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Abstract: Two-dimensional (2D) transition metal dichalcogenides (TMDCs) materials have potential applications in the
field of device applications. In the present work, we explored the structural, dynamical, electronic, and magnetic properties
of MoSe, and MoTe, TMDCs materials by using density functional theory (DFT) method. For the investigation of
material’s structural and dynamical stability, we have estimated their ground state energies, bond length of atoms
presented in the structures, and phonon dispersion curves respectively. They are found to be structurally and dynamically
stable materials. Furthermore, we have studied the electronic and magnetic properties of MoSe, and MoTe, materials.
Electronic properties are investigated by the analysis of their band structure, and density of states (DOS) plots. Both the
materials are found to be small band gap p-type semiconductor. For the investigation of material’s magnetic properties,
we have interpretated the DOS and partial density of states (PDOS) plots. In both plots, up-and down-spin states are
symmetrically distributed around the Fermi energy level. They reveal that MoSe, and MoTe, have non-magnetic
properties. Based on the multi-properties investigation of MoSe, and MoTe,, they can be used in a variety of device

applications, including optoelectronic, semiconducting, energy storage, and sensing devices.
Keywords: Dynamical; Electronic; Magnetic; Monolayer; Semiconductor.

Introduction

Discovery of graphene in 2004, raised a lot of interest tothe  conducting behavior, having broad band gaps spanning

from visible to near-infrared Moreover,

study of two-dimensional (2D) layered materials due to
their small size and better performance than their 3D
counterparts®. Other than graphene, transition metal
dichalcogenides (TMDCs) materials have potential
applications in the field of nanoelectronics®® °. The
general formula of TMDCs materials is MX, where, M is
transition metal and X is chalcogen. Molybdenum di-
Sulphide (MoS,) is a TMDCs material which has lot of
applications in the field of nanoelectronics devices
because of it structural and electronic propertiest®l. The
Molybdenum and Tungsten based TMDCs materials have

huge interest in the device applications due to their semi-

regiontl,
Molybdenum di-Selenide (MoSe,) and Molybdenum di-
Telluride (MoTey) are the family of TMDCs materials,
which are formed having one part Molybdenum and two
parts of Selenium and Tellurium atoms in MoSe, and
MoTe,

electrical conductivity and electron mobility as compared

respectively®), These materials have higher

to MoS,. These properties of materials are important for
high-performance electronic devicest®. Similarly, MoSe,
and MoTe, have strong photoluminescence (PL), which is
important for the optical properties of materials(® 7. Due to

strong PL properties of MoSe, and MoTe;, they have high
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light absorption and emission capacity.

It makes them appropriate for the application in
photodetectors, solar cells etc. [7l. The electronic properties
of material are important which are tuned by the factors
like strain, electric fields, and chemical doping [€l. MoSe;
can is used for energy storing devices such as lithium-ion
batteries and supercapacitors due to their layered structure
and large surface area . The heterostructure of TMDCs
materials are promising materials for solar energy
conversion because heterostructure can improve charge
separation and lower recombination losses %, They can
be used specially in nanotechnology and biomedical field
(111 MoSe, and MoTe, have great applications in the field
of nanoelectronics devices due to their flexibility and
stability properties (1% 11121, So, the rigorous investigation
of MoSe, and MoTe, TMDCs materials become hot topic
in the field condensed matter physics and material science
in the present days [*2 3. For this reason, we have
reviewed the literature relating to the properties of 2D and
TMDCs materials and found that doped or vacancy
defected MoSe, and MoTe, have magnetic properties, and
hence they can be used in the fields of spintronics
applications 13 14 15 161 On the other hand, we have
reviewed a lot of literatures regarding to TMDCs materials.
Literature suggests that detailed study of structural,
electronic, magnetic and dynamical properties of (3x3)
supercell of MoSe, and MoTe, monolayer have not been
done properly. These are the research questions of the
present study. Hence, our motivation goes to study in
details about the structural, electronic, dynamical, and
magnetic properties of (3x3) supercell of MoSe, and
MoTe,

functional

monolayer computationally under density
theory (DFT) method through quantum

ESPRESSO (QE) as a computational tool.
Computational details

Spin-polarized density functional theory (DFT) approach
has been carried out with the use of plane wave basis set by
using pseudopotentials  (USPPs)
computational tool quantum ESPRESSO (QE) - 8.9, To

study exchange-correlation energy (EX-C),

ultrasoft under

Perdew-

Burke- Ernzerhof (PBE) functional has been used from
generalized gradient approximation (GGA) 2, XmGrace
and XCrySDen are used as a software package for the
graph plotting and structure visualization 2+ 22, First of
all, we have prepared a unit cell of MoSe, and MoTe;
monolayers, then optimized these structures by the
estimation of their kinetic energy cutoff, k-points and
lattice parameters values through self-consistency
functional (scf) calculations. The relaxed structure is
secured after the optimization of k-points, Kinetic energy
cutoff, and lattice parameters. The Brillouin zone (BZ) has
been sampled by using Monkhorst-Pack (MP) 23 with a
(12x12x1) k-point grid. Similarly, the kinetic energy
cutoffs for the plane wave basis set are taken 471 eV (34.61
Rydberg) and 690 eV (50.71 Rydberg) for MoSe, and
MoTe, respectively. They are estimated by the
optimization of parameters. The optimized value of lattice
parameter of MoSe, and MoTe, are found to be 5.83 A and
5.90 A values respectively. We extended that optimized
and relax unit cell structures of MoSe, and MoTe,
monolayers by three times along x-axis, three times along
y-axis to create desired (3x3) supercell structure. Then,
relax calculations are done of these supercell structures
through scf calculations. Further calculations of optimized
and relax supercell structures of MoSe, and MoTe, are
performed. Structural properties of considered materials
are studied by the calculations of their ground state

energies and bond length of atoms present in the materials.

The phonon dispersion curves are used to check the
material’s dynamical stability (properties). These phonon
calculations are done by using density functional
perturbation theory (DFPT) techniques 4. Additionally,
we have investigated the electronic and magnetic
properties of considered supercell structures by the
interpretation of their band structure & density of states
(DOS), and DOS & partial density of states (PDOS)
calculations. In DOS and PDOS calculations, we have
used denser mesh of (22x22x1) k-point grid because
denser grid makes smooth DOS/PDOS states in DOS &

PDOS plots.
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Results and Discussion

In this section, we present an interpretation of major

findings of MoSe, and MoTe, materials.

a. Structural properties

The structural properties of MoSe, and MoTe, monolayer
materials have been studied by calculating their ground
state energy, and bond length between the nearest atoms
present in structures. The optimized and relax structures of
MoSe, and MoTe, supercell monolayers are shown in

figures-1(a - d) respectively.

We have estimated the ground state energy of MoSe, and
MoTe, monolayer supercell structures are found to be -
244.20 eV and -248.10 eV respectively. They are similar
values of others TMDCs materials %> 261, These minimum
ground states energy of both materials reflects that they
are stable materials. It is well known that any materials are
said to be structurally stable having their minimum ground
state energy. Hence, these (3x3) supercell structures of

MoSe; and MoTe; are stable 2D monolayer material.

Moreover, we have estimated the bond length in between
Mo-Mo, Mo-Se, Se-Se in MoSe, and Mo-Mo, Mo-Te, Te-
Te atoms in MoTe, materials respectively. They are found
tobe 3.31 A, 254 A, & 3.31 A in MoSe,, and 3.31 A, 2.56
A & 335 A in MoTe, These estimated values of
interatomic bonding of atoms in the MoSe, and MoTe,
have nearly equal values of reported works of TMDCs
materials [ 27 281, The estimated and reported interatomic
distance of present atoms in the structures are given in
Table-1.

Table 1: The estimated and reported values of interatomic distances
between Mo-Se, Mo-Te, Mo-Mo, Se-Se, and Te-Te atoms in MoSe,
and MoTe, supercell structures are given in tabular form.

Materials [Estimated [Reported [Estimated [Reported [Estimated [Reported
MoSe, | Mo-Se=| 253 A Mo- 3.30A | Se-Se= | 3.34[9]
254 A [8] [Mo=3.31A| [8§] 331A
MoTe; |Mo-Te=| 273 A Mo- 330A | Te-Te=| 351A
256 A | [28] |Mo=331A| [8] 335A | [27]

From the above explanation, it is confirmed that our
considered TMDCs materials are structurally stable.
b. Dynamical properties

A phonon dispersion curve describes the relationship

between the frequency of phonons and their wave vector,
providing insights into the vibrational properties of the
lattice. To examine the dynamical stability of material,
phonon dispersion curves have been studied. In the present
work, we have analyzed the phonon dispersion curves to
test the dynamic stability of MoSe, and MoTe, materials.
Phonon calculations are done by using GGA with PBE
functional. Figures-2(a & b) respectively, represent the

phonon dispersion plots of MoSe, and MoTe, materials

In figure-2, it is seen that there are no negative values of
phonon frequency in the Brillouin zone. It indicates that
MoSe, and MoTe, monolayers are dynamically stable
because materials are said to be dynamical stable due to
their positive values of phonon frequency 2%, There is total
nine vibration modes for both systems. Among them, three
are acoustic modes, and six are optical modes, which are
shown in figures-2(a & b). In figures, lower branch is
known as acoustic branches, represented by red lines
whereas upper branch named as optical branches, which are
represented by green lines. From the phonon dispersion
plots, we can see that acoustic waves have zero frequency
at I point, but frequency of optical branch has minimum
value of 4.90 cm™ and 4.01 cm? at ' position of MoSe;
and MoTe,

symmetric points M, K, A, L, & H have maximum

materials  respectively. Moreover, at
frequency for acoustic waves, which are approximately
equal (4.73, 457, 4.71, 4.38 & 4.76) cm™ respectively of
both materials. Similarly, looking the minimum optical
frequencies at M, K, A, L, & H, it is found to be (5.35, 5.71,
5.35, 5.65 & 5.34) cm'* respectively, of MoSe,, and (4.12,
431, 4.05, 4.15 & 4.06) cm™ respectively, of MoTe,
materials. The phonon frequencies at each symmetric
point show that optical phonons oscillate more rapidly
than  acoustic  phonons,  which  matches the
theoreticalprediction [30]. The phonon band gap of MoSe,
has found to be (0.92, 1.14, 0.64, 1.27, 0.38) cm™
respectively at M, K, A, L & H symmetric points, and
MoTe, has found to be (0.61, 0.26, 0.66, 0.23, & 0.70) cm™
respectively at M, K, A, L & H symmetric points. These
values are existed between the lower point of optical

branches and upper points of acoustical branches at
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symmetric points. The zero value of phonon frequency atI"  that the minimum optical band gap of MoSe; has 0.23 cm"
point of the acoustic modes give another evidence of !at L symmetric point respectively.

dynamical stability of MoSe, and MoTe, monolayers c. Electronic properties

materials. Hence, the considered materials are found to be

To understand the distribution of electron and electronic

dynamically stable. From above calculations, it is found energy in material, electronic properties play a vital role.

Figure 1: (Colour online) Supercell structure of MoSe, and MoTe, TMDCs materials: (a) front view of MoSe, supercell structure, (b) top view

of MoSe, supercell structure, (c) front view of MoTe, suprecell structure, and (d) top view of MoTe, supercell structure.

|

|

|
S

Frequency (cm™)
Frequency (cm™")

—
= —
P T
—
» = =
- —
=
—
= —
=l —
—
»— —
- -
=

Symmetric points Symmetric points

(@ (9]
Figure 2: (Colour online) Phonon dispersion curve of; (a) MoSe, material, and (b) MoTe, material. In both plots, high symmetric points (k-
vector) are taken along the x-axis, and rate of vibration in terms of wave number (frequency) are taken along the y-axis. The vertical dot lines

touch highly symmetric points in the Brillion zone.
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To study the electronic properties, the band structure and
density of states (DoS) of MoSe, and MoTe, monolayer
have been discussed. Figures-3(a & b) respectively
illustrated the band structure plots of MoSe, and MoTe,
materials, where highly symmetric points are plotted
along the x-axis and corresponding energy values are
taken along the y-axis. The horizontal dotted line is called

Fermi energy level, which separates the electronic bands.
The region below the Fermi level is called valence band,
is called

while the region above the Fermi level

conduction band.

In figure-3(a), it is found that band gap energy at gama (r)
point of MoSe, material has value 1.57 eV. It is obtained
by the energy form conduction band minimum (CBM) to
Fermi level and valence band maximum (VBM) to Fermi
level. The value of CBM to Fermi energy level is found to
be 1.42 eV, and VBM to Fermi energy level is found to be
0.15 eV. Similarly, the bandgap energy of MoTe, material
is found to be 1.52 eV. This value is obtained by summing
the value of CBM to Fermi level of value 1.38 eV, and
VBM to Fermi level of value 0.14 eV. The CBM and
VBM in both materials are tracked down at I'- point in the
center of Brillouin zone. It is indicating that nature of band
gap is direct. It is also seen that, there are more bands in
the valance band region than the conduction band region,
which reveals that both the materials have p-type
semiconducting properties. The band gap energy values of
MoSe, and MoTe, materials are found to be 1.57 eV and
1.52 eV respectively, they are closely agreeing with the
reported value (1.50 eV) of TMDCs materials [3% 3% 321,

The density of states (DOS) plots of MoSe, and MoTe,
materials are shown in figures-4(a & b) respectively,
where horizontal dotted line separated the up-spin and
down-spin states, while vertical dotted line represents the
Fermi energy level. The DOS of spin states are plotted
along the y- axis and their corresponding energy values are

taken along the x- axis.

DOS plot is used to study the electronic properties as well
as magnetic properties of material. It tells that how many

electronic states are available at each energy level. At the

Fermi energy level, Mo atom has dominant contribution
than of Se atom in MoSe, material. Likewise, in MoTe,
material, Mo atoms in material have leading contribution
than Te atoms. It means, up-and down- spin states of Mo
atoms have higher peaks than of others atoms, which
reflects that there will be a greater number of unoccupied
orbitals of atoms. We have estimated the band gap energy
of both materials in materials in DOS plots. It is found that
band gap energy of MoSe;, has value 1.52 eV, and band gap
energy value of MoTe, has value 1.50 eV. These both
values are approximate band gap energy values obtained
from the band structure plots of MoSe, and MoTe,
materials. Thus, the DOS calculations also confirmed that
considered materials are direct band gap p-type
semiconductors. The estimated band gap energies of both

materials are given in Table-2.

Energy (eV)

K
Symmetric points

(@)

Energy (eV)

Symmetric points

(b)

Figure 3: (Color online) band structure plots of: (a) MoSe, material,

and (b) MoTe, material. Horizontal dash line at zero represent Fermi
level and vertical dash line represent high symmetric points.

d. Magnetic properties

To determine a material's magnetic characteristics, density
of states (DOS) and partial density of states (PDOS)

analyses can be performed. DOS plot shows how many
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Figure 4: (Color online) Density of states (DOS) plot of MoSe, and

MoTe, of materials; (a) DOS of MoSe, material, (b) DOS of MoTe,

material.

Table 2: Band gap energy of MoSe, and MoTe, materials, which

are estimated from the analysis of materials band structure and

DOS pilots.
Materials From band structure From DOS plots
Estimated | Reported values | Estimated Reported
values values values

MoSe, 157eV |150eV[31,32]| 1.52eV 1.50 eV
[31,32]

MoTe, 152eV |150eV[31,32]| 1.50eV 1.50eV
[31,32]

electronic states are available within a material at each
energy level. Similarly, PDOS plot describes which spin
states in the orbital of atoms contribute the magnetic
moment in the system(®l, If the up-and down-spin states of
electrons in the orbitals of atoms are symmetrically
distributed around the Fermi energy level, then the
materials have non-magnetic properties. But, the
asymmetrically distributed spin states of electrons in the

orbitals of atoms indicate that materials have magnetic

properties The PDOS plots of MoSe, and MoTe,
materials are illustrated in figures-5(a & b) respectively. In
figures, it is seen that PDOS states are taken along the y-
axis, and their corresponding energies are taken along the x-
axis. The horizontal dash line in both plots distinguished
the distributed up-and down- spin states, while vertical
dash line indicates the Fermi energy level, which separates
the valence band and the conduction band. The left-hand
side region from the dotted line is called the valence band
and right-hand side region for the dotted line is called the
conduction band.

Based on the DOS plots of MoSe, and MoTe, materials
are shown in figures-4(a & b), it is seen that up-and down-
spin states of total DOS are symmetrically distributed
around the Fermi energy level. Hence, they are non-
magnetic materials. The details analysis of magnetic
properties in MoSe, and MoTe, materials are studied on
the basis of their PDOS plots, which are illustrated in
figures-5(a & b) respectively. Electronic configuration of
Mo, Se, & Te atoms in MoSe; and MoTe, materials are [Kr]
4d° 5st, [Ar] 3d'° 452 4p*, and [Kr] 4d'° 552 5p*, respectively.
The valance electron of the Mo atom exists in 4d and 5s
orbitals, Se atom contains 4p orbital and Te atom has 5p
orbital. In figure-5(a), it is seen that electronic structure of
MoSe,
between 4d orbital of Mo, 4d,,, 4d®, and 4d,?> have

highest contribution of magnetic moment near the Fermi

monolayer is dominated by the hybridization

energy level. Further, we have observed the PDOS of Se
atom, it is found that 4py, 4px and 4p, sub-orbitals have
greater contribution of magnetic moment than other sub-
orbitals near the Fermi region. From the analysis of PDOS
plot of MoSe,, it is revealed that up-and down-spin states in
the individual orbitals of Mo and Se atoms are
symmetrically distributed around the Fermi energy level.
The total magnetic moment given by all up-spin states
have equal to total magnetic moment given by all down-
spin states. The resultant value of magnetic moment is zero
(0 uB/cell). Hence, MoSe, has non-magnetic properties.
Similarly, figure-5(b) illustrates the PDOS plot MoTe;. In
this graph, it is seen that the Mo has similar contributions

as to that of MoSe,. From the PDOS of Te atoms, it is
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found that 5Sp-orbital has greater contributions for the
production of magnetic moment than other orbitals in the
material. In details, 5py, 5px and 5pz sub-orbitals of Te
atoms have dominant contribution for the production of

magnetic moment.

o

DoS (states/eV)

o & A

%)

ob -4

Energy (eV)

@)

T

materials, it is confirmed that both materials have non-
magnetic nature. The detail calculations of magnetic

moment of both materials are given in Table-3.

Table 3: Magnetic moment () contributed by 5s, 4d,y, 4d,,, 4d,,, 4d,2,
4d,2 orbitals of Mo atoms, 4s, 4p,, 4p,, 4p,, 4d, orbitals of Se atoms,
and 5s, 5p,, 5p,, 5p,, 4d,? orbitals of Te atoms presented in MoSe, and

MoTe, materials.

spin up

spin down

DosS (states/eV)

L 1 L 1 L 1
1 2 3 a

Energy (eV)

(b)

Figure 5: (Color online) Partial density of states (PDOS) plot of
MoSe, and MoTe, of materials: (a) PDOS of MoSe, material, (b)
PDOS of MoTe, material. In both plots, vertical dotted line
represents the Fermi energy level which separated the
electronic bands.

Similar like MoSe, material, it is found that up-and down-
spin states of individual orbitals of Mo and Te atoms of
MoTe, material are symmetrically distributed around the
fermi energy level. It means, total magnetic moment given
by up-spin are cancelled out by the magnetic moment
given by total down-spin states, and hence resultant
magnetic moment in the system is zero (0 pB/cell). Thus,

MoTe, has non-magnetic properties. Therefore, from the
analysis of DOS and PDOS plots of MoSe, and MoTe,

: Orbitals / Materials MoSe, MoTe,
Up-spin | Down-spin | Up-spin | Down-spin
n of 5s_Mo atom (pg/cell) 0.01 -0.01 0.00 -0.00
= p of 4dy,_Mo atom (ug/cell)] 8.00 -8.00 8.01 -8.01
J ; ::: w of 4dy,_Mo atom (pg/cell)| 4.00 -4.00 3.90 -3.90
1I- 1 of 4d,, Mo atom (uglcell)| 401 | -4.01 390 | 390
 [— p of 4d,2_ Mo atom (pg/cell)| 8.25 -8.25 8.20 -8.20
: E E; bt of 4, _Mo atom (ps/cell)] 800 -8.00 801 -8.01
4 w of 4s_Se atom (pg/cell) 0.00 -0.00 - -
) u of 4p,_Se atom (pg/cell) 3.00 -3.00 - -
u of 4p,_Se atom (pg/cell) 7.00 -7.00 - -
w of 4p,_Se atom (pg/cell) 3.00 -3.00 - -
— Toos u of 4d,_Se atom (pg/cell) | 0.02 -0.02 - -
p of 5s_Te atom (ug/cell) - - 0.00 -0.00
p of 5py_Te atom (ps/cell) - - 3.00 -3.00
u of 5p,_Te atom (ugs/cell) - - 7.20 -7.20
u of 5py_Te atom (ug/cell) - - 3.00 -3.00
p of 4dy _TeLatom (us/cell) . ) 0.02 -0.02
Total magnetic moment ()| 45.29 -45.29 45.24 -45.24
{1« Net magnetic moment () 0.00 pg/cell 0.00 pg/cell

Conclusions

In summary, we have explored the structural, dynamical,
electronic and magnetic properties of MoSe, and MoTe,
materials by using DFT method. The computational tool
guantum ESPRESSO is used to perform the computations
using GGA with PBE functional.

estimated the bond length between the nearest atoms in

Firstly, we have

structures, and ground states energies of considered
materials. These values are closely agreed with the
reported value of others stable TMDCs materials. Based
on the estimated values of materials, they are found to be
structurally stable. Moreover, we have also examined the
dynamical stability of considered materials through the
calculations of phonon dispersion curves. It is found that

phonon frequencies of MoSe, and MoTe, materials have
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positive values at each symmetric point. Hence, it is also
confirmed that studied materials are dynamically stable.
Furthermore, the electronic and magnetic properties of
MoSe, and MoTe, materials are investigated by the
interpretations of material’s band structure and density of
states (DOS) and partial density of states (PDOS). Both
MoSe, and MoTe, materials have small band gap energies
of values 1.57 eV and 1.52 eV respectively. Also, from the
DOS plots, the band gap energy of MoSe, and MoTe, are
found to be 1.52 eV and 1.50 eV respectively. From the
analysis of both band and DOS calculations, it is
concluded that MoSe, and MoTe, are small band gap
semiconducting materials. The magnetic properties of
considered materials are predicted by the analysis of their
DOS and PDOS plots. In both plots, up-and down-spin
states are symmetrically distributed around the Fermi
energy level. The 4d,?, 4d,? sub-orbitals of Mo atoms, 4p,,
4p,, & 4p, sub-orbitals of Se atoms, and 5py, 5py, & 5p;,
sub-orbitals of Te atoms have dominant contribution for
the production of magnetic moment, but the total magnetic
moment given by up-spin and down-spin are cancelled
out. It reflects that MoSe, and MoTe, have non- magnetic
properties. From the comprehensive study of above-
mentioned properties of MoSe, and MoTe,, they can be
used in optoelectronic, semiconducting, energy storage,

and sensing devices.
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