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Transition-metal dichalcogenides TX2 (T = W, Mo, X = S, Se, Te) are layered materials that are available in ultrathin forms

such as mono-, bi- and multilayers, which are commonly known as two-dimensional materials. They have an intrinsic band gap

in the range of some 500 meV to 2 eV, depending on composition and number of layers, giant intrinsic spin-orbit splittings for

odd layer numbers, and, in conjunction with their high chemical and mechanical stability, they qualify as candidate materials of

two-dimensional flexible electronics and spintronics. The electronic structure of each TX2 material is very sensitive to external

factors, in particular towards electric and magnetic fields. A perpendicular electric field reduces the band gap, and for some

structures semiconductor-metal transitions could be possible. Moreover, the electric field triggers the spin-orbit splitting for

bilayers. A magnetic field applied normal to the layers causes the Hall effect, which in some cases may result in a quantum

(spin) Hall effect and thus in magnetic switches. Finally, we discuss how valleytronics is possible in these materials by selective

interaction of electrons in the different valleys using polarized light.

1 Introduction

The raise of graphene as prototype two-dimensional (2D) ma-

terial1 has triggered enormous research efforts in order to

develop truly 2D applications, in particular in flexible elec-

tronics. Graphene has attracted worldwide interest because

of its high electron mobility, exceptional electronic and me-

chanical properties, long-distance spin-transport and massless

Dirac fermions. It has, therefore, great potential as a spin-

conserving system in spintronic devices. Pristine graphene

is a zero band-gap semiconductor and its intrinsic inversion

symmetry strongly suppresses the spin-orbit coupling (SOC).

Thus, graphene cannot be used as a switching material in spin-

or charge-based transistors. Ultrathin transition-metal chalco-

genides (TMCs) include semiconductors with giant spin-orbit

coupling and are therefore complementary to graphene and to

the 2D prototype insulator, hexagonal boron nitride h-BN.

Due to the recent development of advanced exfoliation tech-

niques many layered materials can be prepared as monolayers

(MLs), and their large variety in terms of structure and compo-

sition offers a wide range of intrinsic electronic properties.2–6

It is of particular interest that some TMCs offer special elec-

tronic properties only as MLs that are distinct from their bulk

or multilayer forms, for example TMCs of the TX2 type (T =
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Mo, W; X = S, Se, Te).7–9 For MoS2, a series of 2D electronic

devices has been manufactured in the laboratory, among them

transisitors, optical sensors, logical switches etc.2,10

Layered TX2 TMCs in bulk form have been extensively

studied on experimental and theoretical bases for the last 50

years. A TX2 ML contains three atomic layers, X-T-X, with

the transition metal atom covalently bonded to six chalcogen

atoms, forming a sandwiched material (Figure 1). In the bulk,

the MLs are stitched together by weak interlayer interactions,

allowing easy exfoliation. TMCs exist predominantly in three

polymorphs (see Figure 1 a),4 i.e. 1T , 2H and 3R. Here, the

letters label trigonal, hexagonal and rhombohedral, respec-

tively, and the numbers indicate the number of layers in the

unit cell. Molybdenum disulfide (MoS2) is a natural mineral,

predominantly available in 2H form with trigonal prismatic

coordination of the metal atoms. Synthetic MoS2 may con-

tain also the 3R phase, while Li intercalation may lead to the

metallic 1T form.11 The 1T polymorph is, however, typically

observed for group 4 TMCs, e.g. TiS2, with octahedral metal

atom coordination. In the following, we will restrict our re-

view to the MLs and bilayers (BLs) of semiconducting TMCs

in the 2H form, unless otherwise stated. For more details on

all three polymorphs, the reader is refereed to the recent re-

views.3–5

2H TMCs belong to the space group P63/mmc D4
6h (no.

194). Two equivalent transition-metal atoms are placed at the

2c sites (±1/3, ±2/3, ±1/4), while four equivalent chalcogen
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Fig. 1 (a) Structural representation of 1T , 2H and 3R TMC

polytypes together with their metal atom coordination. The numbers

indicate the number of layers in the unit cell and the letters stand for

trigonal, hexagonal and rhombohedral, respectively. (b) Schematic

representation of the density of states of selected transition-metal

groups. The corresponding d-orbital splitting due to the symmetry is

indicated.

atoms are at the 4 f sites (±1/3, ±2/3, ±u) and (±1/3, ±2/3,

±(u+1/2), with u = 0.63).12 When the 3D TMC bulk is re-

duced to the MLs, the trigonal prismatic coordination is still

maintained, but the symmetry is reduced to P6̄m2 D1
3h (no.

187).

Depending on the number of d-electrons of the transition

metal atom, the TX2 systems can be metallic, semiconducting

or insulating, with a wide range of magnetic properties. Octa-

hedral coordination (D3d) results in two sets of degenerate d-

orbitals, dz2,x2−y2 and dxy,xz,yz, while in the trigonal prismatic

configuration (D3h) the d-orbitals split into three groups: dz2 ,

dx2−y2,xy and dxz,yz (see Figure 1 b).

TMCs in 2D form have become important only very re-

cently, when Nicolosi and co-workers have shown that large

area TMC MLs can be easily produced via liquid exfolia-

tion.13 Quantum confinement of bulk TMCs to 2D MLs and

BLs causes significant changes in the structural, electronic

and optical properties.7–9,14 First of all, TMC MLs, similar

to graphene, are not expected to be completely flat. This has

been shown on the experimental and theoretical basis for the

free-standing MoS2 ML,15,16 however, it should also hold for

the other TMCs. Brivio et al.15 reported intrinsic ripples in the

microscopic structure of MoS2 MLs of height in the range of

6-10 Å for the lateral length of flakes 6-10 nm. This observa-

tion was supported by Born-Oppenheimer molecular dynam-

ics simulations by Miró et al.,16 who showed that the inherent

dynamics of MoS2 MLs leads to the spontaneous formation

of ripples already at low temperatures. The theoretically ob-

tained ripples converged to the heights observed experimen-

tally for supercells with the lateral lengths of about 9 nm.

Ever since the successful production of MLs, several inter-

esting and intriguing properties of TMCs have been discov-

ered and discussed in the literature,7,8,17–26 including the size-

dependent band gaps and Raman peak shifts, tensile strain

induced semiconductor-metal transition, band gap closure of

BLs in an external electric field, giant spin-orbit splitting,

spin-valley coupling, Rashba and out-of-plane Zeeman ef-

fects, and many others. Some of the mentioned phenomena

have been first predicted from quantum mechanical simula-

tions and subsequently supported by experiments.

In this tutorial review, we discuss the electronic structure

changes of 2D semiconducting TMC materials in the presence

of external fields, starting with the theoretical background,

such as Rashba, Stark or Zeeman effects in 2D materials. We

will show the importance of carefully choosing the quantum

methods and structural models to correctly simulate and de-

scribe these phenomena. This review is organized as follows:

in Section 2 we will discuss the intrinsic electronic properties

of TMC MLs and BLs; in Section 3 we will show the influ-

ence of an electric field applied normal to the layer on these

properties and the resulting Stark effect; Section 4 will focus

on the simulations of heterostructures and the Rashba effect

that arises from the perpendicular potential gradient; in Sec-

tion 5, we will introduce the electronic structure influenced by

an external magnetic field and the magnetoelectric effects; and

finally in Section 6, we will discuss the spin and valley Hall

effects. We will avoid the discussion of finite systems such

as flakes and nanoribbons, as their electronic properties are

governed by the edges and difficult to control in experiment.

2 Intrinsic Electronic Properties

When semiconducting 2H TMCs are confined from the bulk

to the MLs, their crystal symmetry lowers and consequently

their electronic structure changes significantly. TMC films

with even number of layers (including bulk and BLs) exhibit

inversion symmetry with the inversion centre between the lay-

ers, which is explicitly broken in systems with odd number

of layers (including MLs), as shown in Figure 2. Therefore,

TMC MLs exhibit a couple of important phenomena that are

required for applications in modern nanoelectronics: Firstly,
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hexagonal symmetry imposes the existence of inequivalent

valleys with the same energy, but different momentum (K and

K′); secondly, due to lack of inversion symmetry, SOC causes

valence band splittings17,27 for which the spin projections are

defined as spin up and spin down. The valley degree of free-

dom in MLs for low-energy carriers is robust against low-

energy phonons because of the large separation of K and K′

in momentum space. The energy valleys are subject to the

optical selection rule,19–22 which states that the left (right)-

handed circularly polarized light σ - (σ+) couples to the band-

edge transitions at K (K′) due to angular momentum conserva-

tion and time-reversal symmetry. The broken spin degeneracy

and time-reversal symmetry imply inherent spin-valley cou-

pling (SVC) in the MLs. The SVC forbids independent spin

or valley flipping, anticipating long valley-spin lifetimes for

holes,19 a feature utilized in spin- and valleytronic applica-

tions. In the centro-symmetric TMC BLs, the spin degeneracy

of the valence bands is restored by spatial inversion and time-

reversal symmetries, and SOC is strongly suppressed. This

leads to decoupling between valley and spin degrees of free-

dom, which means that under circularly polarized light, both

valleys are equally populated and only a net spin is produced.

The absence of valley-specific excitations arises from the BL

symmetry and results in a weak photoluminescence helicity.22

Furthermore, due to the mirror symmetry in TMC layers, the

sum of potential gradients normal to the planes is zero, thus

forbidding the occurrence of the Rashba effect.

In the following, we will discuss the intrinsic electronic

properties of TMC materials on the basis of computational re-

sults in more detail: For all TMCs of the form TX2 (T = Mo,

W, X = S, Se), decreasing the number of layers results in the

transition from being an indirect band gap (bulk to BL) to a

direct band gap semiconductor in the ML (see Figure 3).7–9 In

the MoS2 example, the indirect band gap is in the near-infrared

frequency range (∆ = 1.3 eV), while the direct band gap shifts

to the range of the visible light (∆ = 1.9 eV).9 Increasing the

size of the chalcogen atom decreases ∆ to about 1.0 eV for the

MoTe2 bulk28 or to 1.4 eV for the MoTe2 ML.29 The indirect-

to-direct band gap transition is manifested in the enhanced

photoluminescence of MLs compared with a very weak emis-

sion in multilayered systems.7,8 Such layer-dependent elec-

tronic properties have recently attracted a great attention for

possible applications in nano- and optoelectronics.2

The calculation of structural and electronic properties of

TMCs is somewhat intriguing, it requires some attention to

chose the appropriate quantum method to describe the en-

visaged phenomena. Density-functional theory (DFT) has

been widely used for electronic structure calculations in the

fields of materials science, chemistry and physics. The choice

of exchange-correlation functional and orbital basis is cru-

cial to obtain correct description of the crystal structure and

electronic structure. While the covalent intralayer bonding

of TMCs is well reproduced with nearly any density func-

tional (e.g. PBE), the interactions between the layers should

be treated with a suitable model to correct for the missing

weak London dispersion forces. Typically, these weak in-

terlayer forces are accounted for by a force-field like correc-

tion. Although the weak dispersion interactions are not di-

rectly reflected in the electronic structure, they strongly affect

the crystal structure, which in turn may completely change the

information about ∆, namely too large (too short) interlayer

distance result in overestimated (underestimated) energy band

gaps.30

In general, DFT calculations give very good band structures

and effective masses of electrons and holes, however, the band

gaps might not be well reproduced as compared with the ex-

perimental data or higher-level methods. The most common

issue is the underestimation of band gaps, what can be cor-

rected, e.g. by model exchange correlation potentials, such as

the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential,

or by more accurate methods, like e.g. the GW approximation.

It should be taken into account, however, that for semiconduct-

ing TMCs, we have obtained band gaps in a good agreement

with experiment using the PBE functional and Gaussian-type

basis functions.9 This is because of an error cancellation: due

to quenched Coulomb screening that has been explored in de-

tail for graphene,31 2D materials have large exciton binding

energies that roughly compensate the band gap underestima-

tion at the DFT/PBE level.

Using a plane wave approach and the PBE functional, Wei

et al.32 obtained a somewhat smaller ∆ of 0.79 eV for bulk

MoS2. For the same system, Matte et al.33 reported 1.10 eV,

using the PBE functional with a DZP basis set. Using the

Perdew-Wang exchange-correlation functional (PW91) and a

self-consistent pseudopotential, Arora et al.34 reported an in-

direct band gap of 1.32 eV for 2H WS2, in very close agree-

ment with our PBE results.9 In the cases of MoS2 (WS2)

MLs, Johari et al.29 reported 1.68 (1.81) eV at the PBE/PAW

level, and Ataca et al.35 obtained 1.87 and 2.57 eV (1.98 and

2.84 eV) from the LDA/PAW and GW0 calculations, respec-

tively. The experimental bulk and ML band gaps reported for

MoS2 (WS2) by Kam et al.36 are 1.23 and 1.69 eV (1.35 and

1.74 eV), respectively.

TMC materials consist of heavy elements and the relativis-

tic treatment of the core electrons is of great importance.

Moreover, the spin-orbit (SO) interactions can significantly

alter the electronic structure (see Figure 4). All TMC MLs

of the form TX2 (T=Mo, W, X=S, Se) are direct band gap

semiconductors. The valence band maximum (VBM) and the

conduction band minimum (CBM) are predicted to be at the

high-symmetry K point, irrespective whether or not the rela-

tivistic effects were taken into account.37 However, within the

non relativistic (NR) calculations of the MoS2 ML, we have

obtained the VBM at the Γ point. Here, the K point is situated
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Fig. 2 Schematic representation of a 2H TMC monolayer (ML; a) and bilayer (BL; b) together with the valence band maximum (VBM) and

conduction band minimum (CBM). (a) The spatial inversion symmetry is broken in TMC MLs. The spin degeneracy at the VBM is lifted by

the spin-orbit coupling (SOC). The valley and spin degrees of freedom are coupled. Valley-dependent optical selection rule: left

(right)-handed circularly polarized light σ - (σ+) couples to the band-edge transitions at K (K′) due to angular momentum conservation and

time-reversal symmetry. (b) The spin degeneracy is restored by spatial and time-reversal symmetries. No spin-valley coupling is present.

Under circularly polarized light both valleys are equally populated. Note, in BLs there are twice as many bands as in MLs in the electronic

structure. BLs are indirect and MLs are direct band gap (∆) semiconductors. Blue and red bands are spin-polarized.

42 meV lower in energy than the Γ point.

Scalar relativistic (SR) calculations, within the zero order

relativistic approximation (ZORA), overestimate ∆ compar-

ing with the SR+SO (scalar relativistic with spin-orbit inter-

actions) results by 60-280 meV depending on the TMC com-

position. This difference is larger for heavier chalcogen and

transition-metal atoms.

Quantum calculations on TMC MLs reveal SO splittings

(∆SO) of several hundred meV in the VBM. Larger ∆SO values,

as expected, are obtained for TMCs with heavier elements,

going from about 150 meV to nearly 500 meV for MoS2

and WTe2, respectively (see Table 1).17,26,37 These numbers

change only slightly between simulations with the TB-mBJ

potential and PBE functional. Our results from Table 1 are in

a very reasonable agreement with other ab initio calculations.

From the full-potential linearized augmented-plane-wave ap-

proach at the PBE level, Zhu et al.17 obtained the maximal

spin-splitting in the VBM at the K point of 148, 183, 426, and

456 meV for MoS2 , MoSe2 , WS2, and WSe2 MLs, respec-

tively. Using plane-waves approach and the PBE functional,

Kośmider et al.38,39 have obtained 147 and 435 meV splitting

in MoS2 and WS2, respectively.

The SO splitting in the CBM is much weaker than that

in the VBM and its values may be strongly affected by the

exchange-correlation functional used in the simulations. Our

calculations show that for the MoS2 ML, ∆
CBM
SO of 26 meV ver-

sus 12 meV was obtained from the TB-mBJ and PBE, respec-

tively. Using the PBE and the more modern HSE functional,

Kośmider et al.38,39 have obtained 3 and 21 meV, respectively,

for MoS2. From plane-wave calculations, Cheng et al.26 have

obtained 3, 20, 34, 29, 34, and 51 meV for the MoS2, MoSe2,

MoTe2, WS2, WSe2, and WTe2, respectively. Nearly the same

results were reported by Kormányos et al.40 However, for a

better description methods beyond ground-state DFT are re-

quired.

TMC materials have very interesting electronic structures

which depend strongly on the number of TMC layers in the

system. The electronic structure can be strongly affected by

external stimuli, such as in-plane tensile strain,14 electric or

magnetic fields perpendicular to the basal planes. The latter

will be discussed in the next sections.
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Table 1 Calculated energy band gaps (∆), spin-orbit splitting (∆SO) of the valence band maximum (VBM) and the conduction band minimum

(CBM) at the K point of TMC MLs. Note: data using SO calculations, Ref. 37 - numerical and Slater-type basis functions, Ref. 26 -

plane-wave approach.

System

TB-mBJ37 PBE37 PBE26

∆ ∆
V BM
SO ∆

CBM
SO ∆ ∆

V BM
SO ∆

CBM
SO ∆ ∆

V BM
SO ∆

CBM
SO

(eV) (meV) ( meV) (eV) (meV) (meV) (eV) (meV) ( meV)

MoS2 1.62 147 26 1.61 147 12 1.65 150 3

MoSe2 1.40 176 34 1.39 180 29 1.38 188 20

MoTe2 0.97 190 46 0.94 209 46 1.00 219 34

WS2 1.74 395 17 1.59 419 10 1.68 431 29

WSe2 1.43 428 3 1.23 449 24 1.32 473 34

WTe2 0.86 480 4 0.77 476 26 0.85 493 51
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Fig. 3 Band structures of MoS2 going from bulk to monolayer

(ML). Number of layers is indicated for each structure. Calculations

at the DFT/PBE level without relativistic effects. The horizontal

dashed lines indicate the Fermi level. The arrows indicate the

fundamental band gap. The top of valence band (blue) and bottom

of conduction band (green) are indicated. Results taken from Ref. 9.

Indirect-direct band gap transition is encountered when going from

BL to ML structure. A similar phenomenon is observed for other

semiconducting TMCs.

3 The Influence of an External Electric Field

on the Electronic Structure of 2D TMC

Wu et al.41 suggested that the inversion symmetry in TMC

BLs can be broken by an external electric field, which leads to

a potential gradient between individual layers, and allows the

Fig. 4 Band structures of Mo2 (left) and WS2 (right) monolayers

calculated at the DFT/TB-mBJ level. Fundamental band gaps (∆)

and spin-orbit splittings (∆SO) are given. NR-non relativistic, SR -

scalar relativistic, SR+SO - scalar relativistic with spin-orbit

interactions. Results taken from Ref. 37

control over valley polarization. This effect should be even

more pronounced for TMCs with stronger SO splittings.6 In

an electronic device, an electric field is conveniently intro-

duced to a 2D system by a gate voltage, and strong fields can

be achieved using ionic-liquid gating. This is particularly use-

ful in 2D materials as the field is oriented perpendicularly to

the planes. In a recent example, Yuan et al.24 have shown

that the out-of-plane Zeeman-type spin polarization in WSe2
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BL-based transistor can be induced using an ionic-liquid-gate

voltage.

Spin-orbit coupling is a relativistic effect that originates

from the coupling between spin (s) and momentum (p) of par-

ticles in an external electric field (E). The SOC Hamiltonian

can be written as:

ĤSO =−µB s ·
[

p×E

2m∗c2

]

(1)

where s, µB, m∗ and c are spin Pauli matrices (sx,y,z), Bohr

magneton, carrier effective masses and speed of light, respec-

tively. The effective magnetic field is defined as:

Beff =
p×E

2m∗c2
. (2)

Its strength, and thus the resulting spin-polarization, depend

on p and E, and their relative directions.42,43 This general def-

inition can now be adapted to the special case of 2D TMC

layered materials with, as in the case of our focus materials,

D3h symmetry. Following the minimal band model of Xiao et

al.,19 the SOC Hamiltonian can be written for MLs:

ĤSO = a t · (τkxσx + kyσy)+
∆

2
σz −λτ

σz −1

2
sz (3)

where a is the lattice constant, t is the effective hopping inte-

gral, τ = ±1 is the valley index, (kx, ky) is the relative wave

vector between the K and K′ points in the Brillouin zone, and

σ x,y,z are the Pauli matrices. Taking into account the C3h sym-

metry, at the band edges the two basis functions can be written

as:

|A〉= |dz2

〉

and |B〉= 1√
2

(

|dx2−y2

〉)

+ iτ |dxy

〉

. (4)

Here, ∆ is the band gap, 2λ is the spin splitting at the VBM,

and sz is the spin Pauli matrix, which is a good quantum num-

ber, because the spin-up and spin-down components are de-

coupled. Thus, the spin splitting is a general consequence

of broken inversion symmetry, as time-reversal symmetry re-

quires that the splitting has opposite sign at K and K′ val-

leys. Using similar considerations one can derive the respec-

tive equations for BLs,23 where the basis functions will be

defined for upper and lower layer, and the interlayer hop-

ping is included in the Hamiltonian. The Pauli matrix can

be regarded as the layer pseudospin (layer electrical polariza-

tion). Depending on the direction of the effective magnetic

field that arises from the external electric field, the resulting

electronic structure may exhibit Rashba or out-of-plane Zee-

man effects.24

Recently, it has been shown that the response of the elec-

tronic structure of 2D TMC materials towards an external per-

pendicular electric field (E⊥) is strongly system-dependent, in

particular it crucially depends on the number of layers.18,44–46

An electric field applied to a system shifts the chemical po-

tential, allowing electrons to delocalize corresponding to the

charge polarity of the gate electrodes. Consequently, E⊥ po-

larizes the material in such a way that dipole moments are

induced perpendicular to the plane. The schematic represen-

tation of the band structure under E⊥ is shown in Figure 5 for

ML and BL TMCs. The electronic structure of TMC MLs are

not affected by E⊥ within field strength that are common in

electronic devices. In fact, all quantities that define the elec-

tronic properties of the TMC MLs, such as ∆, effective masses

of electrons and holes, or ∆SO, are extremely stable in the field.

On the other hand, E⊥ changes significantly the electronic

structure of BLs, namely, it polarizes the electron density and

introduces an anisotropy into the system. This anisotropy also

breaks the inversion symmetry, which creates SO splitting in

the valence and conduction bands, due to the so-called Stark

effect (cf. Figure 5 b).47 Our calculations show that the ∆SO

induced in BLs reaches values that are close to those observed

for corresponding TMC MLs (see Figure 6 and Table 1).46

Moreover, the band gap of BLs reduces nearly linearly with

the applied E⊥, undergoing the semiconductor-metal transi-

tion for field strengths of about 1.2 V Å−1. It is easier to mod-

ify the electronic structure of WX2 BLs, as even weaker fields

are required. For the same field strengths, ∆ of TMC MLs

stays unchanged and the transition to metallic character occurs

only for fields as strong as 4 V Å−1 (6 V Å−1) for selenides

(sulphides). At the same time, both MLs and BLs become

indirect band gap semiconductors already for relatively weak

fields. This is due to the Stark effect, which causes the bands

to split and shift in energy under the electric field.

In the literature, however, the calculated band gap closure

in TMC BLs is reported in controversy: Ramasubramaniam

and co-workers18 have investigated the effect of E⊥ applied

to various TX2 BLs. Their first principles based plane wave

calculations with spin-orbit interactions indicate that the band

gap decreases linearly with E⊥, resulting in the band gap

closure in the range of relatively small electric field of only

200-300 mV Å−1. On the other hand, Liu et al.44 have re-

investigated the electric field influence on the electronic struc-

ture of a MoS2 BL, but considering different stacking config-

urations of molybdenum and sulphur atoms in the 2D layers,

concluding that the E⊥ strength, at which the band gap closes,

is significantly higher, in the range of 1.0 and 1.5 V Å−1. The

strongly underestimated values of Ramasubramaniam et al.18

were probably caused by applying inappropriate constrains to

the symmetry of the BLs. However, Liu et al.44 have not ac-

counted for the spin-orbit interactions. Nevertheless, the re-

sults by Liu et al.44 match closely our DFT calculations at the

PBE level with SOC included.46 Additionally, in our simula-

tion setup, we have used explicit 2D periodic boundary con-

6 | 1–13

Page 6 of 13Chemical Society Reviews



Fig. 5 Schematic representation of 2H TMC monolayer (ML; a) and bilayer (BL; b) together with the valence band maximum (VBM) and

conduction band minimum (CBM) in the presence of an external electric field perpendicular to the basal planes. The electric field polarizes

the planes and breaks the inversion and mirror symmetries. Spin-orbit coupling (SOC) at the K points occurs in the BLs, while it stays intact

in the MLs. Additionally, at the Γ point, a Rashba spin-splitting occurs in the momentum space. The magnitude of the Rashba splitting

depends on the electric field strength. Note, in the presence of perpendicular electric field, MLs and BLs are indirect gap semiconductors with

VBM at the K and CBM halfway between K and Γ. Blue and red bands are spin-polarized.

ditions, thus avoiding spurious periodicity of the electric field

normal to the planes. This approach is not, however, possi-

ble in the plane-wave based simulations, such as those of Ra-

masubramaniam et al.18 While the band gap estimation with

the applied electric field requires careful choice of the struc-

tural model and its periodicity, the spin-orbit band splittings

are nevertheless well reproduced. In the VBM, ∆SO reaches

its maximum of 170 meV (420 meV) for molybdenum (tung-

sten) dichalcogenide BLs and stays unchanged for the whole

range of applied field strengths.46 This is in close agreement

with ∆SO reported by Ramasubramaniam et al.18 for MoS2

BLs, who obtained ∆SO = 140 meV at similar field strength.

For the WSe2, Yuan et al.24 have estimated ∆SO of more than

200 meV for the E⊥ of 0.2 V Å−1 using DFT/PBE with plane-

wave approach, in close agreement with our results.

The electric field causes also another phenomenon in the

electronic band structure of 2D TMC materials. At the high-

symmetry Γ point, E⊥ induces the so-called Rashba spin split-

ting.42 The Rashba effect leads to a shift of spin-polarized

bands in the momentum space in opposite directions (see Fig-

ure 7). Here, the SOC-induced spin-splitting is described by

the Rashba energy (ER) and the Rashba coupling parameter

(αR), which are related by:

αR =
2ER

kR

, (5)

where kR is the shift of bands in the momentum space. Under

applied electric field, the Rashba effect is more pronounced for

heavier TMC materials and increases with the field strength.

4 Heterostructures

Similar to the external perpendicular electric field, the elec-

tronic structure of TMC materials can be manipulated if a po-

tential gradient normal to the basal planes is introduced to the

system.41 This can be achieved e.g. by the formation of het-

erostructures. TMC heterostructures were recently suggested

on the basis of theory by Terrones et al.,25 Komsa et al.,48

and Cheng et al.26 A schematic representation of TMC het-

erostructures in ML and BL forms is shown in Figure 8 to-

gether with the resulting band structures. It is important to

note that, for most of the heterosystems, both MLs and BLs

are direct band gap semiconductors with ∆ located at the K

point, and the lack of inversion symmetry induces large SO

spin splitting. Similar to the electric field, the potential gradi-

ent results in the Rashba effect at the Γ point.
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Fig. 6 Effect of an external electric field (E⊥) perpendicular to the

basal planes of TMC MLs and BLs. The band gap (∆) evolution as

function of E⊥ (left), and the evolution of SO splitting (∆SO) BLs

(right). Values taken from Refs. 45,46. Calculations at the

DFT/PBE-D3(BJ) level with SR+SO.

Fig. 7 Schematic representation of Rashba spin splitting in the

momentum space at the Γ point. ER and kR denote the Rashba

energy of the split states and the momentum, respectively. The spin

orientation in the kx-ky plane of the momentum space is indicated

for each split-band.

Cheng et al.26 have calculated the electronic structures and

the lattice dynamics of TXY (T transition metal atom, X and Y

- chalcogen atoms) heterostructures (Figure 8 a) using a plane-

wave approach and the DFT/PBE level of theory. The ML het-

erostructures are either direct or indirect band gap materials.

From the phonon dispersion and the molecular dynamics sim-

ulations, Cheng et al.26 showed that most of the systems are

structurally stable, and the two unstable MoSSe and MoSeTe

materials could be easily stabilized by external biaxial tensile

strain. The SO spin splitting values of ML heterostructures

at the K point in the valence and conduction bands are in be-

tween those corresponding to the pure MLs. For example,

for MoSSe or WSeTe, the authors reported ∆
V BM
SO (∆CBM

SO ) of

170 (13) and 463 (43) meV, respectively, comparing with 150

(3), 188 (20), 473 (34), and 493 (51) meV for MoS2, MoSe2,

WSe2, and WTe2, respectively (cf. Table 1).

Furthermore, Cheng et al.26 have reported Rashba spin

splitting at the Γ point in the valence band. The spin-resolved

constant energy contours have almost perfect circular shapes

for both inner and outer branches of the Rashba splitting (cf.

Figure 7) in the x− y plane, while in the out-of-plane direc-

tion, this effect is very low. The Rashba coupling parameters

(αR) are 2, 12, 4, 5, 14, and 10 meV Å, for MoSSe, MoSTe,

MoSeTe, WSSe, WSTe, and WSeTe, respectively. These val-

ues are larger for heterostructures that consist of heavier ele-

ments, however, they are smaller than for typical narrow-gap

semiconductors. The Rashba effect was found to be more sen-

sitive to the difference in the distances of chalcogen atoms

from the transition metal planes than to the atomic species.

Although αR is small, it is important to study the origin of the

Rashba splitting, as it forms basis for the possible spin- and

valleytronic applications.

We have recently studied the SO spin splitting in the valence

and conduction bands of BL heterostructures, as suggested by

Terrones et al.25 and Komsa et al.48 Here, the TMC BLs are

formed from MLs of different stoichiometry (c.f. Figure 8 b).

Considering the TMCs from group 6, many of the heterobilay-

ers are direct band gap semiconductors. Our calculations (see

Figure 9) suggest that ∆SO values in the VBM at the K point

are as large as the SOC observed for the heavier TMC MLs

in the heterostructure. For example, for the MoS2/WSe2 and

WS2/WSe2 BLs, the SO splittings reach 423 meV, similar to

that of WSe2 ML (428 meV). From the DFT/HSE calculations

of MoS2-WS2 BL, Kosmider et al.38 have obtained 578 meV

SOC in comparison with the pure MLs of 202 and 577 meV,

for MoS2 and WS2, respectively. Moreover, spin splittings,

however much smaller, occur in the CBM.

In the heterobilayers, the Rashba effect is also present at the

Γ point, however, it seems to be by one order of magnitude

smaller than that in the ML heterostructures.

In our calculations of heterostructures, we have restricted

ourselves to the smallest possible unit cells, which means that
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Fig. 8 Schematic representation of 2H TMC monolayer (ML; a) and bilayer (BL; b) together with the valence band maximum (VBM) and

conduction band minimum (CBM) in the presence of a potential gradient perpendicular to the basal planes. Potential gradient occurs due to

the heterostructures, either in a ML or BL. In both type of structures, the inversion and mirror symmetries are broken resulting in the

spin-orbit coupling (SOC) at the K points. Additionally, at the Γ point, a Rashba spin-splitting occurs in the momentum space. Note, in the

presence of potential gradient, both types of heterostructures are direct gap semiconductors with VBM and CBM at the K point. Blue and red

bands are spin-polarized.
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Fig. 9 Band structures of heterobilayers calculated with the SR+SO

method and at the DFT/PBE-D3(BJ) level. Fundamental band gaps

(∆) and spin-orbit splittings (∆SO) are given for each system.

Results taken from Refs. 37

the lattice vectors are optimized to average between those of

the constituent MLs. This approach is commonly used to min-

imize the computational time and is known to give reasonable

results in most cases. However, it also introduces a strain

to the system and the electronic structure might be affected.

Recently, Komsa et al.48 have investigated the TMC heter-

obilayers using the plane-wave approach with the projector-

augmented wave (PAW) scheme at the DFT/PBE level. They

have used a supercell approach in such a way that the strain

was minimized and smaller than 1%. Their MoS2/WS2 band

structure showed that the system is an indirect band gap ma-

terial with the K point strictly localized to one of the MLs:

the VBM at the K point was completely localized to WS2 and

CBM to MoS2. On the other hand, the MoS2/MoTe2 system

is a direct band gap material, but again the VBM and CBM at

the K point are localized to different MLs.

5 External Magnetic Field and Magnetoelec-

tric Effects

Most recently, Kormányos et al.40 have discussed the effect of

a perpendicular magnetic field B⊥ on the intrinsic properties

of TMC materials. They pointed out that B⊥ couples to the

spin degree of freedom and breaks the valley degeneracy. The

effective Hamiltonian of electrons in the conduction band was

derived from the k·p model as follows:

Ĥ = Ĥel + Ĥvl + Ĥsp (6)

Ĥel =
h̄2q̂+q̂−

2m∗ +
1+ τ

2
sgn(B⊥) h̄ωc (7)
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Ĥvl =−1

2
τ g̃

vl
µBB⊥ (8)

Ĥsp =
1

2
g⊥SOµBszB⊥ (9)

where h̄ωc = e |B⊥|/m∗, [q̂+, q̂−] = 2eB⊥/h̄, and g̃
vl

and g⊥SO

are the valley and out-of-plane effective spin g factors, respec-

tively. The term ∼ ωc in the bulk introduces a shift in the

index of the Landau levels, while Ĥvl breaks the symmetry of

Landau levels. The Ĥsp term is similar to the Zeeman term:

Ĥsp =
1

2
geµBszB⊥ (10)

with ge being the free-electron g factor. This term describes

the coupling between spin and magnetic field.

The effects of external perpendicular magnetic and electric

fields on the electronic structure of TMC materials result in

the splitting of the energy levels in different valleys and the

Rashba spin-orbit coupling, respectively. The magnetic field

couples to the spin degree of freedom, while the layer elec-

trical polarization couples to the perpendicular electric field.

This results in magnetoelectric effects, which were recently

discussed by Gong et al.23 for TMC BLs. Taking into ac-

count only the valence band, the authors have derived the hole

Hamiltonian in the presence of both fields:

Ĥv =−λτzσzsz + t⊥σx +Bxsx +Bzsz +Ezσz. (11)

Note that Bz and Ez are equivalent to B⊥ and E⊥, respectively,

while the in-plane magnetic field is taken along the x-axis.

Gong et al. emphasize that the spin precession in a magnetic

field can be controlled by a perpendicular electric field. In the

presence of non-zero Ez and Bz, the total effective field (its

magnitude and direction) becomes valley dependent, with dif-

ferent oscillation frequencies in K and K′. This induces the

so-called beating phenomenon in the precession of spin and

electrical polarizations. Because of the beating effect, a finite

spin polarization can arise from an initial state with zero net

spin polarization.

6 Hall Effect

The absence of inversion symmetry in TMCs results not only

in significant spin-orbit coupling, but it leads also to other

interesting effects, such as spin, valley or charge Hall ef-

fects.19,49,50 In the valley Hall effect (VHE), the carriers in

different valleys flow to opposite sites in the presence of an

in-plane electric field. This effect is accompanied by a spin

Hall effect (SHE) when the systems are doped by electrons

or holes. Due to the fact that the valley-dependent optical se-

lection rule is spin-dependent, the carriers can be selectively

excited by optical fields of different circular polarization (c.f.

Figure 2) and frequencies.

The SHE and VHE are associated with the Berry curvature

(Ω) and magnetic moment (m). Time-reversal symmetry im-

poses that Ω and m have opposite signs in K and K′ valleys.

Following the derivation of Xiao et al.,19 the Berry curvature

can be defined as follows:

Ωn(k)≡ ẑ ·∇k ×〈un(k) |i∇k|un(k)〉 (12)

where |un(k)〉 is the periodic part of the Bloch function and n

is the band index. Following Eq. 3, the Berry curvature for the

conduction band can be written:

Ωc(k) =−τ
2a2t2

∆
′

[∆′2 +4a2t2k2]2/3
. (13)

In the valence band holds Ωv(k) = −Ωc(k). In the K and K′

valleys, the Berry curvature has opposite sign, while for the

same valley, Ω is spin-dependent:

∆
′ ≡ ∆− τszλ . (14)

Ω can be used to calculate the Hall conductivity:

σn
v = 2

∫

dk

(2π)2

[

fn,↑(k)Ωn,↑(k)+ fn,↓(k)Ωn,↓(k)
]

(15)

and

σn
s = 2

∫

dk

(2π)2

[

fn,↑(k)Ωn,↑(k)− fn,↓(k)Ωn,↓(k)
]

(16)

where σn
v and σn

s are the valley and spin Hall conductivities in

the units of e/h̄ and e/2, respectively, and f (k) is the Fermi-

Dirac distribution function. Note that the integration is over

the vicinity of the K or K′ points.

If the system is doped with either holes or electrons, the

Fermi energy (µ) shifts and the conductivities of holes (σh
s/v

)

and electrons (σ e
s/v

) can be calculated using

σh
s = σh

v =
1

π

µ

∆−λ
, (17)

σ e
s =

1

π

λ

∆2 −λ 2
µ and σ e

v =
1

π

∆

∆2 −λ 2
µ. (18)

The carriers could be selectively excited (different combi-

nations of spin and valley index) by optical fields with differ-

ent optical circular polarization and frequency. Xiao et al.19

pointed out that excitations with circular polarization gener-

ate the charge Hall current, while linear polarization will re-

sult in the spin and valley Hall currents. For the latter case,

this means that spin-up electrons and holes in the K and K′

valleys, respectively, will accumulate on one site, while their

time-reversal counterparts will flow to the opposite site. This

keeps both site charge neutral, but with net spin and valley

polarizations.
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From first principles, Feng et al.50 have calculated the spin

Hall effect and Berry curvatures of various TMC MLs. They

have found that the intrinsic spin Hall conductivity is compa-

rable to that of p- and n-doped III-V semiconductors. More-

over, the conductivities in the bulk systems are about an order

of magnitude smaller than in monolayers.

Magnetoelectric effects were also studied in the MoS2 BLs

from polarization-resolved microphotoluminescence experi-

ments and first principles simulations by Wu et al.41 The au-

thors show that the absorption circular dichroism and the or-

bital magnetic moment as function of the applied perpendicu-

lar electric field have distinct X-shape. This indicates that E⊥
breaks the BL inversion symmetry, modifies the dispersion of

electron states, and controls the orbital magnetic moments of

Bloch states. Wu et al.41 concluded that the valley-contrasting

magnetoelectric effect may be used as electrical control of the

Berry curvature. Similar studies were performed by Cao et

al.,20 who showed that, when valley polarization is induced,

only one of the valleys can have non-vanishing carrier popula-

tions, what leads to the Hall effect and magnetization without

application of magnetic field. This was supported by the sig-

nificant Berry curvature with opposite signs in the MoS2 MLs.

7 Conclusions

Transition-metal chalcogenide systems have extraordinary in-

trinsic electronic properties that strongly depend on the num-

ber of layers and on the composition of the materials. These

electronic properties can be easily controlled and tuned by ex-

ternal factors, in particular by electric and magnetic fields.

TMC materials are widely investigated for potential appli-

cations in nano- and optoelectronics, especially for modern

branches of flexible electronics, for spin- and valleytronics.

The latter is possible because TMC monolayers offer giant

spin-orbit spin splittings, which may reach about 500 meV

at the valence band maximum for the tungsten-based systems.

Due to the hexagonal symmetry, TMCs have two inequiva-

lent energy valleys K and K′ in the Brillouin zone. These

valleys are coupled with the spin degree of freedom in the

centro-asymmetric systems and, according to the optical se-

lection rule, they will be populated with the spins of opposite

signs.

When the TMC materials are exposed to an external elec-

tric field or any potential gradient is introduced to the sys-

tem, the electronic structure changes significantly. While

TMC monolayers are quite stable against commonly used

gate voltages, the bilayers reduce their band gaps linearly

with the field strength, eventually undergoing semiconductor-

metal transition. Otherwise centro-symmetric bilayers be-

come anisotropic in the presence of electric field, because their

layers are polarized in different ways, what breaks the inver-

sion symmetry and allows spin-orbit splitting to occur with

values in the same range as for the corresponding monolay-

ers. Therefore, TMC bilayers might be of interest as switching

materials in the spin-based transistors. External fields or po-

tential gradients give rise to phenomena such as Stark, Rashba

or out-of-plane Zeeman effects. These effects can be observed

by the changes in the band structures, especially at the high

symmetry K and Γ points.

A static magnetic field controls the valley and spin magnetic

moments in the real space, while perpendicular electric field

controls the layer polarization. When a TMC system is ex-

posed simultaneously to electric and magnetic fields, the spin

and layers become valley dependent, giving rise to the spin

polarization even for initial state with zero net polarization

(beating phenomenon). Also magnetoelectric effects are ob-

served for these systems: spin precession in a magnetic field

can be controlled by an perpendicular electric field, and static

a magnetic field can induce oscillations in layer polarization.

The results of electronic structure calculations of TMC ma-

terials are very sensitive to the computational approach, which

therefore must be chosen carefully. Relativistic effects, espe-

cially the spin-orbit interaction, need to be taken into account

to correctly describe the electronic structure. For example, to

reproduce the direct band gap in the monolayers, scalar rela-

tivistic treatment of the core electrons is necessary. The choice

of the simulation model is also critical, especially in the plane-

wave calculations, where spurious interlayer interactions, due

to the 3D periodicity, must be avoided. In heterostructures,

extensive supercell models might be necessary to minimize in-

plane strain resulting from the lattice mismatch. If the systems

are exposed to the external fields, artifacts due to spurious pe-

riodicity in the direction of the field need to be avoided.
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