnXY and J-SnXY/WXY lay-
ers. The Rashba spin splitting along M-G and M-K are given separately.

M-G M-K
System EPBE+soc

g Eint ER kR aR ER�like kR�like bR�like
(eV) (eV) (meV) (Å)�1 (eVÅ) (meV) (Å)�1 (eVÅ)

J-SnSSe 0.80 0.405 0.324 0.0163 0.039 0.76 0.0096 0.158
J-SnSSe/WSSe 0.55 0.274 0.656 0.0094 0.139 0.635 0.0083 0.152

J-SnSTe - -0.316 0.983 0.0159 0.124 23.01 0.0277 1.661
J-SnSTe/WSTe - -0.393 17.72 0.0272 1.303 15.27 0.0327 0.934

J-SnSeTe - -0.187 0.62 0.0156 0.079 11.3 0.0271 0.833
J-SnSeTe/WSeTe - -0.377 10.74 0.018 1.193 9.38 0.0238 0.788

5.2 Computational Details

To investigate the properties of J-SnXY and J-WXY heterostructures, we performed

the first-principles calculations [179] using Vienna ab initio Simulation Package(VASP) [180].

Projector augmented wave (PAW) [182, 183] pseudopotentials are used for electron-

ion interactions in these calculations. Perdew, Burke, and Enzerhof (PBE) Gener-

alized Gradient Approximation (GGA) [109] are used to relax the monolayers. As

the ground state of J-SnXY and J-WXY monolayers belong to the trigonal prismatic

and hexagonal phases, the heterostructures derived from their unit cells have a lat-

tice mismatch greater than 5%. To suppress the lattice mismatch, heterostructures

(HSs) are constructed using 2⇥2⇥1 supercell of J-WXY monolayer and
p

3⇥
p

3⇥1

supercell of J-SnXY monolayer rotated by 30�. The J-SnSSe/WSSe, J-SnSTe/WSTe,

and J-SnSeTe/WSeTe HSs have the least lattice mismatch of 0.069, 0.4, and 1.52%,

respectively. The individual layers are stacked within each heterostructure by Van

der Waals (vdw) interaction. Hence all these HSs are relaxed using PBE functionals
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with a vdw functional. Here Grimme’s DFT-D2 [298] method is employed for vdw

interaction. Each J-SnXY, J-WXY monolayers and their heterostructures are relaxed

using a force convergence criterion of 10�3 eV/Å and a tight energy convergence

criterion of 1⇥10�6 eV. Cut-off energy of 450 eV is used. The thickness of the vac-

uum layer along the z-direction is relaxed to 30 Å. The Brillouin zone sampling

was employed by Monkhorst-Pack [186] k-grid of size 21⇥21⇥1 for monolayers

and 13⇥13⇥1 for heterostructures. Spin-orbit coupling (soc) is involved in all the

PBE bandstructure calculations involving vdw functional.

5.3 Results and discussion

5.3.1 Janus-SnXY and WXY monolayers

J-SnXY monolayers can be created using SnS2 or SnSe2 or SnTe2 monolayers which

belong to the space group of P3̄m1 [59, 197, 58]. In SnX2 monolayers, the two

chalcogen atoms bonded with the Sn atom in a trigonal geometry, thereby creating

mirror symmetry in the crystal structure. This mirror symmetry will break when

one of the chalcogen atoms is replaced by a different one. In Janus-SnXY mono-

layers, the Sn atom layer is sandwiched by two unidentical chalcogen atom layers,

X and Y. The well-known J-WXY monolayers belong to P63/mmc space group, the

chalcogen and metal atoms are in hexagonal geometry. The crystal structure of

J-SnXY and J-WXY monolayers are shown in Figure 5.1. The relaxed lattice pa-

rameters, bond lengths, thickness, and band gap values were calculated using PBE

and HSE06 functionals with and without soc for SnS2, SnSe2 and SnTe2, J-SnXY

and J-WXY monolayers are listed in Table 5.1. In SnX2 monolayers, as the atomic

number of the chalcogen atom increases, the lattice parameter increases, and the

band gap decreases from 2.43 eV (SnS2) to 1.46 eV (SnSe2) to (SnTe2) 0.23 eV. In J-

SnXY monolayers also, we can see this trend of increasing lattice parameters with
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the size of the chalcogen atom. The lattice parameters of each J-SnXY monolayer

are in between the lattice parameters of SnX2 and SnY2 monolayers, aSnX2 < aSnXY

< aSnY2. Here X and Y are chalcogen atoms with smaller and larger atomic num-

bers, respectively. J-SnSSe monolayer has a semiconducting gap of 0.96 eV using

PBE and 1.71 eV using HSE06 functionals. With soc, the PBE and HSE06 gaps re-

duce to 0.83 eV and 1.59 eV, respectively. It is an indirect band gap semiconductor

with a conduction band edge located at M-point and a valence band edge located

at G-point (Figure 5.6 (a)). The conduction band edge is mainly originating from

Sn s-orbital, and it has a small contribution from S and Se px+py-orbitals. Valence

band edge is mainly contributing from Se px+py-orbitals and lightly from S px+py-

orbitals. The band structures of monolayers with Te environment, such as J-SnSTe

and J-SnSeTe, acquire metallicity, which is shown in Figure 5.10 (a) and 5.13 (a).

The metallicity is mainly originating from the Te px+py-orbitals and less from Se

px+py-orbitals. The J-WXY monolayers are semiconductors in which J-WSSe and

J-WSeTe are direct gap semiconductors. The soc included orbital projected PBE

band structure of J-SnXY, and J-WXY monolayers are shown in Figure 5.6, Figure

5.10, and Figure 5.13 (a) and (c).

5.3.2 Rashba spin splitting in J-SnXY and J-WXY monolayers

In J-SnXY monolayers, the X and Y chalcogen atoms have different electronega-

tivities. The electric field directs from a lower electronegative atom to a higher

one. Due to the difference in the electronegativity of chalcogen atoms, the electron

transfer from Sn to X and Sn to Y atoms are different. This difference in the charge

transfer can be seen from the Bader charge analysis. In the J-SnSSe monolayer,

the Sn atom loses 1.34 e. S and Se atoms gain 0.74 e and 0.60 e, respectively. The

charge aggregation on the S atom is more than in the Se atom. This is because the

S atom has more electronegativity than the Se atom. Due to the unequal charge ag-



Rashba spin-splitting in Janus SnXY/WXY (X, Y = S, Se, Te with X 6= Y)
heterostructures 109

gregation on chalcogen atoms, a net electric field will be created that directs from

Se to S atom, which is absent in the SnX2 monolayers. Similarly, using the Bader

charge analysis, we observed that the electric field points from Te to S and Te to Se

in J-SnXY and J-WXY monolayers with S-Te and Se-Te chalcogen environments.

Now the presence of two different chalcogen atoms breaks the out-of-plane

mirror symmetry in the Janus monolayers, and this intern produces asymmetry

in the potential perpendicular to the 2D plane. Hence an internal electric field

builds normal to the crystal plane, ~Eint = rV. In presence of ~Eint the moving elec-

tron experiences an effective magnetic field Be f f =rV ⇥ ~p, which is perpendicular

to both ~Eint (rV) and ~p. Be f f quantizes the electron spins. As the magnetic field

depends on electron momentum direction, spin orientation is also momentum de-

pendent. As electrons are restricted to the 2D plane, their momentum (p = h̄~k, ~k

is wave vector) is in-plane. Thus the electron spins change orientation in the 2D

plane according to the~k-direction. Due to the presence of ~Eint, electrons lose their

spin degeneracy within the same energy band. This produces spin splitting of the

energy band within the 2D plane. Hence the two bands now possess opposite spin

polarizations, which are in-plane. Hamiltonian for the pure RSS in a 2D plane is

given by

HR = aR|~Eint|(~s ⇥~k).ẑ (5.1)

Here aR is the Rashba parameter, ~s is the Pauli spin matrices, ~Eint is the internal

electric field, and ẑ is the unit vector perpendicular to 2D-plane.

~s ⇥~k = (sykz � szky)x̂ + (szkx � sxkz)ŷ + (sxky � sykx)ẑ (5.2)

(~s ⇥~k).ẑ = sxky � sykx (5.3)
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This implies,

HR = aR|~Eint|(sxky � sykx) (5.4)

Thus equation (5.4) shows that for the pure RSS, both the spin and momentum

components are strictly in-plane, and their out-of-plane component is absent. Un-

like the Zeeman splitting, here, the spin splitting is~k-dependent due to~k-dependent

in-plane spin orientation.

Thus band dispersion relation for the spin split bands is given by

E ± (k) =
h̄2

2m⇤ ± aR|Dk| (5.5)

where m⇤ is the effective mass of the electron. The E+k and E�k represent energy

eigenstates for the opposite in-plane spin polarization and are shifted by Dk. By

keeping the one parabolic band fixed, other bands will either shift by +Dk or by

-Dk. This is what exactly happens in the pure Rashba type of spin splitting. This

dispersion relation is the well-known Rashba spin splitting or the Rashba effect.

Here aR dictates the strength of Rashba spin splitting. This is given by

aR =
2 ⇤ ER

kR
(5.6)

Here ER is the amount of spin splitting energy, and to operate the device at room

temperature ER � 25 meV. kR the wavenumber difference between the two Rashba

spin split bands. The relationship between the spin precession channel length L

and aR, (L = ph̄2/(2m⇤aR) [299, 300]) implies spin precession length, L = p/2kR [99].

Here p = 180� is the spin precession angle, and m⇤ is the effective mass of the elec-

tron. To get a spin precession angle of 180�, the spin precession length should be

in the range of 1 nm. Thus, a larger Rashba parameter (� 1 eVÅ) allows the device

to operate with a shorter channel length (1 nm). In other words, a wavenumber
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Figure 5.2: Spin projected PBE band structure of J-SnSSe monolayer included with
soc. (a) Sx, (b) Sy and (c) Sz are the spin projection components along x,y (in-plane)
and z (out-of-plane) directions respectively.
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Figure 5.3: Spin projected PBE band structure of J-SnSTe monolayer included with
soc. (a) Sx, (b) Sy and (c) Sz are the spin projection components along x,y (in-plane)
and z (out-of-plane) directions respectively.

difference of at least 0.157 Å�1 provides a channel length of 1 nm.

J-SnSSe has spin splitting at two symmetry points, G-point ; along G-M and

G-K path and M-point ; along M-G and M-K path. The spin-projected PBE band

structures with soc is shown in Figure 5.2. Here Sx and Sy are the in-plane, and Sz

is the out-of-plane spin projection components. Only the in-plane spin polarization

components are present in pure RSS bands, and the out-of-plane spin polarization

component is absent. In Figure 5.2 (a) and (b) at G-point along the G-M and G-K

paths and at M-point along M-G path, the spin split bands show only in-plane spin
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Figure 5.4: Spin projected PBE band structure of J-SnSeTe monolayer included with
soc. (a) Sx, (b) Sy and (c) Sz are the spin projection components along x,y (in-plane)
and z (out-of-plane) directions respectively.

polarizations and out-of-plane spin polarization is absent. Hence the spin splitting

along these paths is pure RSS. But at M-point along M-K path, the splitting has

a significant contribution from out-of-plane spin polarization (Figure 5.2 (c)), and

in-plane spin polarization components are absent. To explain the origin of the spin

splitting along the M-K path, we go back to equation 5.2, here M-point has only

the x-coordinate, and the K-point has both the x and y-coordinates. It is evident

that the~k is in-plane and sx, sy = 0, then

HR = bR|~Eint|(~s ⇥~k).m̂ (5.7)

Here m̂ = x̂ + ŷ.

~s ⇥~k = szkxŷ � szkyx̂ (5.8)

HR = bR|~Eint|sz(kxŷ � kyx̂).(x̂ + ŷ) (5.9)
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HR = bR|~Eint|sz(kx � ky) (5.10)

Though it’s not the pure RSS, one can call it Rashba-like spin splitting [301], the

trigonal layered PtBi2 (bulk) exhibits pure Rashba spin splitting along in-plane

momentum direction, and the spin splitting observed along out-of-plane (kz) di-

rection is considered as Rashba-like spin splitting. In our study, as the system is

monolayer, the kz component is absent, but along the in-plane momentum direc-

tion, we observed the presence of out-of-plane spin polarization. As shown in Fig-

ure 5.3 and 5.4 in J-SnSTe and J-SnSeTe monolayers, the spin splitting at M-point

along the M-K path has considerable Sz contribution and has no involvement of

in-plane spin polarization. Along the M-G path, it is pure RSS.

Thus all three J-SnXY monolayers exhibit significant Rashba-like spin splitting

along the M-K path due to the presence of out-of-plane spin polarization. This un-

usual spin splitting in all the three J-SnXY monolayers along the M-K path origi-

nates mainly from Sn-s orbital and less but equally from p orbital of X and Y chalco-

gen atoms (Figure 5.6 (a), Figure 5.10 (a), Figure 5.13 (a)). Below the Fermi level,

the bands are significantly originating from p-orbital of bigger chalcogen atom (Y)

and less from p-orbital of smaller chalcogen atom (X). Here the contribution from

Sn-s orbital is negligible. The spin splitting energy ER, a shift in momentum kR,

and Rashba parameter aR at G and M-point are listed in Table 5.2 and 5.3, respec-

tively. Janus SnSSe, SnSTe, and SnSeTe monolayers exhibit the highest ER of 0.76,

23.01, and 11.3 meV, respectively, and aR of 0.109, 0.755, and 0.273 eVÅ3, respec-

tively. The Rashba-like splitting energy for the three monolayers at M-point along

the M-K path is 0.76, 23.01, and 11.3 meV, respectively. The respective splitting

parameters (bR�like = 2*ER�like/kR�like) are 0.158, 1.661 and 0.833 eVÅ for Janus

SnSSe, SnSTe, and SnSeTe monolayers. The ER values for Janus WSSe, WSTe, and

WSeTe monolayers are 2.743, 7.78, and 35.7 meV, respectively, at G-point. Corre-
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Figure 5.5: For the SnSSe/WSSe HS crystal structure (side and top view) (a), pla-
nar average of the electrostatic potential energy is shown in black line and planar
average of the charge density is shown in green line (c). Here the Fermi energy is
indicated by blue dashed line. Internal electric field Eint points from Se to S across
Se-S interface, shown in red arrow. Planar average of the charge density difference
of the HS is shown in blue line (d),the space between the two red dashed lines is
the interface formed by the SnSSe and WSSe layers.

sponding aR values are 0.126, 0.247, and 0.492 eVÅ, respectively. These findings

are calculated using the PBE band structure with vdw correction and soc. The ma-

terial with Rashba spin splitting is helpful for applications in spintronics. The spin

split bands help to generate spin-polarized current.

5.3.3 Spin splitting in SnXY/WXY heterostructures

Heterostructures constructed using J-SnXY and J-WXY monolayers have X-Y inter-

face. The X-Y interface is selected based on stability compared to X-X and Y-Y in-

terfaces. Within the X-Y interface, each heterostructure shows three possible stable

stackings. Among them, one stacking with the most stable energy configuration is

considered in this work for further study. The binding energy of HSs is calculated

using the relation [302]

Eb = (ESnXY/WXY � ESnXY � EWXY)/N (5.11)
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Figure 5.6: Orbital projected PBE band structure of Janus monolayres and het-
rostructures. (a) SnSSe (b) SnSSe/WSSe (c) WSSe with spin orbit coupling. Fermi
energy is set to zero.

where ESnXY/WXY , ESnXY , and EWXY are the total energies of the fully relaxed

J-SnXY/WXY heterostructure, isolated
p

3⇥
p

3⇥1 supercell of J-SnXY monolayer

rotated by 30� and isolated 2⇥2⇥1 supercell of J-WXY monolayer. N is the total

number of atoms in the heterostructure. J-SnSSe/WSSe HS has ESnSSe/WSSe = -

134.58 eV, ESnXY = -39.41 eV, EWXY = -94.51 eV and N = 21. Hence Eb is -31.43 meV

per atom. Similarly, Eb for the J-SnSTe/WSTe and J-SnSeTe/WSeTe HSs are -79.52

meV and -93.05 meV per atom, respectively. The negative binding energy values

confirm that the HSs are stable enough to study the electronic properties.

The crystal structure of SnSSe/WSSe HS is shown in Figure 5.5 (a). S-atom

of the J-SnSSe layer is situated in the middle of the ring formed by both J-SnSSe

and J-WSSe layers. The S-atom of the J-WSSe layer is facing the Se-atom of the

J-SnSSe layer. After the complete relaxation, the interlayer distance is fixed to

3.29 Å. The planar average of the electrostatic potential energy and the charge

density are shown in black and green curves in Figure 5.5 (b). The interface has

two different chalcogen atoms with unequal electronegativities. We calculated the

charge density difference using dr = rSnSSe/WSSe-rSnSSe-rSnSSe, here rSnSSe/WSSe,
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Figure 5.7: Spin projected PBE band structure of SnSSe/WSSe heterostructure in-
cluded with soc. (a) Sx, (b) Sy and (c) Sz are the spin projection components along
x,y (in-plane) and z (out-of-plane) directions respectively.

rSnSSe and rSnSSe represent the total charge densities of J-SnSSe/WSSe HS, J-SnSSe

and J-WSSe layers, respectively. dr is plotted in Figure 5.5 (c), which shows that

the charge has transferred from J-SnSSe layer to J-WSSe layer. Hence a potential

drop of 6.27 eV is built across the Se-S interface, which produces an internal electric

field that flows from Se-atom to S-atom. This is emphasized by the greater charge

density on the S-atom of J-WSSe layer than the Se-atom of J-SnSSe layer shown in a

green curve. The interface has charge accumulation and depletion shown in Figure

5.15 (a), indicates that J-SnSSe and J-WSSe layers undergo strong interaction while

stacking on each other and hence the band gap reduces to 0.55 eV. The work func-

tion of each layer is calculated using F = EVac - EFermi. F for J-SnSSe and J-WSSe

layers are 5.51 and 4.71 eV, respectively, and their difference is DF = 0.80 eV. The

orbitals projected PBE band structure with soc, and vdw interaction is shown in

Figure 5.6 (b).

Figure 5.7 (a) and (b) show that the in-plane spin projection components have

the spin split bands at G-point along G-M and G-K paths. This indicates that spin-

splitting at G-point is in-plane. Also, we calculated the spin texture of spin split

bands at G-point around E = E f - 0.4 eV. In Figure 5.8 (a) and (b), the concentric
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Figure 5.8: In SnSSe/WSSe HS (a) spin texture of Rashba spin split bands at G-
point, calculated around E = E f - 0.4 eV. Sx, Sy and Sz are the spin projection com-
ponents along x,y (in-plane) and z (out-of-plane) directions, respectively. (b) Pure
Rashba spin-splitting at G-point, showing spin splitting energy ER and wavenum-
ber difference kR.

circles represent the inner and outer branches of the spin split bands at G-point

(figure). Within each circle, one can observe that spin orientation is changing with

kx and ky directions. The significant spin densities are observed in in-plane Sx and

Sy components, which are of 90� phase shift. The spin orientation is different along

the out-of-plane Sz component, and spins are almost absent. The spin-projected

band structure and spin textures confirm that the spin-splitting at G-point is purely

RSS. Compared with the individual SnSSe and WSSe layers, the spin splitting en-

ergy at G-point has increased in the SnSSe/WSSe heterostructure. Along G-M path

EG�M
R = 42.96 meV (> 25 meV), kG�M

R = 0.122 Å�1 (L = 1.29 nm) and aG�M
R = 0.704

eVÅ. Along G-K path, EG�K
R = 42.91 meV (> 25 meV), kG�K

R = 0.126 Å�1 (L = 1.25

nm) and aG�K
R = 0.681 eVÅ. The splitting at G-point is mainly caused by the W-d

orbital and S-p orbitals. In the WSSe layer, though the splitting at G-point is caused

by the W-atom, it is tiny, about 2.69 meV (Figure 5.6 (c)). It has enhanced to about

43 meV due to the presence of the SnSSe layer in SnSSe/WSSe HS. Bands along G-

M and G-K path just below the Fermi level are pushed by the Se-atom of the SnSSe
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layer. Whereas the corresponding band along G-M and G-K path in the WSSe layer

is not affected by other bands in the energy range 0 up to -1.5 eV, as there are

not many bands below the Fermi level. The stronger interaction between the two

layers forms a denser valence band in the HS, which causes the enhanced spin

splitting at G-point and decreases the band gap. The spin-splitting at G-point and

M-points are shown in the lower and upper panels of Figure 5.6 (d). As shown in

Figure 5.7 (c), the spin-splitting along M-point is Rashba-like spin splitting which

originated mainly from Sn-s orbital. In this semiconductor heterostructure, spin

splitting is observed at both the band maxima. At the VBM (G-point), the spin

splitting is purely RSS, whereas, at CBM (M-point), it is Rashba-like spin splitting

(along M-G and M-K).

The spin splitting in a semiconductor material has an advantage in optoelec-

tronic applications. The effective mass of electron at CBM and hole at VBM along

kx and ky-directions are m⇤
e (kx) = 0.03 m0, m⇤

e (ky) = 0.013 m0 and m⇤
h(kx) = 0.081 m0,

m⇤
h(ky) = 0.122 m0, respectively. Here m0 is the rest mass of the electron. The rel-

ative ratio of effective masses along kx and ky-directions are indicated as variance

which is defined as [303, 304]

Dkx =
m⇤

h(kx)

m⇤
e (kx)

, Dky =
m⇤

h(ky)

m⇤
e (ky)

(5.12)

Here D indicates the ease of electron and hole recombination. The value of D closer

to 1 indicates similar electron and hole mass, which implies similar carrier mobil-

ity. Hence carrier recombination is easy. Thus, a D value closer to 1 means high

recombination in the system. On the other hand, a substantial variation in the

carrier effective masses results from a significant difference in carrier mobilities.

This indicates the greater probability of separating electrons and holes in the sys-

tem, thereby lowering carrier recombination. Hence a greater variance of D from 1
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shows the low recombination in the system. In SnSSe/WSSe HS, the value of Dkx

= 2.7 and Dky = 9.39 leads the greater variance in the carrier mobilities. This may

be because the electron mass (CBM) and hole mass (VBM) come from two separate

layers, SnSSe and WSSe, respectively. However, when spin-splitting is consid-

ered, the new optical selection rules [305, 306] obstruct the direct recombination of

electron and hole at the band maxima. In this way, spin split bands suppress the

carrier recombination in the system. This is one of the advantages of pure Rashba

and Rashba-like spin splitting in SnSSe/WSSe HS. Therefore, SnSSe/WSSe HS is

a viable candidate for separating the electron and holes instead of allowing them

to recombine. Thus SnSSe/WSSe HS could be a good candidate for building solar

cells.

The crystal structure of SnSTe/WSTe(SnSeTe/WSeTe) HS is shown in Figure

5.9 (a) (5.12 (a)). In SnSTe/WSTe(SnSeTe/WSeTe) HS, the Sn-atom is situated at

the center of the hexagonal ring formed by the WSTe (WSeTe) layer. Figure 5.9

(b)(5.12 (b)) shows the planar average of the electrostatic potential energy in the

black line and the planar average of the charge density in the green line. Greater

charge density on S-atom (SnSTe) than on Te-atom (WSTe), and the Bader charge

analysis indicates that a charge of about 0.017 e has transferred from WSTe to the

SnSTe layer in the heterostructure. The internal electric field directs from Te-atom

(WSTe) to S-atom(SnSTe) across the Te-S interface. Whereas in SnSeTe/WSeTe HS,

the charge density on Se-atom (WSeTe) is greater than on Te-atom (SnSeTe), in-

dicating that a charge of about 0.01 e has transferred from SnSeTe to J-WSeTe

layer and the Eint flows from Te-atom (SnSeTe) to Se-atom (WSeTe) across the

Se-Te interface. The charge density difference shown in Figure 5.9 (c) (5.12 (c))

also supports these findings. The potential drop across the Te-S(Se-Te) interface in

SnSTe/WSTe(SnSeTe/WSeTe) HS is 5.39(4.09) eV. The work function of SnSTe(SnSeTe)

and WSTe(WSeTe) layers is 4.87(5.25) and 5.52(4.40) eV, respectively and DF is
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Figure 5.9: For the SnSTe/WSTe HS crystal structure (side and top view) (a), pla-
nar average of the electrostatic potential energy is shown in black line and planar
average of the charge density is shown in green line (c). Here the Fermi energy is
indicated by blue dashed line. Internal electric field Eint points from Te to S across
S-Te interface, shown in red arrow. Planar average of the charge density difference
of the HS is shown in blue line (d),the space between the two red dashed lines is
the interface formed by the SnSTe and WSTe layers.

0.65(0.85) eV.

The J-SnSTe/WSTe and J-SnSeTe/WSeTe HSs are metals as shown by the PBE

band structures Figure 5.10 (b) (5.13 (b)). The metallicity originates from the J-

SnSTe and J-SnSeTe layers. The splitting at G-point in J-SnSTe/WSTe HS mainly

comes from the d-orbital of W-atom and p-orbital of S-atom, which is absent in J-

SnSeTe/WSeTe HS. The spin-splitting at M-point in both the HSs is mainly caused

by the s-orbital of S-atom, and it has a less and equal contribution from the p-

orbital of S (Se) and Te-atoms. As shown in Figure 5.11 and 5.14 at M-point (G-M-K

path), the spin-splitting has both Sy and Sz components, indicates mixed Rashba

and Rashba-like spin-splittings. Whereas at G-point (K-G-M path), only in-plane

components present denotes pure RSS. In J-SnSTe/WSTe HS at M-point along M-G

and M-K path, the splitting energy is 17.72 and 15.27 meV, with a splitting strength

bR�like of 1.303 and 0.934 eVÅ, respectively. The bR�like is greater than aR along
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Figure 5.10: Orbital projected PBE band structure of Janus monolayres and het-
rostructures. (a) SnSTe (b) SnSTe/WSTe (c) WSTe with spin orbit coupling. Fermi
energy is set to zero.
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Figure 5.11: Spin projected PBE band structure of SnSTe/WSTe heterostructure
included with soc. (a) Sx, (b) Sy and (c) Sz are the spin projection components
along x,y (in-plane) and z (out-of-plane) directions respectively.
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Figure 5.12: For the SnSeTe/WSeTe HS crystal structure (side and top view) (a),
planar average of the electrostatic potential energy is shown in black line and pla-
nar average of the charge density is shown in green line (c). Here the Fermi energy
is indicated by blue dashed line. Internal electric field Eint points from Te to Se
across Se-Te interface, shown in red arrow. Planar average of the charge density
difference of the HS is shown in blue line (d),the space between the two red dashed
lines is the interface formed by the SnSeTe and WSeTe layers.

G-M and G-K path as showmn in Table 5.2. In J-SnSeTe/WSeTe HS along M-G and

M-K path, the splitting energy is 10.74 and 9.38 meV, with bR�like of 1.193 and 0.788

eVÅ, respectively.

Out of three heterostructures created using J-SnXY and J-WXY monolayers,

only SnSSe/WSSe HS is a semiconductor with strong interaction between the indi-

vidual layers. Pure RSS and Rashba-like spin-splitting are observed, with Rashba

spin-splitting energy greater than room temperature energy. Including this, the

carrier recombination is suppressed in this heterostructure. This also adds up and

makes the heterostructure a viable candidate for optoelectronic and spintronic de-

vice applications.
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Figure 5.13: Orbital projected PBE band structure of Janus monolayres and het-
rostructures. (a) SnSeTe (b) SnSeTe/WSeTe (c) WSeTe with spin orbit coupling.
Fermi energy is set to zero.
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5.3.4 Effect of vertical strain on SnSSe/WSSe HS

The application of vertical strain has significant consequences on the electronic

properties of semiconductor heterostructure. Here the primary focus is to apply

the vertical strain on semiconductor SnSSe/WSSe HS and study the effect on elec-

tronic properties. The relaxed interlayer distance we fixed to the heterostructure is

3.29 Å. This distance is increased and decreased. This is considered a tensile and

compressive strain defined as e = d0-d/d0, here d0 and d are the equilibrium and

deformed interlayer distances, respectively [307]. The schematic diagram show-

ing the application of vertical strain on SnSSe/WSSe HS is shown in Figure 5.15

(b). We apply about 12% compressive and tensile strain. To confirm the stabil-

ity of the heterostructure, first, we calculated the binding energy of SnSSe/WSSe

HS upon strain applications. Figure 5.16 shows the binding energy and band gap

as a function of applied strain. The negative and positive strains represent the
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compressive and tensile strains, respectively. The negative binding energy values

suggest that the HS is stable and remains with similar stacking till 12% of verti-

cal strain. With compressive strain band gap of the HS decreases and increases

with the tensile strain. As we have observed the trend of band gap variation with

strain, the compressive strain causes greater interactions between the layers and

decreases the band gap. With this, the pure Rashba spin splitting at G-point (VBM)

also enhances along G-K and G-M path, as shown in Figure 5.17 (a) and (b). For

-5.31 %, Eg = 0.52 eV, ER = 56.31 meV and kR = 0.1418 Å�1, L = 1.11 nm, aR = 0.794

eVÅ. For -10.39 % strain, the HS has a semiconducting gap of 0.47 eV with ER

= 72.20 meV and kR = 0.1512 Å�1, L = 1.04 nm, aR = 0.96 eVÅ. For -12.8% Eg =

0.44 eV, ER = 80.8 meV and kR = 0.1513 Å�1, L = 1.04 nm, aR = 1.07 eVÅ. These

values indicate that up to -12.79% strain, the heterostructure is suitable to operate

at room temperature, with a channel length of about 1 nm. Even if we consider

-10% strained heterostructure, it is good enough for spintronic device applications

at room temperature.

The compressive strain enhances the Rashba splitting energy and parameter,

which are decreased by the tensile strain. We also have observed that the het-

erostructure remains a semiconductor throughout the strain application. Figure

5.15 (b) depicts that with compressive strain, the interlayer distance decreases, and

hence the interaction between the layers increases, thereby reducing the band gap.

The external electric field driven by the compressive strain is parallel to the built-

in or internal electric field across the Se-S interface of the heterostructure. This

increases the magnitude of the net electric field, and hence there is an increase in

Rashba spin splitting. This is also evident by the tensile strain, which decreases the

Rashba spin-splitting due to the opposite orientation of the external electric field

applied by the tensile strain to the internal field across the interface. The metal-

licity of SnSTe/WSTe and SnSeTe/WSeTe heterostructures remains the same with
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the vertical strain.

5.4 Conclusion

In this chapter, we have discussed the Rashba and Rashba-like spin-splitting J-

SnXY monolayers and their heterostructures with J-WXY monolayers. The strength

of the spin-splitting in SnXY/WXY heterostructures enhances with the size of the

chalcogen atom. The heterostructures with the Te environment are metals. The

SnSSe/WSSe heterostructure is a semiconductor with pure RSS at G-point. It shows

significant variation in the effective masses of carriers which leads to suppress-

ing the carrier recombination. It has only spin-splitting bands near the Fermi

level, with a Rashba spin-splitting energy of about 43 meV and a parameter of

0.7 eVÅ. We found a trend of heterostructure on strain applications. The band gap

increases with tensile strain and decreases with compressive strain. The Rashba

spin-splitting and strength increase with compressive strain. 12.8% of compres-

sive strain application enhances the Rashba splitting energy to about 80.8 meV

and Rashba parameter of 1.07 eVÅ. All these findings emphasize the importance

of the SnSSe/WSSe heterostructure for future optoelectronic and spintronic appli-

cations.



Rashba spin-splitting in Janus SnXY/WXY (X, Y = S, Se, Te with X 6= Y)
heterostructures 128



CHAPTER 6

SUMMARY AND FUTURE OUTLOOK

In order to get suitable materials for optoelectronic and spintronic device appli-

cations, we predicted a variety of layered materials along with their vertical het-

erostructures. In this thesis, we computationally presented the structural prop-

erties, electronic structure, optical properties such as optical absorption, excitons,

and their binding energy, magnetism, magnetic interaction, and spin-splitting lead-

ing to the Rashba effect in the layered 2D materials.

Computational methods are highly recommended for real experiments. The

accuracy of the calculation depends on which approximation is considered. Find-

ing experimentally matchable or true band gaps in semiconducting systems is

a challenge for theoretical methods. Regarding this, we tried less popular but

highly promising calculations involving dielectric-dependent hybrid functionals.

The performance of hybrid functionals depends on the amount of mixing param-

eter a incorporated in the exchange energy. a decides the amount of Hartree-Fock

and semilocal exchange energies involved in the calculation. We started with a

= 25%, and for the next iterations, a is taken as the inverse of the static dielec-

tric constant of the material, e•
�1. The self-consistent steps are continued till the

dielectric constant and band gap converge. The band gap converges when e• <

0.01. Using this approach, we calculated the band gap of the sensitive TiS2 system.

The TiS2 system shows an inconsistent band gap for various experimental meth-

ods. When the DDHF approach is applied, we obtain a range of band gap values

within which the ARPES band gap exists. In addition to assisting in obtaining the

experimental band gap, the approach also provides the system with a range of pos-

129
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sible band gaps. We have successfully reproduced the true band gap of bulk and

monolayer SnS2 crystal. The non-magnetic SnS2 system is substituted by 3d transi-

tion metal atoms. Their experimental band gaps are unknown; hence, we applied

DDHF calculations. We iteratively produced a range of band gap values till its

convergence. For each doped system in bulk and monolayer limit, we presented

upper and lower band gap values along with the converged band gap. The true

or experimental band gap is expected to be in this range. We firmly believe that

this approach aids experimentalists in anticipating potential applications in the

electronic and nanoelectronic fields. The outcomes demonstrated that the DDHF

approach is an excellent prediction of the experimental band gap.

We have investigated the optical properties of doped systems to comprehend

their optical response. The optical absorption spectra reveal the red shift in the

doped system’s energy. Compared with the pure SnS2, the doped semiconductors

have enhanced absorption of about 105 cm�1. The direct electronic transition is ob-

served in V, Mn, and Fe-doped systems. Hence these semiconductors are strongly

recommended for optical absorber materials. The absorption coefficient, reflectiv-

ity, and refractivity are greatly enhanced in the low-energy region for all the doped

systems. This shows the effective utilization of solar energy. Understanding exci-

tons and their binding energy are very important for optoelectronic applications.

The excitonic properties result in heavier binding energy in the monolayer than in

the bulk environment. These results emphasize the importance of transition metal

doping on SnS2 crystal for optoelectronic device applications.

The spintronics devices demand spin-polarized materials for the spin current

generation. We continued our work to understand the magnetism and possible

magnetic interactions happening in transition metal doped monolayer SnS2. The

formation energy calculation reveals that the Sn-poor condition energetically sta-

bilizes the doped compounds. The negative binding energy values confirm that
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the two impurities interact magnetically within the monolayer SnS2. We observed

that the double V, Cr, Mn, and Zn-doped ML-SnS2 are ferromagnetic semiconduc-

tors with the magnetic moment of 2, 4, 6, and 2.56 µB, respectively. Further Fe

and Co-doped ML-SnS2 are ferromagnetic half-metals with the magnetic moment

of 4 and 2 µB, respectively. Magnetic half-metals exhibit 100% spin polarization.

Hence they are suitable spin injector materials. The ferromagnetic semiconductors

and ferromagnetic half-metals induced by 3d transition metal doping on 2D-SnS2

are viable materials for the spin-polarized current generation, spin injection, and

other spintronic device applications.

Janus transition metal dichalcogenide monolayers have shown considerable

Rashba spin splitting. In this thesis, we have studied the Janus tin dichalcogenide

monolayers. J-SnSSe is a semiconductor, and J-SnSTe and J-SnSeTe are metals.

These Janus monolayers have lost the out-of-plane inversion symmetry due to two

chalcogen atoms with different electronegativities. The Rashba and Rashba-like

spin splitting in these monolayers increase with the size of the chalcogen atom.

We referred to Rashba-like splitting to reveal the existence of out-of-plane spin-

polarization along in-plane momentum direction(M-K).

Further, the SnSSe/WSSe heterostructure is a semiconductor that exhibits only

the spin-splitting bands near the Fermi level. It shows a room temperature Rashba

splitting energy, ER of about 43 meV and Rashba parameter aR of about 0.7 eVÅ.

Further, we noticed that the heterostructure has a greater variance of 9.37 in the

effective masses of carriers. This leads to a more significant variance in carrier

mobilities and substantially suppresses the carrier recombination in the system.

Therefore, J-SnSSe/WSSe heterostructure is a feasible candidate for separating the

electron and holes instead of allowing them to recombine. We also have studied the

effect of vertical strain on Rashba spin splitting. With the compressive strain, the

band gap decreases with an increase in the Rashba splitting energy and parameter,
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whereas with tensile strain, the band gap increases, and the Rashba splitting de-

creases. The heterostructure retains negative binding energy for the applied strain

of 10%, indicating its stability. We have observed a significant enhancement in the

ER and aR to 72.2 meV and 0.96 eVÅ, respectively, for the vertical compressive

strain of about 10%. In this case, kR = 0.1513 Å�1 implies a channel length of about

1.04 nm. These observations confirm that SnSSe/WSSe heterostructure can oper-

ate at room temperature with a small channel length and easy modulation of the

Rashba parameter. This way, SnSSe/WSSe heterostructure meets all the require-

ments for a good Rashba material. From all these predictions, the SnSSe/WSSe

heterostructure is a productive material for spintronic device applications.

Our study investigated appropriate materials for electronic, optoelectronic, and

spintronic device applications. Therefore experimental efforts are needed to design

the potential devices from these materials.
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spin splitting in two-dimensional transition-metal dichalcogenide semicon-

ductors. Phys. Rev. B, 84:153402, Oct 2011.

[56] Di Xiao, Gui-Bin Liu, Wanxiang Feng, Xiaodong Xu, and Wang Yao. Coupled

spin and valley physics in monolayers of mos2 and other group-vi dichalco-

genides. Phys. Rev. Lett., 108:196802, May 2012.



BIBLIOGRAPHY 141

[57] S. Acharya and O. N. Srivastava. Electronic behaviour of sns2 crystals. phys-

ica status solidi (a), 65(2):717–723, 1981.

[58] Lee A. Burton, Diego Colombara, Ruben D. Abellon, Ferdinand C. Grozema,

Laurence M. Peter, Tom J. Savenije, Gilles Dennler, and Aron Walsh. Synthe-

sis, characterization, and electronic structure of single-crystal sns, sn2s3, and

sns2. Chemistry of Materials, 25(24):4908–4916, 2013.

[59] Joseph M. Gonzalez and Ivan I. Oleynik. Layer-dependent properties of

sns2 and snse2 two-dimensional materials. Phys. Rev. B, 94:125443, Phys-

Rev.143.536Sep 2016.

[60] X.F. Qian, X.M. Zhang, C. Wang, W.Z. Wang, Y. Xie, and Y.T. Qian. Solvent-

thermal preparation of nanocrystalline tin chalcogenide. Journal of Physics

and Chemistry of Solids, 60(3):415–417, 1999.

[61] Huilan Su, Yi Xie, Yujie Xiong, Peng Gao, and Yitai Qian. Preparation

and morphology control of rod-like nanocrystalline tin sulfides via a sim-

ple ethanol thermal route. Journal of Solid State Chemistry, 161(2):190–196,

2001.

[62] Yujie Ji, Hui Zhang, Xiangyang Ma, Jin Xu, and Deren Yang. Single-

crystalline sns2 nano-belts fabricated by a novel hydrothermal method. Jour-

nal of Physics: Condensed Matter, 15(44):L661, oct 2003.

[63] Qing Li, Yi Ding, Hao Wu, Xianming Liu, and Yitai Qian. Fabrication of

layered nanocrystallites sns and -sns2 via a mild solution route. Materials

Research Bulletin, 37(5):925–932, 2002.

[64] D. Chen, G.-Z. Shen, K.-B. Tang, Y.-K. Liu, and Y.-T. Qian. Aligned sns2

nanotubes fabricated via a template-assisted solvent-relief process. Applied

Physics A, 77(6):747–749, Nov 2003.



BIBLIOGRAPHY 142

[65] Guozhen Shen, Di Chen, Kaibin Tang, Liying Huang, Yitai Qian, and Guien

Zhou. Novel polyol route to nanoscale tin sulfides flaky crystallines. Inor-

ganic Chemistry Communications, 6(2):178–180, 2003.

[66] Haviv Grisaru, Oleg Palchik, Aharon Gedanken, Valery Palchik, Michael A.

Slifkin, and Arie M. Weiss. Microwave-assisted polyol synthesis of cuinte2

and cuinse2 nanoparticles. Inorganic Chemistry, 42(22):7148–7155, 2003.

[67] Babu Ram and Abhishek K. Singh. Strain-induced indirect-to-direct band-

gap transition in bulk sns2. Phys. Rev. B, 95:075134, Feb 2017.

[68] Tawinan Cheiwchanchamnangij and Walter R. L. Lambrecht. Quasiparticle

band structure calculation of monolayer, bilayer, and bulk mos2. Phys. Rev.

B, 85:205302, May 2012.
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