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Defect tolerant and dimension dependent
ferromagnetism in MnSe2†

I. Eren,a F. Iyikanat a and H. Sahin *bc

By performing density functional theory-based calculations, we investigate the structural, vibrational,

electronic and magnetic properties of 2D monolayers, nanoribbons and quantum dots of MnSe2. Vibrational

spectrum analysis reveals the dynamical stability of not only ferromagnetic but also antiferromagnetic phases

of single layer MnSe2 crystal structures. Electronically, calculations show that 1T-MnSe2 is a ferromagnetic

structure displaying metallic behavior. It is also found that the structure preserves its dynamical stability and

metallic behavior even under the presence of high density Se vacancies. Moreover, it was predicted that,

differing from the 2D MnSe2, metal–metal interaction driven reconstructions result in ferromagnetic-to-

antiferromagnetic crossover in the ground state of nanoribbons and quantum dots. With its robust

ferromagnetic metallic character in the 2D ultra-thin limit and dimension-dependent magnetic

properties, MnSe2 is an important candidate for spintronic device applications.

1 Introduction

The successful synthesis of graphene has transformed two-
dimensional (2D) layered materials into a highly studied material
group in the last decade.1,2 Besides graphene, other 2D materials
such as hexagonal boron nitride (h-BN),3–5 silicene,6–8 borophene,9–11

black phosphorus,12–14 and transition metal dichalcogenides
(TMDs),15–21 have gained much attention owing to their wide
range of electronic and optical properties. Among the ultra-
thin materials, transition metal dichalcogenides have been
promising candidates for nanoelectronic device applications
with their unexpected properties in bulk and monolayer forms.

Depending on the atomic type and arrangement of the
atoms, TMDs can display metallic,22 semimetallic23 or semi-
conducting behavior.24 Recent experimental studies showed
that as the number of layers decreases from bulk to monolayer,
indirect-to-direct band gap crossover occurs in semiconducting
TMDs.25–27 Thanks to their direct band gap, monolayer TMDs
are quite suitable materials for optoelectronic applications and
field-effect transistors. Recently, field effect transistors based
on monolayer MoS2 have been fabricated, demonstrating a
room-temperature carrier mobility over 200 cm2 (V s)�1.28

Moreover, it was shown that monolayer MoS2 and WSe2 exhibit
high photoluminescence (PL) quantum yield.24,29 Although

electronic and optical properties of TMDs have been studied
extensively, investigation of the magnetic properties of TMDs
are still limited.

Magnetism in 2D materials has recently attracted significant
attention with the discovery of long-range intrinsic magnetic
order in ultra-thin materials which has various applications in
sensing and data storage.30,31 It was found that single-layer
transition metal halides exhibit intrinsic magnetism with strong
magnetic anisotropy.32–35 Moreover, it was revealed that the
magnetization of the CrI3 directly depends on the number of
layers.36 In addition, intrinsic long-range ferromagnetic order is
revealed in Cr2Ge2Te6.37 Recent studies have shown that some
TMDs exhibit intrinsic magnetism at the ground state. Among
them 1T-FeCl2 is a half-metallic material with intrinsic ferro-
magnetic ground state.38 More recently, Bonilla et al. synthesized
a monolayer VSe2, which is intrinsic ferromagnet at room tempera-
ture while its bulk phase is paramagnetic.39 VSe2 possesses 1T and
2H phases and it is metallic in the former phase, while it is
semiconductor in the latter phase. Additionally, room temperature
ferromagnetism has been observed in the recently synthesized
epitaxial manganese selenide films grown by MBE.40 They provided
strong evidence that ferromagnetism in monolayer MnSex

originates from 1T-MnSe2 monolayer.
Motivated by these studies, in this paper, we investigated

(i) structural, vibrational, electronic and magnetic properties of
single-layer MnSe2, (ii) formation of Se vacancy in the material
and its influence on the vibrational, electronic and magnetic
properties, and (iii) effect of dimensional reduction on the
electronic and magnetic properties of the material. The paper
is organized as follows: details of the computational methodology
are given in the Section 2. Structural, vibrational, electronic and
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magnetic properties of the pristine and vacancy defected single-
layer MnSe2 are presented in Section 3. The effect of dimensional
reduction on the characteristic properties of MnSe2 are debated
in Sections 4 and 5. Lastly, results are concluded in Section 6.

2 Computational methodology

For structural optimizations and determination of electronic
and magnetic configurations of single-layer MnSe2, we carried
out first-principles calculations within density functional theory
(DFT) using the plane-wave projector-augmented wave (PAW)
method41 implemented in the Vienna ab initio Simulation Package
(VASP).42,43 For the exchange–correlation energy, the Perdew–
Burke–Ernzerhof form of the generalized gradient approximation
(GGA) was used.44 DFT+U method described by Dudarev was also
used to take into account strong correlations between d-orbitals of
Mn atoms.45 In accordance with the previous study, the effective U
parameter was chosen to be Ueff = 3.9 eV.46

The conjugate gradient algorithm was used to optimize all
the structures. The kinetic energy cutoff of the plane-wave basis
set was 500 eV in all calculations. The van der Waals corrections
were implemented by the DFT-D2 method of Grimme.47 The total
energy difference between the sequential steps in the iterations
was taken as 10�5 eV as convergence criterion. The convergence
criterion for the Hellmann–Feynman forces was taken to be
10�4 eV Å�1. The Gaussian broadening for the density of states
calculation was taken to be 0.05. The pressures on the unit cell
were reduced to a value of less than 1kB in all directions.
In order to hinder interactions between the adjacent cells, at
least 10 Å vacuum spacing was used along the z-direction.
G-Centered k-point mesh was used with grid sizes of 36 � 36 � 1
for the density of states (DOS) calculations of the unit cell. The
k-point mesh was scaled according to the size of supercells.
Phonon calculations were performed by making use of the
small displacement method as implemented in the PHONOPY
code.48 Analysis of the charge transfers in the structures was
determined by the Bader technique.49

3 Characteristic properties and defect
tolerance of 2D MnSe2

Monolayer MnSe2 consists of stacked Se–Mn–Se atomic layers.
We carefully optimized the atomic structure of the monolayer MnSe2

starting from the experimentally observed lattice parameter.40

Our calculations show that the lattice parameter of the ferro-
magnetic (FM) phase is 3.59 Å which is in good agreement with
the previous theoretical prediction.50 To examine the magnetic
coupling between Mn atoms a (2 � 2) supercell is constructed
with FM and antiferromagnetic (AFM) initial magnetic config-
urations. The optimized atomic structures and spin-polarized
charge densities of (2 � 2) FM and (2 � 2) AFM phases of
monolayer MnSe2 are shown Fig. 1. It is found that while the
monolayer MnSe2 displays FM behavior with 3.05 mB per
unit cell in its ground state, AFM order has 57 meV less
favorable energy per formula. Each Mn atom in both magnetic

phases has a magnetic moment of B3.9 mB consistent with the
experimental results.40

Octahedron distances (d1 and d2) and lattice parameters of
(2 � 2) FM and (2 � 2) AFM phases are given in Table 1. It is
seen that the FM order exhibits a perfect 1T phase, and thus d1

and d2 are the same and equal to 3.59 Å. However, magnetic
interactions between Mn atoms of the AFM phase lead to dimer
formation by reducing the d1 and d2 to 3.48 and 3.57 Å,
respectively. Therefore, different magnetic orders among Mn
atoms cause the monolayer to have different lattice parameters
in FM and AFM phases. While the bond distance between Mn
and Se atoms for FM state is 2.55 Å, that of AFM state vary from
2.55 to 2.56 Å. To obtain the partial charge on the atoms, the
Bader technique was performed. In the Bader charge analysis,
atoms are defined by volumes bounded by surfaces of the zero-
flux. The integrated charges in the volume attributed to atoms

Fig. 1 Top and side views of the spin density plots (isosurface value of
0.06 e Å�3), phonon-band structures, electronic band dispersions and
partial density of states of (a) FM and (b) AFM configurations of monolayer
MnSe2. Yellow and blue isosurfaces represent majority and minority spin
densities, respectively.

Table 1 Calculated parameters for the FM and AFM configurations of
monolayer 1T-MnSe2; (2� 2) supercell lattice constant, a; Mn–Se distances,
d1 and d2; thickness, h; magnetic moment per (2 � 2) supercell, m; the
cohesive energy per formula, ECoh; the charge transfer between atoms, Dr;
the ground state energy difference per Mn atom, DE

a (Å) d1 (Å) d2 (Å) h (Å) m (mB) ECoh (eV) Dr (e) DE (eV)

FM 7.17 3.59 3.59 2.96 12.2 9.55 0.5 —
AFM 6.95 3.48 3.57 3.11 0.0 9.49 0.5 0.057
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are defined as Bader charge. According to the Bader analysis, charge
donation from Mn to Se atoms is 0.5 e in both magnetic states.

For examination of the dynamical stabilities of both phases,
phonon calculations are also performed. As shown in Fig. 1(a
and b), in the whole Brillouin zone of the crystal structure
phonon modes have positive eigenfrequencies and therefore
both FM and AFM states are dynamically stable. This is in
agreement with the experimental result of O’Hara et al.40

reporting the stability of FM state. The FM phase of monolayer
MnSe2 has 9 phonon branches, 3 acoustic and 6 optical.
However, due to the larger unit cell, phonon dispersion of the
AFM phase of monolayer MnSe2 yields 3 acoustic and 33 optical
branches. Vibrational properties of the magnetic states show
similarity at the top phonon branches. The phonon band with
highest energy at 272.9 cm�1 for FM state, and 271.1 cm�1 for
AFM state. Not only the highest phonon frequency of both
magnetic states are similar to each other but also phonon band
gaps are similar and which are 61.3 cm�1 for the FM state and
69.9 cm�1 for the AFM state. Frequencies of acoustic phonon
modes of the FM state are above 70.0 cm�1 at the M point. In
the AFM state, two acoustic phonon modes are around 50.0 cm�1

at the M point indicating that magnetic state transition from FM
to AFM leads to phonon softening at the acoustic phonon modes
in the monolayer.

The spin-resolved band structure of FM and AFM configura-
tions of monolayer MnSe2 based on GGA are shown in the
bottom panels of Fig. 1(a and b), respectively. Since the octahe-
dral 1T-MnSe2 exhibits inversion symmetry and does not contain
heavy atoms, spin orbit coupling (SOC) has a negligible effect on
the electronic structure of the material. Therefore, the SOC effect
is not taken into account in our calculations. In accordance with
previous studies, our calculations show that both FM and AFM
phases are metallic.51,52 While the valence and conduction
bands of the former has a large spin splitting, that of the latter
consist of degenerate spin up and spin down states. In a previous
study, monolayer MnSe2 is found to be a semiconductor with
a very small band gap of 10 meV with HSE06 functional.50

However, it was reported earlier that the ground state electronic
and magnetic properties of metallic systems are incorrectly
calculated with hybrid functionals.53–55 Therefore, we prefer to
use the DFT+U method in all calculations throughout this study.

Partial density of states (PDOS) calculations show that the
states in the vicinity of the Fermi level are mostly dominated by
Mn-d and Se-p orbitals. Overlap between the d orbitals of metal
atom and p orbitals of chalcogen atom around the Fermi level
is a characteristic of lamellar TMD crystals.56

Moreover, the Curie temperature of the monolayer MnSe2

is also calculated. The Curie temperature of a material can
be approximated using the Heisenberg model in which the
Hamiltonian is described by

H ¼ �J
X

i; j

m̂im̂j (1)

where J is the Heisenberg exchange parameter, m̂ is the
magnetic moment (mB) of each site. Only the nearest neighbor
exchange interaction is taken into account. Therefore, the

expression for the J parameter for our system is J = Eexc/12m2,
where Eexc (= EAFM� EFM) is the exchange energy per conventional
cell. Our calculations show that Eexc and J are 229 and 2.051 meV,
respectively. Using the mean field approximation, which is
kBTc = 3/2J, the Curie temperature, Tc, is found to be 35.7 K.

Whether it is chemically grown or exfoliated from bulk,
formation of chalcogen defects during the experimental synth-
esis procedure of TMDs is inevitable.57,58 Therefore, investiga-
tion the effect of such point defects on the electronic, magnetic
and vibrational characteristics of the monolayer MnSe2 is of
importance. To avoid the defect–defect interaction between
neighboring cells Se vacancy is created in a large 5 � 5 � 1
supercell. Optimized atomic structures and spin polarized charge
densities of Se defected MnSe2 with two different magnetic
configurations are shown in the Fig. 2(a). Differing from the
pristine structure, the energetically second favorable magnetic
structure, AFM0, is formed when the three Mn atoms closest to
the Se defect have the opposite spin orientation to the other Mn
atoms. Considering the total energies for two defected magnetic
phases, FM state is still (15 meV per formula) favorable over the
AFM0 state. After the defect formation net magnetic moment of
the FM state is slightly increased to 3.12 mB, while that of AFM0

state remains the same.
Furthermore, phonon dispersions shown in Fig. 2 reveal that

both FM and AFM0 states are dynamically stable even after the
defect formation. It is seen that compared to their defect-free
structures the presence of defects leads to phonon softening in
both FM and AFM0 phases. While general phonon dispersion
stays unchanged after defect formation, three dispersionless
phonon branches appear at 174–184 cm�1. As shown in Fig. 2,
these states correspond to local vibrations of atoms surrounding
the defective region. Presence of such distinctive phonon modes
provides an easy tool for defect detection in MnSe2 via Raman
spectrum measurements.

4 1D nanoribbons of MnSe2

Synthesis of 1D ribbon forms of 2D crystals not only results in
dimensional reduction but also lead to emergence of novel
functionalities in the structure. It has been shown that nano-
ribbons of graphene and MoS2 exhibit suitable and tunable
bandgap which makes these materials important candidates
for optoelectronic applications.59–61 In this section, structural,
electronic and magnetic properties of 1D nanoribbons of MnSe2

are investigated.
Similar to graphene and TMDs such as MoS2, it can be

assumed that the formation of nanoribbons of 1T-MnSe2 single
layers can occur in two main crystallographic directions; zigzag
(ZZ) and armchair (ARM). For the ARM nanoribbons, the edges
are terminated by Mn and Se atoms. For the ZZ nanoribbons,
since the Se-edged nanoribbons exhibit a rather complex edge
reconstructions only the structures whose edges are terminated
with Mn atoms are considered. As seen in the inset of Fig. 3(b),
the width of the nanoribbon is defined according to the
number of Mn atoms (n-ARM and n-ZZ) across the ribbon
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width. The optimized geometric structures and spin polarized
charge densities of ZZ and ARM nanoribbons for different
ribbon widths are shown in Fig. S1 (ESI†). It is seen that the
presence of edge states causes significant reconstructions on
the edge and middle regions. For a reliable simulation of the
possible edge reconstructions and antiferromagnetic orderings
multiple unit cells are used along the axis of the nanoribbons.
Electronic and magnetic properties of 4-ZZ and 3-ARM are
investigated in detail. Calculated minimum and maximum
bond lengths for 4-ZZ (3-ARM) nanoribbons are 2.49 and 2.85 Å
(2.48 and 3.03 Å), respectively. As shown in Fig. 3(a), 3-ARM
displays semiconducting behavior while 4-ZZ exhibits metallic
character. Moreover, ribbon-width dependent electronic structures
of ZZ and ARM nanoribbons are also investigated. Fig. S1 (ESI†)

shows that regardless of thickness, ZZ and ARM ribbons retain
their metallic and semiconductor properties respectively. It is
also seen from the atom-projected density of states calculations
that flat bands of ARM nanoribbons and highly dispersive bands
of ZZ nanoribbons at the vicinity of the Fermi level are composed of
Mn-d and Se-p orbitals. In addition, our analysis on the magnetic
ground state of nanoribbons reveals that reconstruction-driven
shrinkage in the lattice parameter also results in FM to AFM
transition. Fig. 3(b) shows that AFM state becomes more
favorable for ARM (ZZ) nanoribbons starting from 3% (0.5%)
contraction in the lattice.

Briefly, the ZZ and ARM nanoribbons are both in the AFM
ground state and differ from 2D counterpart. However, while the
ZZ structure continues to protect its electronic configuration
as metal, the ARM nanoribbons become semiconductor.

5 0D quantum dots of MnSe2

Experiments have revealed that during the chemical growth and
mechanical exfoliation of TMDs mostly triangle shaped flakes
are formed.62–64 Therefore, in order to see how characteristic
properties of single layer MnSe2 are modified by its dimension,
investigation of triangular flakes (TFs) is essential. As shown in
Fig. 4(a), depending on whether the edge is terminated by Mn
or Se atoms, MnSe2 TFs undergo different type of structural
modifications. The triangular quantum dots examined in this
study are denoted as xTF, where x is the number of edge atoms.

Fig. 2 Top views of the spin density plots (isosurface value of 0.06 e Å�3)
and phonon band structures of (left) FM and (right) AFM 0 states of defected
monolayer MnSe2. Atomic motions around the defect are depicted for the
FM and AFM0 phases. Yellow and blue isosurfaces represent majority and
minority spin densities, respectively.

Fig. 3 (a) Electronic band dispersions of 3-ARM (blue) (top left) and 4-ZZ
(red) (top right) nanoribbons of MnSe2. (b) Strain dependent energy
difference comparison between FM and AFM magnetic states of 3-ARM
(blue) and 4-ZZ (red) nanoribbons of MnSe2. Initial atomic configurations
of ARM and ZZ ribbons are shown in the inset. The black lines show the
unitcell of the corresponding ribbon.
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Structural relaxations of Se-terminated TFs (TF-Se) show that
despite the local relaxations induced by metal–metal bonds at
the corners there is no noticeable modification in the atomic
arrangement. On the other hand, for Mn-edged TFs (TF-Mn),
MnSe6 octahedra at the edges are highly distorted via formation
of Mn–Mn dimers. Such reconstructions have also been reported
before for other single layer TMDs such as ReS2, MoTe2 and
WTe2.65–67

Magnetic characteristics of 2TF, 3TF, and 4TF quantum dots of
MnSe2 are also investigated via spin polarized charge densities. As
shown in Fig. 4(b), in addition to their FM state each TF can have
various AFM orderings. Here, it is also worth to note that due
to the strong magnetic interactions each AFM state that is
considered corresponds to a different atomic structure. Total
energy calculations reveal that the reconstruction of the edge
atoms of structurally optimized TFs caused the quantum dots to
have much lower energy than the non-optimized (static) state.
While the magnetic moment per Mn atom of 2TF, 3TF, and 4TF is
in the range of 4–4.5 mB, the spin polarized charge densities are
almost evenly distributed throughout the flakes. It is seen that
spin polarized charge densities of 2TF, 3TF, and 4TF are almost
evenly distributed throughout the flakes. The magnetic ground
state analysis reveals that the AFM configuration of all the TFs is
more favorable than the FM configuration. In addition, size
dependent total energy differences per Mn atom of AFM and
FM Se-edged TFs are also calculated and it is found that as the
size of the TFs increases, the total energy differences decreases,
as expected. (the energy differences are 0.384 eV, 0.233 eV and
0.102 eV for 2TF-Se, 3TF-Se and 4TF-Se, respectively) Moreover, it
is seen that both AFM and FM configurations of Mn-edged TFs
show highly distorted MnSe6 octahedra at the edges. On the other
hand, the FM configurations of Se-edged TFs tend to maintain
form of MnSe6 octahedra at the edges, while that of some AFM
configurations exhibit significant reconstructions.

6 Conclusions

To sum up, we utilized first-principles calculations with density
functional theory to investigate the structural, vibrational, elec-
tronic and magnetic features of 2D single layers, nanoribbons

and quantum dots of MnSe2. Vibrational analysis confirmed that
both FM and AFM phases of monolayer MnSe2 are dynamically
stable, while energetically the magnetic ground state of metallic
monolayer MnSe2 is FM. It was also found that despite the
presence of high density Se vacancies the single layer MnSe2 can
stay as a dynamical stable ferromagnetic monolayer crystal. For
1D nanoribbons, it was shown that ARM and ZZ edged structures
of the MnSe2 display semiconducting and metallic electronic
properties, respectively. Meanwhile, it was predicted that the
dimensional reduction leads to structural modifications and
therefore FM-to-AFM crossover in the magnetic ground state.
When going from 1D to 0D, it was seen that triangular quantum
dots of MnSe2 can form various reconstructed edges and all
display AFM character in their ground state.

Our calculations reveal that with its highly defect-tolerant
crystal structure and size tunable magnetism MnSe2 is a promising
material for novel nanoelectronic applications.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Computational resources were provided by TUBITAK ULAKBIM,
High Performance and Grid Computing Center (TR-Grid
e-Infrastructure). HS acknowledges financial support from the
TUBITAK under the project number 117F095. HS acknowledges
support from Turkish Academy of Sciences under the GEBIP
program.

References

1 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva and A. A. Firsov, Electric Field
Effect in Atomically Thin Carbon Films, Science, 2004, 306,
666–669.

2 A. K. Geim and K. S. Novoselov, The rise of graphene, Nat.
Mater., 2007, 6, 11–19.

Fig. 4 (a) Geometric configurations of triangular flakes (TFs) of MnSe2 before and after geometric optimization. (b) Spin polarized charge density
distributions of various magnetic phases of TFs of MnSe2. The total energy differences (in eV) of each TF with respect to the magnetic ground state are
also shown.

PCCP Paper

Pu
bl

is
he

d 
on

 1
2 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 I
zm

ir
 Y

uk
se

k 
T

ek
no

lo
ji 

on
 9

/2
6/

20
22

 2
:4

0:
52

 P
M

. 
View Article Online

https://doi.org/10.1039/c9cp03112j


This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys., 2019, 21, 16718--16725 | 16723

3 A. Nagashima, N. Tejima, Y. Gamou, T. Kawai and C. Oshima,
Electronic Structure of Monolayer Hexagonal Boron Nitride
Physisorbed on Metal Surfaces, Phys. Rev. Lett., 1995, 75, 3918.

4 E. Rokuta, Y. Hasegawa, K. Suzuki, Y. Gamou, C. Oshima
and A. Nagashima, Phonon Dispersion of an Epitaxial
Monolayer Film of Hexagonal Boron Nitride on Ni(111),
Phys. Rev. Lett., 1997, 79, 4609.
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8 N. D. Drummond, V. Zólyomi and V. I. Fal’ko, Electrically
tunable band gap in silicene, Phys. Rev. B: Condens. Matter
Mater. Phys., 2012, 85, 075423.

9 A. J. Mannix, X.-F. Zhou, B. Kiraly, J. D. Wood, D. Alducin,
B. D. Myers, X. Liu, B. L. Fisher, U. Santiago, J. R. Guest,
M. J. Yacaman, A. Ponce, A. R. Oganov, M. C. Hersam and
N. P. Guisinger, Synthesis of borophenes: Anisotropic, two-
dimensional boron polymorphs, Science, 2015, 350, 1513–1516.

10 B. Feng, J. Zhang, Q. Zhong, W. Li, S. Li, H. Li, P. Cheng,
S. Meng, L. Chen and K. Wu, Experimental realization of
two-dimensional boron sheets, Nat. Chem., 2016, 8, 563.

11 H. R. Jiang, Z. Lu, M. C. Wu, F. Ciucci and T. S. Zhao,
Borophene: A promising anode material offering high
specific capacity and high rate capability for lithium-ion
batteries, Nano Energy, 2016, 23, 97–104.

12 L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng,
X. H. Chen and Y. Zhang, Black phosphorus field-effect
transistors, Nat. Nanotechnol., 2014, 9, 372–377.

13 F. Xia, H. Wang and Y. Jia, Rediscovering black phosphorus
as an anisotropic layered material for optoelectronics and
electronics, Nat. Commun., 2014, 5, 4458.

14 A. S. Rodin, A. Carvalho and A. H. C. Neto, Strain-induced
gap modification in black phosphorus, Phys. Rev. Lett.,
2014, 112, 176801.

15 D. Christiansen, M. Selig, G. Berghäuser, R. Schmidt,
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18 K. Kośmider, J. W. González and J. Fernández-Rossier, Large
spin splitting in the conduction band of transition metal
dichalcogenide monolayers, Phys. Rev. B: Condens. Matter
Mater. Phys., 2013, 88, 245436.

19 R.-L. Chu, G.-B. Liu, W. Yao, X. Xu, D. Xiao and C. Zhang, Spin-
orbit-coupled quantum wires and Majorana fermions on
zigzag edges of monolayer transition-metal dichalcogenides,
Phys. Rev. B: Condens. Matter Mater. Phys., 2014, 89, 155317.

20 Y. T. Hsu, A. Vaezi, M. H. Fischer and E. A. Kim, Topological
superconductivity in monolayer transition metal dichalco-
genides, Nat. Commun., 2017, 8, 14985.

21 M. Yagmurcukardes, R. T. Senger, F. M. Peeters and
H. Sahin, Mechanical properties of monolayer GaS and
GaSe crystals, Phys. Rev. B, 2016, 94, 245407.

22 Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman and
M. S. Strano, Electronics and optoelectronics of two-
dimensional transition metal dichalcogenides, Nat. Nano-
technol., 2012, 7, 699–712.

23 C.-H. Lee, E. C. Silva, L. Calderin, M. A. T. Nguyen, M. J.
Hollander, B. Bersch, T. E. Mallouk and J. A. Robinson,
Tungsten Ditelluride: a layered semimetal, Sci. Rep., 2015,
5, 10013.

24 K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Atom-
ically Thin MoS2: A New Direct-Gap Semiconductor, Phys.
Rev. Lett., 2010, 105, 136805.

25 A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim,
G. Galli and F. Wang, Emerging Photoluminescence in
Monolayer MoS2, Nano Lett., 2010, 10, 1271–1275.

26 Y. Zhang, T. R. Chang, B. Zhou, Y. T. Cui, H. Yan, Z. Liu,
F. Schmitt, J. Lee, R. Moore, Y. Chen, H. Lin, H. T. Jeng,
S. K. Mo, Z. Hussain, A. Bansil and Z. X. Shen, Direct
observation of the transition from indirect to direct band-
gap in atomically thin epitaxial MoSe2, Nat. Nanotechnol.,
2014, 9, 111–115.

27 W. Zhao, Z. Ghorannevis, L. Chu, M. Toh, C. Kloc, P.-H. Tan
and G. Eda, Evolution of Electronic Structure in Atomically
Thin Sheets of WS2 and WSe2, ACS Nano, 2013, 7, 791–797.

28 B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and
A. Kis, Single-layer MoS2 transistors, Nat. Nanotechnol.,
2012, 6, 147–150.

29 P. Tonndorf, R. Schmidt, P. Böttger, X. Zhang, J. Börner,
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