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Stable monolayer honeycomb-like structures of RuX, (X =S, Se)
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Recent studies show that several metal oxides and dichalcogenides (M X»), which exist in nature, can be stable
in two-dimensional (2D) form and each year several new M X, structures are explored. The unstable structures
in H (hexagonal) or T' (octahedral) forms can be stabilized through Peierls distortion. In this paper, we propose
new 2D forms of RuS, and RuSe, materials. We investigate in detail the stability, electronic, magnetic, optical,
and thermodynamic properties of 2D RuX, (X =S, Se) structures from first principles. While their H and T
structures are unstable, the distorted T structures (7’-RuX>) are stable and have a nonmagnetic semiconducting
ground state. The molecular dynamic simulations also confirm that 7'-RuX, systems are stable even at
500 K without any structural deformation. 7’'-RuS; and 7'-RuSe, have indirect band gaps with 0.745 eV
(1.694 eV with HSE) and 0.798 eV (1.675 eV with HSE) gap values, respectively. We also examine their bilayer
and trilayer forms and find direct and smaller band gaps. We find that AA stacking is more favorable than the AB
configuration. The new 2D materials obtained can be good candidates with striking properties for applications in
semiconductor electronic, optoelectronic devices, and sensor technology.
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I. INTRODUCTION

Because of the quantum and surface effects, two-
dimensional (2D) or quasi-2D materials have unique physical
properties and are more effective in low-dimensional tech-
nology compared with their three-dimensional (3D) forms.
The best example of this phenomenon is the graphite and
its single atomic plane; namely, graphene. The former shows
semimetallic behavior with ~41 meV band overlap, while
latter is a zero-gap semiconductor with various striking
properties [1,2]. Similar to graphene; silicene [3], boron nitride
(BN) [4-6], and zinc oxide (ZnO) [7,8] have attracted great
interest due to their novel properties which are not observed in
their bulk structures. Nowadays, the other attractive subjects
are transition-metal dichalcogenides (TMDs) and transition-
metal oxides (TMOs) layers [9-15]. The chemical composition
of these materials is M X,, where M is a transition metal and X
is an O, S, Se, or Te atom. Generally, TMD and TMO groups
have an intrinsic band gap in the range of 1-2 eV [16—18]. This
property puts them one step forward in field-effect transistors
and optoelectronic devices compared with graphene-based
devices. While many M X, bulk structures have an indirect
band gap, their single layers demonstrate direct band gaps
and also they have enhanced photoluminescence and valley
polarization properties [14,18-21].

Several band-gap-engineering studies show that the elec-
tronic band gap can be tuned by applying strain on the material.
Among them, TMDs have high Young’s modulus, so they
are appropriate for strong and flexible electronics applications
[22]. In recent years, researchers have explored multitudinous
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new 2D materials experimentally and theoretically. By using
a first principles approach, Ataca et al. studied the stability
of single layer 3d transition metals from Sc to Ni in M X,
form [12]. Tongay et al. proved that ReSe, exhibits monolayer
behavior in bulk ReSe, due to the electronic and vibrational
decoupling, while electronic bands of ReSe, remain as direct
gap from bulk to monolayer structure [14]. WSe,, TaSe,, and
TaS,; structures were obtained by mechanical exfoliation [23].
Chhowalla et al. prepared transition-metal dichalcogenide
nanosheets by liquid exfoliation and by chemical vapor
deposition [24]. Recently, Heine et al. showed that PdS,
shows semiconducting properties in monolayer form, while
it is semimetallic as a bilayer [25].

Very interestingly, we did not encounter any study about
ruthenium (Ru) layers in M X, form despite of its fascinating
properties. While Ru is a poor catalyst at low pressure [26], it
can show high catalytic properties in excess O, at atmospheric
pressure [27,28]. RuS; is very important for thermal catalytic
processing of nitrogen compounds in petroleum refinement
and it also has interesting photochemical catalytic properties
[29,30]. A RuSe; system was discussed in several studies to
investigate its photoacoustic characterization, thermodynamic,
electronic, and electrocatalytic properties for the oxygen
reduction reaction [31].

Due to the information mentioned above, we carried out a
systematic study of RuS, and RuSe, based on first-principles
density functional theory calculations. On the basis of exten-
sive analysis of stability, we determined that two-dimensional
forms of RuS, and RuSe, are found to be stable.

II. COMPUTATIONAL METHODS

First-principles plane-wave calculations within density
functional theory (DFT) are carried out by using the
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projector-augmented wave (PAW) potential method [32] as
implemented in the Vienna ab initio simulation package
(vAsP) software [33]. The exchange-correlation interaction
is treated by using the generalized gradient approximation
(GGA) in the Perdew—Burke—Ernzerhof (PBE) form [34] for
both spin-polarized and spin-unpolarized cases. A plane-wave
basis set with kinetic energy cutoff of 400 eV is used for
all the calculations. The vacuum spacing between the image
surfaces due to the periodic boundary condition is kept larger
than 25 A. By using the conjugate gradient method, all atomic
positions and lattice vectors in all structures are fully optimized
until all the Hellmann—-Feynman forces on each atom are less
than 0.001 eV//cx and the total energy difference between
two successive steps is smaller than 107> eV. The pressure
in the unit cell is kept below ~0.5 kbar. In addition to
full optimization, we also calculate phonon dispersion curves
by using the finite displacement method (FDM) [35]. The
real values of vibrational mode frequencies over the whole
Brillouin zone (BZ) is regarded as a critical indication of the
structural stability. Brillouin zone integration is realized by a
(15 x 15 x 1) special k-point mesh for monolayer H and T
structures and (7 x 15 x 1) mesh for T’-RuX, cells following
the convention of Monkhorst—Pack [36]. To get more accurate
results, we also perform band dispersion calculations by the
Heyd—Scuseria—Ernzerhof (HSE) hybrid functional [37-39].

The screening length of HSE is 0.2 Ail, and the mixing rate
of the HF exchange potential is 0.25. For bilayer and trilayer
structures, the calculations are performed with van der Waals
correction [40].

III. RESULTS AND DISCUSSIONS

The 3D forms of both RuS, and RuSe; systems crystallize
in cubic pyrite structure with Pa3 space group which is differ-
ent from most of the TMD systems. The structural parameters,
crystallographic configuration, and electronic band structures
of bulk RuX, systems are given in the Supplemental Material
[41]. Figure 1 illustrates the top view of H-, T-, and T’-RuX,
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unit cells together with side and top views of expanded
RuX, structures below them. Our calculations show that the
hexagonal (H) and octahedral (T') phases of RuX, structures
are unstable due to having imaginary phonon frequencies.
Upon the Peierls distortion the 7' phase is transformed into the
distorted T phase; labeled as 7'-RuX, [14,42,43]. These T’
structures include two Ru and four X atoms in orthorhombic
unit cell (i.e., rectangular in 2D projection). Our structures
form chains similar to the ones observed in other T’ structures
including ReS; [14], MoS; [42], and MoTe, [43]. This may
occur due to the similarity of the electronegativities of Ru
(2.20), Mo (2.16), and Re (1.90) atoms. These M X quasi-1D
chains (M 1is the metal and X is the chalcogen) are the
manifestation of the Peierls distortion [44].

We choose orthorhombic cells to construct 7’ structures
with fixed ¢ = 25 A lattice vector. Other two lattice vectors
are determined as follows: a = 5.561 A, b=3.450 A for
RuS, and a =5.789 A, b =3.597 A for RuSe,. These
increments in lattice constants conform to atomic radii and
electronegativities of X atoms, according to Pauli scale; S
(2.58), and Se (2.55). The bonds between Ru and X atoms have
covalent character compatible with the electronegativities. To
determine the strength of cohesion between the atoms, we
calculate the cohesive energy per RuX, unit by using the
following equation:

Econ = [ERy + 2Ex — ERrux,1/2, (1)

where Eg, and Ex are the total energies of free Ru and X
atoms, Eg,x, is the total energy of the RuX, structure. We
estimate the cohesive energies to be 14.279 and 13.189 eV
per RuX, formula unit for 7’'-RuS, and 7’-RuSe, systems,
respectively. These values are larger than that of 7-RuX,
forms and indicate strong cohesion between the constituent
atoms. The larger cohesive energies indicate that 7’ states are
energetically more favorable. Table I includes the optimized
lattice constants and other equilibrium parameters of RuX,
systems for T and T’ phases. The additional crystallographic
data including bond lengths and angles are also given in the
Supplemental material [41].

H-RuX,

T-RuX,

T'RuX,

.“; ’.“z,\‘“')'.“(".“(*

(NS W W W S A
o b 4 8 o L .
A9
A A A, L,

d,tb/,i,i

e ,9
LA O N

LN W W W W )

o 3¢ BC 3¢ B¢ B¢ ¢ B0 o KO OO K K K K o o A A

FIG. 1. The primitive cell and the top and side views of H-, T-, and T'-RuX, structures.
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TABLE I. The equilibrium optimized structural parameters of RuX, (X = S, Se) systems in 7" and 7’ forms: lattice constants, cohesive
and band-gap energies, magnetic moment, charge differences (according to Bader [45] analysis), Poisson’s ratio, and in-plane stiffness [46].

System Lattice (10%) E.on (€V) E, (eV) n(up) p (electrons) Viy/Vyx C./C, d/ m?)

T-RuS, a=>b=23.338 13.544 metal 1.77 Ru =-1.00
S =40.50
T-RuSe, a=b=3475 12.455 metal 1.48 Ru = —0.60
Se = +0.30

T’-RuS, a =5.561 14.279 0.745 PBE 0 Ru; = —0.90 0.295/0.292 99/98
b =3.450 1.694 HSE Ru, = —0.93
San = +0.46

T’-RuSe, a=15.789 13.189 0.798 PBE 0 Ru; = —0.54 0.300/0.286 85/81
b =3.597 1.675 HSE Ru, = —0.58
San = +0.29

To check the dynamical stability of the proposed struc-
tures, we calculate the phonon frequencies along the main
symmetry directions in 2D BZ by using the PHONOPY program
[35], which is based on the finite-displacement method as
implemented in VASP. These calculations were performed by
using (4 x 4) supercells for H and T, and (4 x 6) supercells
for T’ structures. The real values of the phonon mode
frequencies over the whole BZ is regarded as the stability
of the structures. In Fig. 2, we present the calculated phonon
branches of RuX, compounds in the H, T, and T’ structures.
The acoustic branches of H and T structures have large
imaginary modes at almost all directions in hexagonal BZ
indicating vibrational instability. As can be seen from phonon
dispersions of T forms, there are eighteen separated branches
which include three acoustical and fifteen optical branches.

—
~

These nondegenerate modes show that the lattice symmetries
of T-RuX, are broken because of the distortion. All 7/-RuX,
structures have positive phonon frequencies in the whole BZ.
As X atoms get heavier, their highest optical frequencies
becomes lower. As an example, at the I" point, while RuS;
has the highest transverse optical (TO) mode at 13.13 THz,
RuSe; has a TO mode at 9.65 THz. As can be seen from
Fig. 2, the longitudinal and transverse acoustical branches have
linear dispersion while k goes to zero. On the other hand,
out-of-plane ZA (transverse acoustical branch) eigenmode
displays quadratic dispersion around the I" point due to the
fact that the force constants related to the transverse motion of
atoms decay rapidly [47]. The ZA vibration also corresponds to
the ultrasonic wave propagating with the lowest group velocity.
We also present the vibrational densities of states of RuX,. The
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FIG. 2. Ab initio phonon dispersion curves of H, T, and 7’-RuX, systems along the main symmetry directions in the 2D Brillouin zone.

The vibrational density of states are also presented.
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FIG. 3. The electronic band structures and the orbital projected partial electronic density of states of T and 7" structures of RuS, and RuSe,
systems. Two-dimensional Brillouin zones are also presented at the top side.

phonon dispersions have band gaps at various regions. The
RuS; structure has a 0.54 THz band gap around 11.39 THz
and RuSe; has a 0.90 THz band gap around 7.64 THz.

We perform molecular dynamics (MD) simulation of both
RuS; and RuSe; systems in order to verify the structural
stability at elevated temperatures. Here the structures are
kept at 500 K for 2 ps. Molecular dynamics calculations are
performed for 2 x 3 supercells of T’'-RuX, structures. After
MD, the T’ structures are preserved without creation of any
structural dislocations and defects as a verification of rigidness
of the systems. In this case, the bond stretching is also not
remarkable to induce a bond dissociation. These calculations
including the phonon dispersion are the vigorous tests for the
stability of the proposed structures. Furthermore, we calculate
the in-plane stiffness of 7'-RuX, structures and the results
are presented in Table 1. These values are smaller than 2D
H-MoS,, H-MoSe; or their W composites [12], and smaller
than distorted ReS, [48], but comparable to or bigger than
many 2D M X, (for X = S or Se) or silicene, germanene, and
group III-V binary compounds [49].

In Fig. 3, we present 2D Brillouin zones of RuX structures
at the top side and the electronic band structures and partial
density of states of RuS, and RuSe, systems (for 7 and T”).
As seen from Fig. 3, while all T-RuXj;s have ferromagnetic
metallic character with Ru d states crossing the Fermi
level and a net magnetic moment, 7’'-RuX, structures show
nonmagnetic semiconductor properties. A Peierls transition
is also a metal-semiconductor transition [44], so this type
of phase transition also occurs via Peierls distortion in the
present study. 7'-RuS; and 7’-RuSe; have almost same band
structures except band gaps. So, T'-RuS, and T’-RuSe, are
suitable materials for semiconductor electronic, optoelectronic

devices, and sensors with these band-gap values. Both of them
have indirect band gaps as like as their bulk pyrite forms (see
Supplemental Materials [41]), while their T phases are metals.
T'-RuS,; has 0.745 eV energy gap in 2D form, while it has
1.22 [50] or 1.3 €V gap [51] in bulk structure. 7’-RuSe, has a
0.798 eV energy gap; this value is approximately the same as
its bulk pyrite form (0.76 eV) [50]. In Fig. 3, we also present
partial density of states at the right side of band structures.
As seen for all the structures, the major contribution comes
from Ru d orbitals and from p orbitals of X (S, Se) atoms.
The relatively small contribution comes from s orbitals of
X atoms at the upper part of Fermi level and Ru p orbitals
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FIG. 4. d orbital projected partial electronic density of states of
T and T’ structures of RuS; and RuSe; systems.
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below the Fermi level. To investigate the effects of Peierls
distortion on the electronic structure of RuX, in detail, we
plot partial Ru d orbitals in Fig. 4. While e, (d;2, d,>_,>) and
tae (dyy, dx, dy;) orbitals give localized states at the Fermi level
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FIG. 5. Contour plots of the total charge densities of 7" structures of RuS, and RuSe, systems.
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dy;, while dy, and d,, orbitals donate the conduction-band
minimum. This orbital splitting makes RuX, systems stable
semiconductor materials.

In Fig. 5, we present the contour plots of the total charge
densities for T'-RuX, structures together with two slicing
planes labeled by the green color for the charge density of
Ru chains and by the purple color for the charge density of
T'-RuX, bonds. Ru-Ru chains have covalent-type bonding,
but this bond gets weaker with increasing atomic radius (from
S atom to Se atom), so Ru-Ru bond lengths extend from
2.829 A t0 2.910 A. As mentioned earlier, Ru-S and Ru-Se
bonds have covalent-type character due to the similarity of
electronegativities of Ru and X atoms.

We also construct RuX bilayer and trilayers to determine
the effects of layer-layer interactions on electronic structure
of the systems. In Fig. 6, the total energies as a function of

PHYSICAL REVIEW B 94, 155415 (2016)

interlayer distance are presented for two different arrange-
ments; namely AA and AB. For both systems, AA-type
stacking is energetically more favorable than other with
~0.2 eV lower energy. The energy profile indicates a weak
bonding between layers with approximately 2.4 and 2.6 A
equilibrium distances for RuS, and RuSe,, respectively. This
interlayer bonding is expected to be a van der Waals-type
interaction, when both equilibrium distances and energy
scales are considered. Many 2D structures turn to metal
or semimetal in bilayer or multilayer forms, while being a
semiconductor in their monolayer form [25,52]. Our proposed
structures have direct band gaps at the I' point for their
multilayers. AA-type RuS, have 0.364 and 0.274 eV band
gaps for bilayer and trilayer forms, respectively, while the
corresponding gap values of the RuSe, system are 0.422 and
0.232eV.
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FIG. 7. Dynamical dielectric response function ¢(w), reflectivity R(w), adsorption coefficient o(w), and energy-loss spectrum L(w) as a

function of photon energy.
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The dielectric constants, Born effective charges (see Sup-
plemental Materials for BEC [41]), and frequency-dependent
dielectric matrix are calculated for all the T'-RuX, structures
studied, after the electronic ground states are determined.
The optical properties can be estimated from the frequency-
dependent dielectric function e(w), this dielectric function
can be written in two parts as e(w) = &1(w) + iez(w). The
imaginary part of ¢(w) is determined by a summation over
empty states and the real part of the dielectric tensor € is
obtained by the usual Kramers—Kronig transformation. These
methods are explained in detail by Gajdos et al. [53].

Due to the anisotropic cubic cell of T'-Rqu, we found
that the in-plane static dielectric constants €., and €,, are
not equal. The calculated values of €., is 4.87 and 5.51
while €y, is 5.17 and 5.62 for T'-RuS, and T -RuSe,,
respectively. These values are independent of the vacuum
separation used in the calculation. However, the out-of-plane
dielectric constant converges to zero as the vacuum separation
is increased. Instead, we calculated the 2D polarizability
ayp = limy (e — 1)L where L is the vacuum separation
[54]. The values for the 2D polarizability were found to be
1.02 and 1.05 for T'-RuS, and 7 -RuSe,, respectively. The
dielectric constants obtained are at least ~35 % lower than
that of monolayer Mo(W)X, (X =S, Se) [55].

In Fig. 7, we present the frequency-dependent real and
imaginary part of the dielectric function and the linear optical
spectral quantities for 7'-RuX, structures. We also give
the required equations to calculate these properties in the
Supplemental Materials [41]. When we consider the imaginary
parts of dielectric functions and electronic partial density of
states for both T/-Rqu structures, we can see that interior
intra-optical excitations occur between the valence bands
(VBs) and conduction bands (CBs). For T'-RuS,, the threshold
energy of &;(w) is about 0.8 eV, which is similar for T’ -RuSe,.
The first peak of the spectrum is situated around 1.4 and 1.9 eV
for T'-RuS, and T'-RuSe,, respectively. These energy values
are attributed to the interband transitions from Ru d orbitals
in the VB maximum to Rud and X p (X = S, Se) orbitals in
the CB minimum. Other peaks of &;(w) in the range of 2-6
eV come from the excitations between the Ru p and d and
X p states in the VB to Ru 4 and X p states in the CB for
both 7" structures. As seen in Fig. 7, the reflectivity spectra of
T'-RuX, structures have intensity peaks in the range of 1-4
eV, which means that the systems cannot be good optically
transparent materials in the visible region, but according to the
spectra they can be transparent in the UV range. In contrast
with high reflectivity, they exhibit lower absorption under
1.0 eV and the onsets of T'-RuX, appear after 1.0 eV. The

PHYSICAL REVIEW B 94, 155415 (2016)

maximum peaks in the absorption spectra appear at 11.9 and
11.2 eV for T'-RuS, and T’ -RuSe,, respectively. On the other
hand, both structures show relatively good absorbance to use
in photovoltaic applications. L(w) energy-loss spectrum can
demonstrate the collective excitations. From Fig. 7, we see the
two maxima which are occur at 5.9 and 15 eV for T -RuS,
and 5.3 and 14.7 eV for T -RuSe,. These values indicate the
plasmon resonances.

As a final remark, we note that the excitonic effects
are not included in calculations. Excitons, which are tightly
bound electron-hole pairs, can have remarkable effects in the
optoelectronic spectra of the various semiconducting systems.
It was reported that excitons can have ~0.55 eV binding
energy for monolayer MoSe, on graphene [56-58]. The strong
interactions of excitons with electromagnetic fields can alter
the optical behavior of these materials. This phenomenon
is able to bring new perspectives to the optoelectronics
of semiconducting monolayer TMD systems including the
proposed systems in this study.

IV. CONCLUSIONS

In summary, with our first-principles calculations, we
predict two different and new individual components of the
M X, family. The phonon-frequency calculations indicate
that distorted RuX, (X = S, and Se) structures in 7' form
can remain stable as free-standing structures. The stability
is confirmed by molecular dynamics simulation at elevated
temperatures. We hope that these analysis can be an incentive
for experimentalists to exfoliate 2D RuS, or RuSe; systems.
From the technological point of view, their semiconductor
band gaps are very suitable for applications in electronic,
optoelectronic, and sensor technology.
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