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prediction of novel Janus T0-RuXY
(X/Y ¼ S, Se, Te) monolayers: structural properties
and electronic structures

Nguyen D. Hien *

Due to the breaking of the mirror symmetry, two-dimensional layered Janus materials possess many

extraordinary mechanical and electronic properties that cannot exist in symmetric structures. In this

paper, we propose and investigate the structural and electronic properties of Janus T0-RuXY (X/Y ¼ S, Se,

and Te) monolayers using the first-principles simulations. Our calculated results indicate that the T0-
RuXY is found to be dynamically and mechanically stable through the phonon dispersion analysis and

examination of elastic properties. The T0-RuXY exhibits high anisotropic elastic characteristics due to its

in-plane anisotropic atomic structure. Besides, the vertical asymmetry of T0-RuXY leads to the

appearance of a difference in the vacuum level between its two different surfaces. At the ground state,

all three structures of the Janus T0-RuXY are semiconductors with indirect bandgaps. The bandgaps of

T0-RuXY can be modulated by a biaxial strain. Particularly, the semiconductor-to-metal phase transitions

are observed in all studied structures at a large compressive strain. Our calculation results not only

provide important structural and electronic features of the Janus T0-RuXY monolayers but also show the

prospect of their application in nanoelectromechanical devices.
1 Introduction

With a strong quantum connement effect, two-dimensional
(2D) structures have many interesting physical properties that
do not exist in bulk forms. Since graphene was discovered
experimentally,1 2D materials with layered structures were of
particular interest to the scientic community.2–4 Many 2D
structures have been experimentally synthesized and theoreti-
cally predicted with anomalous physical properties that differ
from their bulk counterparts.5–9 Among them, transition metal
dichalcogenides are one of the objects that have been focused
on in recent research with many prospects for applications in
nanotechnology.10–13

The atomic structure of 2D monolayers can exist in many
different symmetry forms at the ground state, such as 1T, 2H,
and 3R.14,15 Many 2D materials have a stable structure in the
2H phase (hexagonal structure) and this is also the most
investigated structure according to our observations. However,
RuS2 (and also RuSe2) is one of those unusual materials. Its
hexagonal (2H) and octahedral (1T) phases are unstable while it
is stable only in the T0 phase with an orthorhombic unit-cell
containing six atoms (two Ru and four S atoms).16 Also, 3D
RuS2 and RuSe2 materials belong to the Pa3 symmetry space,16

which are different from most other transition metal
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dichalcogenides. Similarly, the transition metal dioxide RuO2 is
also dynamically stable only in the 1T0 phase.17

The discovery of 2D structures is not limited to symmetric
compounds such as transition metal dichalcogenides or post-
transition monochalcogenides. With advanced experimental
techniques, Janus asymmetrical structures have also been re-
ported recently. The two research groups of Lu18 and Zhang18,19

independently reported the experimentally successful synthesis
of Janus MoSSe material by different methods. 2D Janus struc-
tures have quickly attracted the attention of the scientic
community due to their many unusual physical properties with
bright prospects for applications in nanotechnology.20–22 The
electronic structures of 2Dmaterials are particularly sensitive to
the symmetry of their atomic structure. Once the out-of-plane
mirror symmetry was broken, many new physical properties
were observed in 2D Janus materials.23,24 With the asymmetrical
structure, a built-in electric eld appeared and resulted in
a difference in the electrostatic potential between the two
surfaces of the 2D Janus materials.25 This will affect the pho-
tocatalytic properties of Janus materials.26 In this paper, we
systematically study the structural features and electronic
structures of asymmetrical Janus T0-RuXY (X/Y¼ S, Se, and Te; X
s Y) monolayers by the rst-principles method. Aer opti-
mizing the atomic structure, the structural stability of the
studied materials was tested and evaluated. We have studied
the electronic structure of T0-RuXY using various functionals.
Besides, the inuence of mechanical strain on electronic
properties has also been investigated in this paper.
RSC Adv., 2022, 12, 22671–22677 | 22671
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2 Method and computational details

We use the rst-principles calculations based on the density
functionals to study the structural and electronic properties of
the T0-RuXY (X/Y ¼ S, Se, and Te; X s Y) monolayers. All calcu-
lations are performed in the Quantum Espresso simulation
package.27 The projector-augmented wave method is adopted to
study the ion core–electron interactions.28 We use the generalized
gradient approximation with Perdew–Burke–Ernzerhof (PBE)
functional29 to investigate the exchange-correlation function.
Also, the Heyd–Scuseria–Ernzerhof functional (HSE06)30 is per-
formed to correct the band diagrams of the studied structures.
The DFT-D2 with van der Waals (vdW) correction31 is used to
consider the weak vdW forces in the layered structures. A plane-
wave cut-off is chosen to be 50 Ry and a (15� 15� 1) k-gridmesh
is set to sample the rst Brillouin zone in the present calcula-
tions. The atomic structure of the proposed structure is relaxed
when the residual forces per atom were smaller than 0.001 eV
Å�1. We used a large vacuum distance of 25 Å along the z
direction to eliminate interactions between periodic images of
slabs. The density functional perturbation theory is performed to
evaluate the vibrational spectra of the considered structures.32 A
large supercell of (4� 4� 1) is set for the phonon calculations to
obtain accurate results.

3 Calculated results and discussion
3.1 Atomic structures and structural stability

The atomic structures of the Janus T0-RuXY (X/Y¼ S, Se, Te; Xs
Y) are presented in Fig. 1. There are six atoms in the
Fig. 1 Atomic structure in different views (a and b) and 2D Brillouin
zone (c) of Janus T0-RuXY (X/Y ¼ S, Se, and Te; X s Y) monolayers.
Unit-cell is indicated by a dashed rectangle in (a).

Table 1 Lattice parameters (a, b), elastic coefficients (Cij), and cohesive

a (Å) b (Å) C11 (N m�1) C12 (N m

RuSSe 5.67 3.52 101.07 20.05
RuSTe 5.85 3.60 92.38 21.57
RuSeTe 5.97 3.70 86.61 23.83

22672 | RSC Adv., 2022, 12, 22671–22677
orthorhombic unit-cell (rectangular in 2D projection) of the T0

Janus RuXY, including two Ru and four chalcogen atoms (two X
and two Y atoms). As presented in Table 1, the optimized lattice
constants a and b of RuXY monolayers are in the range from
5.67 to 5.97 Å and from 3.52 to 3.70 Å, respectively. These
increments in lattice parameters a and b conform to the radius
of atoms in the compounds. The lattice constants of T0-RuSSe
are between the values of T0-RuS2 and T0-RuSe2.16

To test the structural stabilities, we rst calculate the cohe-
sive energy of the Janus T0-RuXY to evaluate their chemical bond
strength. The cohesive energy Ecoh of the Janus T0-RuXY is given
by:

Ecoh ¼ Etot � ðNRuERu þNXEX þNYEYÞ
NRu þNX þNY

; (1)

where Etot and Ex are the total energy of the Janus T0-RuXY
structure and the energy of single-atom x (x¼ Ru, X, and Y). Nx is
the atom number x in the unit-cell.

In Table 1, we present the obtained results for Ecoh of the T0-
RuXY monolayers. It is found that the cohesive energies of
RuSSe, RuSTe, and RuSeTe monolayers are �5.97, �5.74, and
�5.54 eV per atom, respectively. From eqn (1), the negative Ecoh
suggests that the T0-RuXY monolayers are energetically
favorable.

To consider the dynamical stabilities of the T0-RuXY struc-
tures, we calculate their phonon dispersions as depicted in Fig. 2.
The investigated structure is conrmed to be dynamically stable
when no somodes are available in its vibrational spectrum. The
phonon dispersions of the T0-RuX, as presented in Fig. 2, contain
18 vibrational branches (3 acoustic and 15 optical branches). No
gap was found between the acoustic and optical vibrational
regions in all three investigated structures. This suggests that the
acoustic–optical scattering in the studied structures is strong. As
a result, the T0-RuXY structures can possess a low thermal
conductivity. The vibrational properties depend strongly on the
atomic size of elements. The elements with higher atomic mass
will vibrate more soly.33 As a result, the phonon frequencies of
energy (Ecoh) of Janus T0-RuXY monolayers

�1) C22 (N m�1) C66 (N m�1) Ecoh (eV per atom)

96.43 40.89 �5.97
77.54 34.64 �5.74
80.45 33.11 �5.54

Fig. 2 Phonon dispersions of RuXY monolayers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the investigated structures decrease with the change of the
atomic mass of the elements in the compound, specically,
RuSSe has the higher vibrational frequencies and the vibrational
frequency of RuSeTe is the lowest as illustrated in Fig. 2. Partic-
ularly, no negative frequencies are found in the vibrational
spectra of all three studied monolayers, suggesting that they are
dynamically stable.

3.2 Mechanical anisotropy

We here examine the mechanical properties of the T0-RuXY
monolayers. The elastic constants are considered as decisive
parameters that can determine other elastic parameters such as
Young's modulus Y2D or Poisson's ratio n and also the
mechanical stability of the investigated structures. We now
evaluate the elastic constants Cij of the T0-RuXY. In the 2D
monolayers, four elastic constants, including C11, C22, C12, and
C66, need to be evaluated. The Cij of the T0 RuXY are tabled in
Table 1. It is found that C11 of RuSSe, RuSTe, and RuSeTe is
101.07, 92.38, and 86.61 N m�1, respectively. Obtained values
indicate that all four independent elastic constants Cij are
positive and C11C22 > C2

12,34 suggesting that the studied struc-
tures are mechanical stable.

The direction-dependent 2D Young's modulus Y2D(a) and
Poisson's ratio n(a) are given by35,36

Y2DðaÞ ¼ C11C22 � C2
12

C11 sin
4
aþ C22 cos4 a� sin2

a cos2 að2C12 �LÞ;

(2)
Fig. 3 Angular-dependent 2D Young's modulus (a) and Poisson's ratio
(b) of the T0-RuSXY monolayers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
nðaÞ ¼ C12

�
A4 þ B4

�� A2B2ðC11 þ C22 �PÞ
C11 sin

4
aþ C22 cos4 a� sin2

a cos2 að2C12 �LÞ; (3)

where L ¼ (C11C22 � C2
12)/C66 and a is the angle formed by the

investigated direction and the x-axis.
In Fig. 3, we show the dependence of Young's modulus and

Poisson's ratio on the examined directions (angular-
dependence) of the T0-RuXY. We show that Y2D(a) and n(a) are
directionally anisotropic due to the lattice anisotropy of the T0-
RuXY. However, the directional anisotropy of Young's modulus
is quite small compared to the anisotropy of Poisson's ratio. The
difference in Young's modulus in different directions is not
large. For example, the minimum and maximum Young's
moduli of RuSSe are 88.09 N m�1 (at a ¼ 90�) and 99.87 N m�1

(at a ¼ 42�), respectively. Meanwhile, Poisson's ratio of the
Fig. 4 The PBE and HSE06 electronic bands of (a) T0-RuSSe, (b) T0-
RuSTe, and (c) T0-RuSeTe.

RSC Adv., 2022, 12, 22671–22677 | 22673
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Janus T0-RuXY exhibits high directionally anisotropic as shown
in Fig. 3(b). It is found that the Poisson's ratio of T0-RuXY is the
highest along the x-axis (a ¼ 0�).
3.3 Electronic properties

We next consider the electronic structures of the T0-RuXY
monolayers. In Fig. 4, we show the band diagrams of the T0-
RuXY examined by the PBE/HSE06 method. It is calculated that
the T0-RuXY monolayers are indirect bandgap semiconductors.
The proles of the calculated band diagrams by the HSE06 and
PBE functionals are almost the same. The evaluated
PBE(HSE06) bandgaps of T0-RuSSe, T0-RuSTe, and T0-RuSeTe are
Table 2 The PBE/HSE06 bandgap Eg (eV), Fermi level EF (eV), differ-
ence in the vacuum levels DF (eV), and work functions on the X-side
(bottom) FX (eV) and Y-side (top) FY (eV) of T0-RuXY monolayers

EPBEg EHSE06
g EF DF FX FY

RuSSe 0.75 1.53 �2.10 0.72 5.75 5.02
RuSTe 0.20 0.78 �1.07 1.35 5.52 4.17
RuSeTe 0.50 1.17 �1.28 0.64 5.25 4.61

Fig. 5 The PBE weighted bands of (a) T0-RuSSe, (b) T0-RuSTe, and (c)
T0-RuSeTe monolayers.

22674 | RSC Adv., 2022, 12, 22671–22677
0.75(1.53), 0.20(0.78), and 0.50(1.17) eV, respectively. The
HSE06 method is known to be the method that gives more
accurate band gap calculation results than the PBEmethod. The
band gaps of T0-RuXY are listed in Table 2.

In Fig. 5, we present the PBE weighted bands of T0-RuXY to
evaluate the contributions of atomic orbitals to their electronic
structures. We can see that, as shown in Fig. 5, the electronic
bands of T0-RuXY monolayers are mainly contributed by the p-
orbitals of the components in the compound, particularly the
Ru-p orbitals. The Ru-p orbitals have a high contribution to
both the valence band maximum (VBM) and conduction band
minimum (CBM) in the electronic bands of T0-RuXY. Besides,
the contributions of the Y-p orbitals to the CBM are also
signicant.

We next evaluate the work functions of the studied structures
based on the calculations for their electrostatic potentials as
presented in Fig. 6. The work function F is the most important
parameter, which can estimate the electron's ability to escape
from the material surfaces. The work function F is dened by:

F ¼ Fv � FF, (4)
Fig. 6 Electrostatic potentials with dipole corrections of T0-RuXY
monolayers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Biaxial strain-dependent PBE band gaps of T0-RuXY
monolayers.
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where Fv is the vacuum level and FF is the Fermi level.
It is well-known that a built-in electric eld is found in the 2D

layered Janus monolayers due to their vertically asymmetrical
structure.25 Then, the dipole correction can be used to eliminate
articial elds caused by periodic boundary conditions.37 When
the dipole correction is used, a difference between the vacuum
levelsDF on the two sides of Janus T0-RuXY is found as shown in
Fig. 6. The value of DF depends on the atomic number differ-
ence between X and Y atoms. The higher the DF, the larger the
atomic number difference. The DF of RuSTe is the highest (1.35
eV) due to the difference in atomic number between S and Te
atoms being the largest compared with others. In Table 2, we
list the calculated results for the work functions on the X sideFX

and the Y side FY. It is found that the value of FX is higher than
that of FY for all three studied Janus structures. This suggests
that the electrons on the Y surface can be escaped more easily
than electrons on the X surface.

The electronic structures of 2D materials are generally
sensitive to changes in their atomic structure. Mechanical
strain is known to be one of the simplest and most effective
ways to alter and control the electronic properties of materials.
In the following, we will investigate the effect of biaxial strains
on the electronic properties of Janus T0-RuXY. Quantitatively, we
suggest the denition for the biaxial strain as 3b ¼ (t � t0)/t0,
where t0 and t are the lengths of the computational cells before
Fig. 7 The PBE band diagrams of the T0-RuSSe (a), T0-RuSTe (b), and T0-

© 2022 The Author(s). Published by the Royal Society of Chemistry
and aer strain. This also means that a positive value of 3b

corresponds to the tensile strain while the compressive strain
corresponds to its negative value.

Fig. 7 shows the electronic bands of T0-RuXY at several values
of the biaxial strain 3b. Our calculated results demonstrate that
the band structures of the T0 RuXY depend strongly on the
applied strains. The strain signicantly changes the band
RuSeTe monolayers under biaxial strains 3b (c).

RSC Adv., 2022, 12, 22671–22677 | 22675
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structures of the investigated structures, particularly in the case
of compressive strain. The semiconductor-to-metal phase
transition was detected when the Janus monolayers were sub-
jected to compressive strain. The band gap changes unpre-
dictably in the presence of strains. Fig. 8 depicts the
dependence of the energy gaps on the strain. It is indicated that
the shape of the graphs describing the strain-dependence of the
energy gaps of the three structures is almost the same. The
tensile strain increases slightly in the energy gap and then
decreases with increasing tensile strain strength. Meanwhile,
compressive strain rapidly reduces the energy gap of the
monolayers. As a consequence, semiconductor-to-metal phase
transitions were found in all three materials within the strain
range from 0 to�10%. The phase transitions are found at�4%,
�6%, and �10% for RuSTe, RuSeTe, and RuSSe, respectively.
Phase transition is an important characteristic of electronic
nanomaterials, which opens up many prospects for their
applications in nanoelectromechanical devices.

4 Conclusion

In conclusion, we have studied the structural properties and
electronic structures of the asymmetric T0 RuXY monolayers by
using the DFT calculations. It was calculated that the T0-RuXY
are dynamically and mechanically stable in the T0 phase with
their phonon spectra containing only positive vibrational
frequencies and elastic coefficients satisfying the Born-Huang's
criterion. All three monolayers of the T0-RuXY structures are
found to be indirect semiconductors and their energy gap can
be controlled by the applied strains. In particular, the semi-
conductor–metal phase transitions were observed when the
monolayers were subjected to compressive strain. Our calcula-
tion results suggest that the T0-RuXY have potential prospects
for applications in nanoelectronic and nanoelectromechanical
devices.
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