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The new class of Janus two-dimensional (2D) transition metal dichalcogenides with two different interfaces
is currently gaining increasing attention due to the possibility to access properties different from the typical
2D materials. Here, we show that in-plane anisotropy of a 2D atomic crystal, like ReS2 or ReSe2, allows the
formation of a large number of inequivalent Janus monolayers. We use first-principles calculations to investigate
the structural stability of 29 distinct ReX2−xYx (X,Y ∈ {S, Se}) structures, which can be obtained by selective
exchange of exposed chalcogens in a ReX2 monolayer. We also examine the electronic properties and work
function of the most stable Janus monolayers and show that a large number of inequivalent structures provides a
way to engineer spin-orbit splitting of the electronic bands. We find that the breaking of inversion symmetry
leads to sizable spin splittings and spontaneous dipole moments that are larger than those in other Janus
dichalcogenides. Moreover, our calculations suggest that the work function of the Janus monolayers can be tuned
by varying the content of the substituting chalcogen. Our work demonstrates that in-plane anisotropy provides
additional flexibility in sublayer engineering of 2D atomic crystals.
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I. INTRODUCTION

Symmetry is a powerful unifying principle in science and
the study of symmetry breaking is one of the central ques-
tions in physics. In Janus materials, broken symmetry is
made explicit by the formation of two interfaces with dif-
ferent chemical compositions and, hence possibly, dissimilar
properties [1]. While such a concept was initially realized
at the micrometer scale with spherical glass beads [2], more
recently, atomically thin Janus materials became reality by
engineering of two-dimensional (2D) atomic crystals like
graphene and transition metal dichalcogenides (TMDs) [3–8].
The latter are built of sandwich-like layers in which an atomic
plane of transition metals is embedded between two planes
of chalcogen atoms, and it has been shown that it is possible
to produce Janus TMD layers in which these outer planes
are made of different chalcogens. In their pioneering work,
Lu et al. have successfully synthesized Janus MoSSe with a
spontaneous out-of-plane dipole by selenization of MoS2 [3]
while Zhang et al. have fabricated a monolayer Janus MoSeS
by sulfurization of MoSe2 [4]. More recently, Sant et al. have
also demonstrated a monolayer Janus PtSeS by sulfurization
of PtSe2 [5]. Janus 2D materials present an interesting contrast
to the idea of stacking 2D materials on top of each other into
van der Waals heterostructures [9]; here instead, one engi-
neers a single monolayer crystal. Janus TMDs in particular
have several interesting properties including a strong Rashba
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spin splitting, second-harmonic response, piezoelectricity and
good catalytic performance [6–8,10].

In most TMDs, all of the chalcogen sites in the same plane
are equivalent due to the combination of C3 and translational
symmetries present in the most common trigonal prismatic
and octahedral phases [11]. We use the example of rhenium-
based TMDs to show that 2D materials with lower symmetry
provide an additional flexibility in the design of Janus mate-
rials, as inequivalence of atomic sites translates into potential
chemical and physical site selectivity. In the case of ReS2 and
ReSe2, the ideal octahedral (T) arrangement of chalcogens
around the transition metal sites, Fig. 1(a), is distorted into
characteristic rhenium chains [12,13], as shown in Fig. 1(b).
In the new structure (T′), breaking of the C3 symmetry leaves
inversion as the only nontrivial symmetry. We use density
functional theory calculations to assess the energetic stability
and electronic structure of ReS2−xSex and ReSe2−xSx mono-
layer crystals obtained by exchanging chalcogen species in
inequivalent sites in one of the chalcogen planes. We show
that in rhenium TMDs this allows the formation of a large
number of different Janus monolayers. We identify the most
stable structures, discuss their dynamical stability and inves-
tigate their work function and electronic properties, including
the spin-orbit splitting and out-of-plane dipole moment aris-
ing due to broken inversion symmetry in the Janus layers.
Notably, in ReSSe we find the dipole moment to be about four
times larger than that reported for other Janus TMDs [14,15].

Note that several different distortion-driven unit cells,
some of which are only metastable, have been observed in
TMDs [11,16,17]. All of the distorted unit cells share the
two features relevant here: (i) the C3 symmetry of the ideal T
phase is broken while (ii) the inversion symmetry is preserved.
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FIG. 1. Top view of (a) ideal trigonal structure (T) of monolayer
transition metal dichalcogenides; (b) distorted trigonal phase (T′) of
ReX2, X = S, Se, with green (yellow) balls indicating the positions
of rhenium (chalcogens). The green and red rhombi indicate the unit
cells of the two structures, with a and b marking the lattice constants
for the T′ structure. The inset in (b) highlights the four inequivalent
chalcogen sites on the same chalcogen sublayer, which are numbered
from 1 to 4 and referred to as 1, 2, 3, and 4, respectively. The dashed
rectangle marks the rhenium chains in the T′ phase along the hori-
zontal direction. (c) Brillouin zone of monolayer ReX2 highlighting
the full k-path used to plot the band structures in Fig. 4 and 5.

Hence, our conclusions regarding the potential richness of
Janus monolayers of ReX2−xYx can be generalized to these
other distorted structures.

II. METHODS

Calculations are carried out using density functional the-
ory (DFT) [18] as implemented in the QUANTUM ESPRESSO

simulation package [19,20]. The Kohn-Sham wave functions
and energies are calculated using the local density approxima-
tion (LDA) in the Perdew-Zunger parametrization [21], using
a plane-wave basis with energy and charge density cutoffs
of 60 and 360 Ry, respectively. Projector augmented-wave
pseudopotentials [22] are used to describe the core-valence
interactions. The structural relaxation is performed until the
force on each atom is smaller than 0.005 eV/Å. The Brillouin
Zone integration is sampled following the Monkhorst-Pack

scheme [23], using 9 × 9 × 1 and 13 × 13 × 1 k-point grids
for the ionic optimization and the electronic structure analysis,
respectively. To avoid spurious interactions between periodi-
cally repeated slabs, the vacuum region is set to 25 Å, and
dipole corrections were included to eliminate artificial elec-
trostatic effects. When calculating the formation energies, we
have checked that for an enlarged unit cell (for example, with
the lattice constant doubled from a to 2a), the conclusions
regarding the energetic stability follow the same trend.

For more accurate band gaps, we have employed the
HSE06 hybrid functional [24,25], instead of the more com-
putationally expensive GW methods [26–28], starting from
the exchange-correlation energy expressed by LDA, including
spin-orbit coupling.

The phonon band structures were calculated using density
functional perturbation theory (DFPT) [29] in the QUANTUM

ESPRESSO code. The dynamic matrix was estimated on a
4 × 4 × 1 q-point mesh in the Brillouin zone; such sampling
is found to be sufficient for obtaining well-converged results.
The dynamical matrices at arbitrary wave vectors were ob-
tained using Fourier transform-based interpolation to obtain
phonon dispersion along the same wave vector path as the
electronic band structures.

The crystal orbital Hamilton populations (COHP) [30] pre-
sented in Ref. [31] were computed using the LOBSTER code
[32,33]. We employed the local basis function as given by
Bunge [34] for the projection of the 3s and 3p orbitals for
S, 4s and 4p for Se, and 5s, 6s, 5p, and 5d for Re atoms. For
the charge density analysis, we performed integrations of the
electronic charge of the atoms following Bader charge method
implemented in Henkelman’s code [35–38].

III. RESULTS AND DISCUSSION

A. Energetic stability and structural properties

We start our discussion with a closer look at a unit cell of
monolayer ReX2, X= S, Se, as shown in the inset of Fig. 1(b).
Due to a Jahn-Teller distortion, the lattice vectors of the dis-
torted T′ structure are approximately twice as large as in the
ideal T phase and the unit cell contains 12, rather than 3,
atoms: 4 rheniums and 8 chalcogens [12,13]. As inversion is
the only point group symmetry element still present, all four
of the chalcogen sites on the same side of the transition metals
(either above or below) are inequivalent. We highlight one set
of such sites in the inset of Fig. 1(b) and number them as 1,
2, 3, and 4. The low symmetry of the unit cell of monolayer
rhenium dichalcogenides results in a Brillouin zone, which is
a distorted regular hexagon, as shown in Fig. 1(c), where we
have labeled the inequivalent corners and centers of sides and
marked a path in the momentum space used to plot the band
structures later on.

In the bulk, the inequivalence of chalcogen sites has
been observed explicitly by studying the Raman spectra
of ReSe2−xSx alloys containing low levels of sulfur [39]
and investigating ReSe2 using tunneling microscopy [40].
In the former study, four different Raman bands arising
from the local vibrational modes of sulfur atoms were ob-
served, corresponding to substitutions occupying each of
the sites. Interestingly, because in ReX2 the valence band
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maximum is predominantly built from in-plane rhenium d or-
bitals [13,41], a unique coupling develops between the crystal
thickness and in-plane anisotropy of the electronic dispersion:
the anisotropy increases as the crystal is thinned down and
reaches maximum in the monolayer [42]. This suggests that
rhenium TMD monolayers are an ideal platform to explore
how in-plane anisotropy of 2D crystals can be used to engineer
novel atomically thin Janus materials.

Recently, Janus TMD monolayers have been produced by
exchange of chalcogens in the layer above the transition met-
als either by sulfurization of a selenide [4] or selenization
of a sulfide [3]. In particular, Zhang et al. demonstrated a
fine degree of control over the sulphurization of MoSe2 as a
function of the temperature of the process [4]. An even greater
degree of control was achieved by Lin et al. who used pulsed
laser deposition [43] and tuned kinetic energy of Se plasma to
determine conditions for the formation of high-quality Janus
WSSe monolayers at temperatures below 300 ◦C.

In hexagonal TMDs, such processes cannot distinguish
between various chalcogen sites as they are related by the
C3 rotational symmetry and lattice translation. However, as
in ReX2 the chalcogen sites 1–4 are inequivalent, it could be
possible to devise a process which will exchange the chalco-
gens selectively rather than en masse. In the rest of the paper,
we use the notation ReX2−xYx(i, . . . , j), with concentration
x ∈ (0.25, 0.5, 0.75, 1), to denote a monolayer of ReX2 in
which 4x of the X atoms in positions i, . . . , j ∈ (1, 2, 3, 4)
as marked in the inset of Fig. 1(b) have been substituted
with Y chalcogens. In this notation, x/2 is the fraction of
all chalcogen sites that have been exchanged and, for exam-
ple, ReSe1.5S0.5(1,3) denotes a ReSe2 monolayer in which
selenium atoms in positions 1 and 3 have been replaced by
sulfur. For Janus layers in which all of the top four chalcogens
have been substituted, the indices and substitution positions
can be omitted without loss of clarity. Moreover, since in
our calculations we model free-standing monolayers, the two
“full Janus” structures, ReSeS and ReSSe, are structurally and
electronically equivalent. In total, we obtain 29 distinct Janus
structures and we present the formation energies for all of
them as well as those of pristine ReS2 and ReSe2 monolayers
in Fig. 2 (in Ref. [31], we also present the data from Fig. 2
in the form of the binary convex hull, Fig. S1, in which the
formation energies of the Janus monolayers are directly com-
pared to those of the pristine ReS2 and ReSe2 monolayers).

To evaluate the energetic stability of our structures, we
have calculated the formation energies Ef per formula unit
(f.u.),

Ef (ReX2−xYx ) = ETot (ReX2−xYx ) − ETot (ReX2)

− (2 − x)ETot (X ) + xETot (Y ), (1)

where ETot is the total energy of each compound and (X,Y ) ∈
(S, Se) are the chalcogen species. For the pure elements S
and Se, we have taken as reference formation energies of
their most stable crystalline phases at ambient conditions
(monoclinic for Se and orthorhombic for S). The results in
Fig. 2 show that the pristine ReS2 and ReSe2 monolayers
have, respectively, the lowest (−7.77 eV per f.u.) and the
highest (−5.15 eV per f. u.) formation energies among all
the investigated structures. The formation energies of all the

FIG. 2. Formation energies of 29 ReS2−xSex and ReSe2−xSx

Janus monolayers of rhenium dichalcogenides considered in this
work as well as the pristine ReS2 and ReSe2. In the left half of the
figure, number of Se atoms in the top chalcogen layer increases from
left (x = 0) to right (x = 1). In the right half of the figure, number
of S atoms in the top chalcogen layer increases from right (x = 0) to
left (x = 1). The insets zoom in on the formation energies of layers
with the same chemical formula. The red diamond denotes the most
stable structure for a given S/Se concentration and the numbers in
brackets identify the corresponding atomic configuration.

Janus layers fit between these two values, with energetic sta-
bility decreasing (and the value of Ef increasing) linearly with
the increasing of the selenium content. This suggests that it
is energetically more convient to engineer the Janus mono-
layers by sulfurization of ReSe2 rather than selenization of
ReS2.

The formation energy of a full Janus layer ReSSe is
−6.30 eV, which is close to the mean value (−6.46 eV) of
the formation energies of the pristine monolayers. We have
checked that, for ReSSe, our calculations predict the same
formation energy, irrespectively of whether we consider a sel-
enized ReS2 or a sulphurized ReSe2. All other structures with
the same chalcogen concentrations have different formation
energies because, as suggested by the in-plane anisotropy of
rhenium dichalcogenides, exchange of chalcogens on each
of the four inequivalent sites corresponds to dissimilar en-
ergy costs. The formation energies of the ReS1.75Se0.25(i)
structures, x = 0.25 in the left half of Fig. 2, show that
ReS1.75Se0.25(1) is the most stable (Ef = −7.46 eV per
unit cell), followed by ReS1.75Se0.25(2), ReS1.75Se0.25(3) and
ReS1.75Se0.25(4) with formation energies higher by 4, 40, and
86 meV, respectively. Similar site ordering, 1 → 2 → 3 → 4,
is seen for a step-by-step selenization of ReS2 into ReSSe
as ReS1.75Se0.25(1), ReS1.5Se0.5(1,2), and ReS1.25Se0.75(1,2,3)
are the most stable structures for x = 0.25, 0.5, and 0.75,
respectively. To note, the very small energy difference be-
tween ReS1.75Se0.25(1) and ReS1.75Se0.25(2) means that both
configurations are likely to form for the x = 0.25 of se-
lenide concentration. Notably, as seen from the location of
sites 1 and 2 in Fig. 1(b), exchange of sulfur to selenide
is preferential at the chalcogen sites between the rhenium
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chains. This is in agreement with the observations of pref-
erential Se locations in ReS2−xSex alloy [44]. Overall, we
find that for a Se atom substituting sulfur, the distances
to its three nearest rhenium atoms increase by as much as
5.5%.

The energy ordering of the chalcogen sites preferred during
sulfurization of a ReSe2 monolayer, right half of Fig. 2, is re-
versed with respect to that discussed for ReS2−xSex: the most
stable configurations are ReSe1.75S0.25(4), ReSe1.5S0.5(3,4),
and ReSe1.25S0.75(2,3,4) for x = 0.25, 0.5, and 0.75, respec-
tively. Similarly, for the ReSe1.75S0.25 structure, the energetic
stability of the sites follows the sequence 4, 3, 2, and 1 from
the most to the least stable—inversed as compared to that of
the ReS1.75Se0.25 monolayer. Together with the earlier results
for selenization of ReS2, this means that the energetics of
chalcogen substitution at any of the inequivalent sites can be
considered effectively independent of what chalcogen species
occupy the other sites. Moreover, such energetic ordering of
the sites implies that sulfur prefers to substitute selenide at
atomic positions located within the rhenium chains rather
than between them. This can be explained by the difference
in the size of the chalcogen species and the distorted struc-
ture of the T′ phase. Due to the distortion, as compared
to the T phase, the bond lengths between rhenium atoms
and the chalcogen atoms between the chains (sites 1 and
2) are stretched while the bond lengths between rheniums
and the chalcogens within the chain (sites 3 and 4) are
shortened. Therefore, it is energetically easier to accommo-
date bigger chalcogen species (Se) between the chains as
there is more space available as compared to within the
chains. At the same time, the smaller chalcogen species (S)
can fit within the rhenium chains with less effort against
the local strain. We find that when one sulfur replaces
a selenide atom, the bond length is shortened by 5.3%
on site 1, compared to a value of 4.8% on the other sites. To
note, the energetic order of chalcogen vacancies in ReX2 fol-
lows the sequence 4, 3, 2, 1 [45,46], the same as for exchange
of Se to S. In both cases, the order is dictated by the preference
for atomic sites corresponding to smaller volume in the lattice
to minimize strain (either due to an empty site or substitution
by an atom smaller than Se). The same mechanism reverses
the site ordering for selenization of ReS2 to accommodate
larger Se atoms in place of smaller S.

We have investigated whether exchange of the chalcogen
species leads to significant changes in the bond strength by
computing the crystal orbital Hamilton populations (COHP)
[30] for the three shortest chalcogen-rhenium bonds for
each of the chalcogen sites for ReS2 and ReS1.75Se0.25(1).
COHP partitions the band structure energy into orbital-pair
interactions and can be interpreted as a “bond-weighted”
density-of-states between a pair of atoms. It indicates the
bonding character of states at given energy and its energy
integral shows the contribution of a specific bond to the
band energy and hence provides information about the bond
strength. Our results presented in Fig. S2 in Ref. [31] show
little change in the COHP upon the exchange of one S to
Se, indicating very similar bonds in both monolayers despite
their significant lengthening in ReS1.75Se0.25(1) as compared
to ReS2. This suggests that interpretation of our results in
terms of strain and chalcogen sites which can more readily

FIG. 3. In-plane lattice parameters a (circles) and b (triangles) of
ReS2−xSex and ReSe2−xSx monolayers as a function of the concen-
tration x. See Fig. 1(b) for the schematic drawing of the unit cell.

accommodate the larger/smaller chalcogen species does cap-
ture the essential physics.

The impact of the size of the chalcogen species on the
structure of the Janus monolayer can also be seen by compar-
ing their in-plane lattice constants, a and b, shown in Fig. 3 for
the pure monolayers and the most stable Janus crystals. Both
vary nearly linearly between ReS2 and ReSe2 with chalcogen
composition conforming to Vegard’s law, which postulates
the existence of a linear relationship between the crystal lat-
tice constant of an alloy and the varying concentration of its
constituents [47]. The lattice constants aReX2−xYx , bReX2−xYx of a
Janus monolayer ReX2−xYx can be determined as

lReX2−xYx =
(

1 − x

2

)
lReX2 + x

2
lReY2 , (2)

where l = a, b, (X,Y ) ∈ (S, Se), aReS2 = 6.27 Å, bReS2 =
6.36 Å, aReSe2 = 6.53 Å, and bReSe2 = 6.67 Å. For exam-
ple, for the full Janus monolayer ReSSe, aReSSe = 1

2 (aReS2 +
aReSe2 ) = 6.40 Å, in agreement with our ab initio calculations.

Finally, apart from thermodynamic stability of the studied
Janus monolayers, we also investigate their dynamic stability
by studying their phonon spectra. In Fig. 4, we show the
phonon band structures for three selected materials: pristine
ReS2, ReS1.5Se0.5(1,2) and ReSSe, calculated along the wave
vector path as shown in Fig. 1(c). We do not observe any
appearance of imaginary energy solutions, indicating no in-
stabilities or softening of the phonon modes. We suggest that
this is because the low symmetry of the pristine ReX2 com-
pounds easily accommodates small distortions of bonds due
to S ↔ Se substitutions. Spectra for all the structures are very
similar in the range of small wave numbers, ν̃ � 150 cm−1.
At higher wave numbers, exchanging S to Se in ReS2 lowers
the energy of optical phonons which leads to vanishing of the
gap present in ReS2 around ∼250 cm−1 and flattening of their
dispersion. This is due to the heavier mass of Se as compared
to S [39].
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FIG. 4. Phonon spectra of ReS2 (left), ReS1.5Se0.5(1,2) (center), and ReSSe (right) along wave vector path as indicated in Fig. 1.

B. Electronic properties

Following our discussion of the stability of the various
ReX2−xYx Janus monolayers, we discuss the electronic proper-
ties of only the most stable structures for each concentration.
Figure 5(a) presents the band structures of these ReX2−xYx

systems, from the pristine ReS2 and ReSe2 monolayers on
the left (top and bottom row, respectively) to the full Janus
structures, ReSSe and ReSeS, on the right. The momentum
path through the Brillouin zone is chosen as indicated with the
red arrows in Fig. 1(c). As anticipated, the bands of ReSSe
and ReSeS (right-most column) are identical. Due to the in-
trinsically present inversion symmetry, the bands of both the
pristine ReS2 and ReSe2 monolayers (left-most column) are
spin-degenerate. Also, within our computational framework,
both are indirect band gap semiconductors: the conduction
band minimum (CBM) is found at � whereas the valence
band maximum (VBM) is located slightly away from it. This
is in agreement with other works using similar methodol-
ogy [42,48] although a direct band gap has been predicted
at the GW level [49] (interestingly, the latter also predicts
direct band gaps in the bulk while experiments suggest this
is not the case [50–53]). All of the Janus monolayers inherit
the CBM location as well as the shape of the valence band
around � from the pristine structures and remain indirect band
gap semiconductors. However, exchange of any chalcogens
only on one side of the transition metals breaks the inversion
symmetry so that spectra of all Janus monolayers display
band splitting due to spin-orbit coupling. While in general
this splitting increases as the concentration of the substitut-
ing chalcogen (and hence the extent of inversion symmetry
breaking) increases, for a given momentum it does not sim-
ply grow linearly in magnitude from either of the pristine
structures to the full Janus monolayer. In Fig. 5(b), we show
the momentum-resolved 2D maps of the spin-splitting of the
nondegenerate lowest conduction and highest valence bands
across the whole Brillouin zone and list the maximum conduc-
tion and valence band splittings, �CB and �VB, respectively,
for all the Janus structures. Notice that, in the valence band
in particular, the regions of the Brillouin zone with the largest
splitting change from one structure to the next and are not al-
ways found in the vicinity of high-symmetry directions in the
Brillouin zone. Moreover, the largest possible valence band
splitting �VB is produced in ReSe1.25S0.75(2, 3, 4) rather than
in the full Janus monolayer ReSSe. This suggests sublayer

atomic engineering of two-dimensional crystals as a potential
strategy of tailoring the momentum-dependence of spin-orbit
coupling.

While the band structures presented in Fig. 5 have been
obtained in the LDA approximation, this method is well-
known to provide underestimated band gaps. We performed
additional calculations with HSE-type hybrid functional to
produce more reliable band gap estimates. We list the LDA
and HSE values for the most stable ReS2−xSex and ReSe2−xSx

monolayers in the first two columns of Table 1. Overall, the
LDA band gaps are enlarged by about 50% when HSE is used.
Upon substitution of ReS2 (ReS2) with Se (S), the band gap
decreases (increases), reaching the value of 1.86 eV for the
full Janus monolayer. However, unlike the lattice constant,
which follows Vegard’s law, the band gap does not show
a linear change with concentration since the band gaps of
ReS1.25Se0.75 and ReSe1.25S0.75 are sightly larger than or equal
to those of ReS1.5Se0.5 and ReSe1.5S0.5, respectively (see
Table I).

For the pristine ReS2 and ReSe2, our LDA gap values are
in a good agreement with the previously reported DFT calcu-
lations [42,48]. The more accurate values for the band gaps
of the pristine single layers have been also calculated using
the GW method, yielding 2.38 [48,49], 2.09 [48], or 2.05 eV
[49] for ReS2 and ReSe2, respectively. Our HSE calculations
underestimate these GW values by approximately 13%.

TABLE I. LDA and HSE band gaps (in eV) as well as the
magnitude of the dipole moment, |p|, (in Debye) of ReS2−xSex and
ReSe2−xSx monolayers. The band gap values are calculated with
spin-orbit coupling taken into account.

Structure LDA gap HSE gap |p|
ReS2 1.39 2.06 0.00
ReS1.75Se0.25(1) 1.28 1.92 0.14
ReS1.5Se0.5(1,2) 1.24 1.88 0.30
ReS1.25Se0.75(1,2,3) 1.26 1.89 0.50
ReSSe / ReSeS 1.24 1.86 0.71
ReSe1.25S0.75(2,3,4) 1.16 1.76 0.56
ReSe1.5S0.5(3,4) 1.16 1.76 0.39
ReSe1.75S0.25(4) 1.19 1.79 0.21
ReSe2 1.18 1.78 0.00
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FIG. 5. (a) LDA band structures of ReS2−xSex (Top) and ReSe2−xSx . (Bottom) monolayers calculated including spin-orbit coupling along
wave vector path as indicated in Fig. 1. The two uppermost valence subbands and the two lowest conduction subbands are shown in indigo and
red, respectively. (b) Spin-orbit splitting of the lowest conduction band (top row) and the uppermost valence band (bottom) across the whole
Brillouin zone; �CB and �VB denote the maximum splitting in each band for each structure. The top view of each structure is shown in the
middle row.

Another consequence of inversion-symmetry breaking is
the formation of an out-of-plane dipole moment, p, which
arises due to the difference in electronegativities between
the S and Se species [3,14,15,54] and points towards the
chalcogen layer with a greater concentration of selenium. The
magnitude of p increases with increasing concentration of the
substituting chalcogen, x, reaching maximum, |p| = 0.71 D =
0.15 eÅ, where e is the magnitude of electron charge, in the
full Janus monolayer. We list the dipole moment for the most
stable structures (as well as, for explicit comparison, for the
pristine structures which have no dipole moment) in Table 1.
We compare the electron density distribution in the pristine
ReS2 (|p| = 0) and ReS1.5Se0.5(1,2) (|p| = 0.3 D) in Fig. 6.
Incorporating Se in place of S leads to a decrease of the
electron density around the respective Se atomic sites and a

transfer of charge, mainly to the rhenium atoms. The electron
density around the S sites in the same chalcogen layer as
the Se atoms is effectively unchanged. As shown by Bader
charge analysis [35,55] presented in Table S1 of Ref. [31],
the charge redistribution due to S ↔ Se exchange at a given
site is only weakly affected by the changes in the atomic
species occupying chalcogen sites in the vicinity. We find that
the dipole moment values of Janus ReSSe/ReSeS are about
four times as large as the values of their MoSSe and WSSe
analogues [14,15].

C. Work function

The exchange of chalcogen atoms also modifies the work
function of the material. In Fig. 7, we show using the blue and
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FIG. 6. Topology of the electron charge density distribution in
(a) pristine ReS2 and (b) ReS1.5Se0.5 monolayers plotted with the
same isovalue.

red circles the work function �, taken here as the difference
between the vacuum level and the valence band maximum, for
all of the stable ReX2−xYx monolayers. We observe two nearly
linear curves which show the work function for selenized
ReS2 (blue circles) and sulfurized ReSe2 (red circles), respec-
tively. For the former, the work function decreases linearly
with the increasing concentration of Se, from 5.90 eV for
ReS2 to 5.14 eV for the full Janus monolayer ReSSe, close to
the work function of the pristine ReSe2 (5.24 eV). Inversely,
the work function of sulfurized ReSe2 increases linearly to the
value of 5.87 eV for the full Janus monolayer ReSeS. The dis-
continuity in � in the center of the graph is a consequence of
the out-of-plane dipole moment p. Recall that we assume here
that exchange of the chalcogens takes place only in the layer
above the transition metals which corresponds to the experi-
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FIG. 7. Work function of ReS2−xSex and ReSe2−xSx monolayers
as a function of the concentration of the substituted chalcogen x.
The blue and red symbols represent the ReS2−xSex and ReSe2−xSx

systems, respectively. The circles denote the work function of the
(top) side in which the chalcogens are being exchanged. The squares
indicate the work function of the (bottom) side composed entirely of
S for ReS2−xSex and Se for ReSe2−xSx .

mental situation of a monolayer crystal resting on a substrate
with its top side exposed. As a result, the full Janus monolayer
ReSSe obtained from ReS2 and ReSeS obtained from ReSe2

have dipole moments p oriented in opposite directions with
respect to the surface which leads to the difference in work
functions (our rigid choice of “up” and “down” breaks the
inversion symmetry which otherwise links the two structures).
Therefore, as pointed out before [14], Janus TMDs provide
interesting opportunities when considering band alignment in
vertical or planar heterojunctions. For completeness, we also
show in Fig. 7 the work functions computed for the bottom
surfaces of all structures, shown using blue and red squares
(and a black dashed line as a guide for the eye) for selenized
ReS2 and sulfurized ReSe2, respectively. For a given structure,
the difference between the work functions indicated with a
square and a circle corresponds to the difference of electric
potential energies of the two chalcogen layers.

IV. CONCLUSIONS

In summary, we have employed first-principles density
functional simulations to study the stability as well as lattice
and electronic properties of Janus monolayers of rhenium
dichalcogenides. We have shown that the in-plane anisotropy
of rhenium dichalcogenides leads to energetical inequivalence
of Janus-like monolayers with the same sulfur and selenium
content. While the selenium atoms prefer occupation of the
interchain chalcogen sites, sulfur favors intrachain sites in-
stead. In general, 2D alloys are thermodynamically preferred
over their 2D Janus counterparts where S and Se atoms are
separated from each other on either side of the (top or bottom)
surfaces. However, recent experimental work demonstrates
significant improvement of the understanding and degree of
control of the chalcogen exchange process, aimed at pre-
venting alloying and realizing Janus geometry [3–5,43,56,57].
This, coupled with the anisotropy-induced inequivalence of
the chalcogen sites means that, at least in principle, in ReX2

it could be possible to selectively exchange only a fraction
of the chalcogens in a layer in contrast to all of them as
is the case for other Janus TMDs. Such a partial chalcogen
substitution provides a way to tune the work function of the
material. Moreover, it enables a gradual breaking of inversion
symmetry and hence engineering of spin-orbit splitting of the
electronic bands in a 2D material. Finally, inversion symmetry
breaking induces out-of-plane dipoles which in the full Janus
monolayer are significantly larger than those reported for
other Janus TMDs. Overall, our findings highlight the unusual
properties of Janus rhenium dichalcogenides and, more gen-
erally, the relevance of in-plane anisotropy when engineering
2D materials.

The data used in this study can be reproduced using the
files available from the University of Bath data archive [58].
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