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ARTICLE INFO ABSTRACT

Keywords: The structural and electronic properties of ReS, different forms — three-dimensional bulk and
Rhenium disulfide two-dimensional monolayer — were studied within density functional theory and pseudopoten-
Slab

tials. A method for standardizing the description of bulk unit cells and "artificial" slab unit cells for
DFT research has been proposed. The preference of this method for studying zone dispersion has
been shown. The influence of the vacuum layer thickness on specified special high-symmetry
points is discussed. Electron band dispersion in both classical 3D Brillouin zones and transition

Monolayer

Density functional theory
Pseudopotential theory
electronic structure

Density of states to 2D Brillouin zones in the proposed two-dimensional approach using the Niggli form of the unit
molecular orbitals cell was compared. The proposed two-dimensional approach is preferable for low-symmetry
electronic density layered crystals such as ReSy. It was established that the bulk ReS; is a direct gap semi-

conductor (band gap of 1.20 eV), with the direct transition lying in the X point of the first
Brillouin zone, and it is in good agreement with published experimental data. The reduction in
material dimension from bulk to monolayer was conducted with an increasing band gap up to
1.45 eV, with a moving direct transition towards the Brillouin zone center. The monolayer of ReSy
is a direct-gap semiconductor in a wide range of temperatures, excluding only a narrow range at
low temperatures, where it comes as a quasi-direct gap semiconductor. The transition, situated
directly in the I'-point, lies 3.3 meV below the first direct transition located near this point. The
electronic density of states of ReS; in the bulk and monolayer cases of ReS; were analyzed. The
molecular orbitals were built for both types of ReS; structures as well as the electron difference
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density maps. For all types of ReS, structures, an analysis of populations according to Mulliken
and Voronoi was carried out. All calculated data is discussed in the context of weak quantum
confinement in the 2D case.

1. Introduction

Transition metal dichalcogenides (TMDs) have long attracted the interest of a significant number of researchers due to their unique
combination of layered structure and electronic properties, which make them promising for various applications.

Among TMDs, disulfides of molybdenum (MoSs) and tungsten (WS) are the most investigated ones, which were studied as cat-
alysts for hydrogen production by electrochemical decomposition of water [1,2], as part of composites for anodes of lithium-based
batteries [3], as materials for creating gas sensors [4], and transistors of subnanometer “post-silicon” electronics [5], etc. In addi-
tion, cross-doped materials of the MoOs-MoS; system as well as its layered heterosystems are investigated as perspective z-scheme
catalysts [6-8].

At the same time, rhenium disulfide (ReS,) has been studied to a much lesser extent, although the material could be characterized
as very promising according to the published articles at the moment. In addition to the use of nanostructured rhenium disulfide as a
promising (photo) catalyst [9,10], one can note the formation of vertically oriented ReS; nanosheet arrays by chemical vapor
deposition, which is promising for the creation of lithium-sulfur batteries with a small capacity loss per charge/discharge cycle [11].
Also, this material in the ultrathin film form was used in the design of a highly sensitive detector of polarized light [12] and a pho-
totransistor [13]. The possibility of using ReS, to make field-effect transistors [14] is equally intriguing. The most complete gener-
alization of the experimentally and theoretically studied properties of rhenium disulfide and its possible practical applications is
contained in reviews by Rahman et al. [15] and recently by Satheesh et al. [16]. And as far as the authors know, no new review articles
on this material have been published in scientific journals at the moment.

Although rhenium, molybdenum, and tungsten disulfides are layered materials, there are significant differences in their structures:
ReS; crystals belong to the triclinic crystal system [16], while MoS; and WS; crystals are hexagonal [17,18]. The distortion inherent in
the low-symmetry ReS; unit cell makes it a promising material for creating the element base of straintronics. The possibility of
replacing sulfur ions in ReS; with ions of other chalcogens suggests the potential of creating solid solutions of triple rhenium chal-
cogenides with varied physicochemical properties in a relatively wide range of values.

The electronic properties of ReS; and ReSe, have been studied earlier by both calculations and experiments. In the paper [19], ReS;
and ReSe, with distorted 1T structure — 1T’ were studied. It was shown that these materials are indirect semiconductors, calculated
electronic density of states is in good agreement with experimental data obtained by ultraviolet photoelectron spectroscopy, but the
electronic bands dispersion was not calculated. In the paper [20], a monolayer ReSe; with 1T-structure has been studied in both
density functional theory (DFT) and angle-resolved photoelectron spectroscopy (ARPES) approaches. It was shown that Re-5d,-states
and Se-3p,-states do not contribute significantly to the top of the valence band along the K-I'-M (M-I'-M) dispersion directions. In the
paper [21], the narrow-band anisotropic electronic structure of 1T-ReS; was studied in the DFT calculations and in the ARPES
experiment. The authors reported that this material is a direct semiconductor, and Re-5d3,» _;o—states contribute a significant weight
near the valence band maximum. In the paper [22], bulk ReS; and ReSe;, were studied by DFT calculations, and it was shown that this
material is an indirect semiconductor with a complicated band structure and nature of inter- and intraband transitions. These results
are consistent with our own calculations of the crystal structure and electronic properties of bulk ReS, except for the fact that in our
study, ReS; is a direct semiconductor [23]. The problem with direct/indirect semiconductor types in DFT calculations is related to the
opacity data used as input parameters for structure. The used input structures may look similar, but in terms of crystalline symmetry,
they are not close. Even small differences between ionic positions can lead to a change in the electronic band dispersion and semi-
conductor type. In addition, in our work [20], among others, we proposed the hypothesis that this material can exist in a few mod-
ifications with a small difference in structure due to a “smooth” energetic landscape with a few local minima, which also leads to
discrepancies in the analysis obtained the calculated results. Another source of discrepancy is the experimental data. Most authors refer
to two works that describe the experimentally obtained structural properties of rhenium dichalcogenides [24,25]. The main
discrepancy is related to the fact that in the first paper, the ReS; structure contains 6 unique ions [24], while in the second it contains
12 [25]. Thus, consistent and correct analysis of theoretical and experimental investigations in the case of rhenium dichalcogenides is
always difficult. As a result, the electronic bands’ dispersion is inconsistent with true due to high-symmetry points for the first Brillouin
zone (BZ) for hexagonal and triclinic syngonies that do not match. Although such fundamental parameters as band gap width and type
of first electronic transition can be generally reproduced [19-23].

At the same time, the role of rhenium and sulfur ions in the configuration of the electronic structure has not been systematically
studied. Also, the influence of dimensionality reduction from bulk (three-dimensional) to one or a few monolayers (two-dimensional)
on structural and electronic properties practically wasn’t investigated.

Thus, this work aims at solving several problems. Firstly, it proposes a consistent and unified structural model of the ReS; crystal
(and related compounds) for the three- and two-dimensional cases for subsequent numerical calculations. Then the proposed structural
approach will be used to comprehensively and systematically study the electronic properties of bulk ReS, using ab initio methods.
Lastly, to study the influence of the quantum confinement effect when reducing the dimension of the ReS; to the limiting case — a
monolayer. Analyzing the results and comparing them to known data will also be conducted.
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2. Structural model

Bulk rhenium disulfide has a pinacoidal (centrosymmetric) unit cell belonging to the triclinic syngony with the P1 space group.
According to the paper [24], the primitive cell contains six unique ions: two of rhenium and four of sulfur. The Wyckoff position is 2i
for all ions, which gives a total of 12 ions and 4 formulae units. As is known [25], in the triclinic system, all cell vectors are unequal in
length. In addition, all angles between cell vectors must be different and must not include 90°. This allows for replacement of some
vectors with others and, thus, the description of the same crystal structure by several variants of lattice vectors and angles between
them. More facts about standardization attempts can be found in Parthé’s book [26].

An alternative approach to simple permutations of cell vectors and their angles is to use the reduced form of the unit cell — the so-
called cell in Niggli form, or Niggli-reduced cell, or just Niggli cell. According to the Niggli form of the unit cell [24], we understand
that the three-dimensional Bravais lattice unit cell is based on the reduction theory of the positive definite quadratic forms [28-30].
Note that the transformation of the unit cell to Niggli form saves cell volume, but cell vectors, their angles, and ionic positions can
change. But the source unit cell and the Niggli-reduced cell are equivalent mathematically. The importance of the Niggli cell lies in its
uniqueness and in the possibility of determining the Bravais type of lattice by its use [31,32]. However, as is known [27], it is not easy
to obtain. In the paper [27], there is a detailed description of the reduction procedure, the algorithm, and an example transformation.

To carry out the transformation procedure from the original (source) ReSs unit cell to the Niggli-reduced cell, we utilized the
STRUCTURE TIDY program, originally developed by Gelato and Parthé [33], which is provided as third-party software in binary form
along with the VESTA (Visualization for Electronic and STructural Analysis) package [34]. The appearance of the original ReSy unit
cell in the source form as published in Ref. [16] and in the reduced Niggli form is shown in Fig. 1 (a, b). The lattice parameters and ionic
positions for both cases are given in Tables 1 and 2.

As we can see, the transformation from a source unit cell to a reduced unit cell is accompanied by a change in the ReS;, layer
propagation plane. Originally, layer propagation direction was perpendicular to axis a. After transformation, it was perpendicular to
axis b. Wyckoff positions were transformed either by permutation only (x < y coordinates) or by permutation and modification (z
coordinates). Only one cell vector was permutated and transformed (b < a), while vector a is only permuted to b without trans-
formation, and vector c is not changed. According to the cell vectors, the permutation angles were rearranged with a small change in
their values. We will use a unit cell of bulk ReS; in the reduced Niggli form described above for our subsequent investigation of first-
principles calculations.

The transition from a three-dimensional shape (bulk) to a two-dimensional shape in layered TMDs is often described in terms of
decreasing the number of layers to a few or even one as a limit case.

Since many solid-state codes work only with three-dimensional periodic boundary conditions, modeling true two-dimensional
systems with them is a difficult problem. Fortunately, there is a method that allows the study of these systems without significant
cost that is ubiquitously used to describe ultrathin films, 1D structures, and surfaces — the slab model approach [35-37]. In the case of
layered materials, we manually add a vacuum layer, typically 12-15 A, in a direction perpendicular to the layer propagation. This
vacuum layer turns off interactions between replicas of a unit cell in a modified direction (more precisely, it tends to zero). This is easy
to do in the case of hexagonal materials (MoS;, WSey, etc.), but not in the case of low-symmetric crystals such as ReS,. Adding a
vacuum layer changes the length of one of the cell vectors by a few times while saving the remaining vectors and the angles between
them. However, this new "artificial" unit cell no longer satisfies Niggli form conditions, which was true for bulk material. Therefore, for
a slab unit cell, it is necessary to repeat the reducing process, which can greatly change its shape.

In order to evaluate the quantum confinement effect in ReS,, we studied the structural and electronic properties of ReSy in a two-
dimensional case. We are considering the limited form of a two-dimensional case — a monolayer — a promising and important form of

(b)

O—Re O—S

Fig. 1. Appearance of an original unit cell of bulk ReS; in (100) direction (a). Appearance in (010) direction after reducing the original unit cell to
Niggli form (b). The original unit cell was created from experimental data presented in the paper [21]. The selected view is perpendicular to the
direction of layer propagation.
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Table 1
Wyckoff position of rhenium and sulfur ions for original and Niggli-reduced cells.
Unique atom Wyckoff positions
Published data Reduced form
X y z X y z
Rel 0.4925 0.0564 0.2477 0.0564 0.4925 0.8087
Re2 0.5026 0.5112 0.2974 0.5112 0.5026 0.2138
S1 0.2174 0.2498 0.3676 0.2498 0.2174 0.8822
S2 0.2769 0.7705 0.3819 0.7705 0.2769 0.3886
S3 0.7562 0.2729 0.1178 0.2729 0.7562 0.1551
S4 0.6975 0.7526 0.1169 0.7526 0.6975 0.6357
Table 2
Cell vectors and angles between them for original and Niggli-reduced cells.
Cell vectors, A Angles, °
Source data 6.4179 6.5100 6.4610 121.10 88.38 106.47
Transformed data 6.3775 6.4179 6.4610 91.62 119.07 105.12

(b)

(d)

a “ b

Fig. 2. Initial and Niggli-rebuilt ReS, monolayer: top view of ReS; monolayer obtained directly from bulk ReS, in Niggli form (a); top view of ReS;
monolayer reached Niggli form (b); side view of ReS, monolayer obtained directly from bulk ReS, in Niggli form (c); side view of the ReS;
monolayer reached Niggli form (d). Cells along the axis, perpendicular to the vacuum layer, have additional fractures for a more compact
representation.
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layered nanomaterial for theoretical and experimental investigations and practical approaches [38-41].

Consider more detailed slab unit cell transformations in the case of ReS,. First, we obtained a slab from the ReS; Niggli-reduced cell
by adding a 25 A vacuum layer in the b-axis direction (which is perpendicular to the layer propagation), so that its lattice vector
changed from 6.4179 A to 28.5019 A (Fig. 2a—c). The thickness of the vacuum layer was chosen to better demonstrate its influence in
band structure analysis. Adjustment of the obtained slab unit cell to Niggli form is accompanied by permutation, a modified direction
and strong changes in angles between cell vectors (Fig. 2b). Details of the changes are summarized in Tables 3 and 4. Permutations and
changes to cell vectors and Wyckoff positions of atoms result in the source vacuum layer not being saved and decreasing by 1.29971 A.

In principle, the loss is only 5.2% of the original vacuum layer thickness, but in cases where this original thickness is minimal, it can
affect your result. For a consistent approach, we additionally redefined the vacuum layer thickness to the original 25 A and this final
slab unit cell satisfies the Niggli shape. After all transformations, the artificial unit cell of the ReS; slab becomes a primitive oblique unit
cell belonging to the monoclinic syngony and P1 layer groups.

The final slab parameters with the recovered vacuum layer are given in Tables 3 and 4, their appearance is shown in Fig. 2 (b, d).

3. Computational details

All calculations were performed within the density functional theory and pseudopotential theory, as implemented in the OpenMX
package [42-44], whose source code is freely available under the GNU General Public License version 3 (GPLv3).

The convergence criterion (for the electronic energy) of the self-consistent field calculation was set to 10~° eV/ion for the structure
relaxation methods and to 10~° eV for the calculation of all other fixed geometry properties. To achieve convergence, we used the
residual minimization method in the direct inversion iterative subspace for charge mixing [45]. The electronic smearing temperature is
300 K.

Before calculating properties, we performed structure relaxation of the ReS; bulk and slab. Bulk ReS; in Niggli form was relaxed
without any constraints for cell vectors and their angles and ionic positions due to the low symmetry of the material until the space
group was saved. In the slab case, ionic positions were relaxed without any constraint, while the periodic conditions (cell vectors and
their angles of an artificial slab primitive cell) were fixed until the space group was saved. The stopping criterion for a structure
relaxation procedure was the achievement value of any component of forces acting on ions or stress tensor equal to or less than 10
meV/A.

The electronic density was integrated over the first BZ on a I'-centered regular k-points grid of dimensions 4 x 5 x 5and 4 x 4 x 1
for the bulk and slab, respectively. The grid for the numerical integration has dimensions 52 x 46 x 48 points in the bulk material case
and 49 x 50 x 250 in the slab case, respectively, which is approximately equal to the mean cut-off energy of 210-215 Rydberg in both
cases studied.

We used a valence-split basis set with two optimized basis functions for each electron and one additional optimized basis function
as a polarization. This is necessary for a more accurate consideration of chemical bonding in the crystal and the correct reproduction of
energy band dispersion. 5s, 5p, 5d, and 6s electrons for rhenium, 3s and 3p electrons for sulfur, and 2s and 2p electrons for carbon and
oxygen were treated as valence within norm-conserving pseudopotentials.

All calculations were performed within the local density approximation. Exchange and correlation energies were treated within the
scheme proposed by Ceperley and Alder and subsequently parametrized by Perdew and Zunger [46,47]. This choice was made due to
the possibility of a good description of the structural properties of layered materials with van der Waals interaction between layers,
including both classical hexagonal MoS, (WS2) and triclinic ReSy [19,48,49]. We checked the ReS, bulk and slab and found no spin
polarization. This is due to the even number of electrons in all cases studied, which allows us to perform all calculations in a
no-spin-polarized approach.

The electronic density of states was calculated using the tetrahedron method over a I'-centered regular grid of k-points of di-
mensions 5 x 6 x 6 and 5 x 5 x 1 for bulk and slab, respectively. Population analysis was performed using both the Mulliken and
Voronoi approaches. Molecular orbitals were calculated at special high symmetry points of the Brillouin zone, which are relevant
extremums of valence and conductance bands.

The atomic (crystal) structure of the bulk and monolayer slab of ReSy, the difference in electronic density from a superposition of
the atomic densities of the constituent atoms, and the molecular orbitals were visualized using the VESTA package.

Table 3
Wyckoff position of rhenium and sulfur atoms for the slab unit cell after straightaway slab fabrication from the bulk, for the slab after casting to Niggli
form, and for the slab unit cell cast to Niggli for the recovered vacuum layer.

Unique atom Wyckoff positions
Slab from bulk Slab in Niggli form Slab in Niggli form with recovered vacuum layer
X y z X y z X y z

Rel 0.05640 0.49831 0.80870 0.05978 0.68961 0.49831 0.05978 0.68961 0.49839

Re2 0.51120 0.50059 0.21380 0.51002 0.28679 0.50059 0.51002 0.28679 0.50056

S1 0.24980 0.43637 0.88220 0.37706 0.55417 0.43637 0.37706 0.55417 0.43928

S2 0.77050 0.44976 0.38860 0.87098 0.06116 0.44976 0.87098 0.06116 0.45206

S3 0.27290 0.55769 0.15510 0.15752 0.40259 0.55769 0.15752 0.40259 0.55505

S4 0.75260 0.54447 0.63570 0.66366 0.90877 0.54447 0.66366 0.90877 0.54244
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Table 4
Cell vectors and angles between them for the slab unit cell after straightaway slab fabrication from the bulk, for the slab after casting to Niggli form,
and for the slab unit cell cast to Niggli for the recovered vacuum layer.

Form of slab Cell vectors, A Angles, °

Source 6.3775 28.5019 6.4610 91.62 119.07 105.12
Niggli form 6.3775 6.4610 27.1424 88.86 85.39 60.93
Niggli form with a recovered vacuum layer 6.3775 6.4610 28.4421 88.86 85.39 60.93

4. Results and discussion

Analyzing the electronic band structure of ReS; is not as straightforward as it may appear, even in the case of bulk form. The
introduction delineates the reasons for this complexity. But even if we focus solely on the triclinic case, it does not resolve the primary
complication — how to accurately select the Brillouin zone of the triclinic "artificial" slab unit cell for the monolayer. In other words,
which specific special high-symmetry points in the first Brillouin zone should we utilize to illustrate the dispersion of electronic bands?

The initial simplistic approach involves utilizing the identical Brillouin zone (BZ) for both the slab and bulk cases. In this approach,
both Bravais lattices and Brillouin zones are three-dimensional. Thereby, the coordinates of special high-symmetry points (in scaled
units) are recorded, with only the distance between these points in reciprocal space being altered. Thus, ReS; (or related compounds),
being two-dimensional, is considered three-dimensional, or, more exactly, quasi-three-dimensional. In Fig. 3, we present the electronic
band structure of ReSy in bulk and monolayer forms, as obtained using the approach described above.

Bulk ReSy is a direct band gap semiconductor, with the first electron transition situated at point X of the Brillouin zone. The band
gap amounts to 1.20 eV, which is slightly lower than our previous findings of 1.26 eV [23], and can be attributed to differences in cell
parameters and atomic positions. Overall, our results are in agreement with other calculations and experimental measurements
[50-53]. In the case of the ReSs slab, it is a (quasi)direct band gap semiconductor with a doubly degenerated valence band maximum
located at points that are near the gamma point and belong to the k-path segments I'-R and I'-V. At the gamma point, the valence band
is located below 3.3 meV, which is almost eight times lower than the room-temperature energy. It means that this material allows
direct transitions at the gamma point even at low temperatures. The transition from bulk to slab is accompanied by an increase in the
band gap up to 1.45 eV. Relatively small changes (only 0.25 eV) indicate that quantum confinement in this substance is not as clearly
expressed as in close TMDs such as MoS; and WS,. Unlike the difference in hexagonal two-dimensional TMDs, where the extremes of
the bands are located at the K point, in ReSy, the extremes are at or near the gamma point. The dispersion of the valence and
conductance bands is clearly defined along all segments of a k-path for both the bulk and slab cases of ReS,. The k-path segment lengths
also show noticeable changes in the case of the ReSs slab, with the most significant alterations occurring in the I'-Z segment. Also, the
dispersion of electronic bands in this segment is linear.

This phenomenon results from describing a ReS; monolayer as a quasi-three-dimensional system with one cell vector significantly
larger than the other. The limiting case of the slab approach is to equate one of the cell vectors to infinity, which is equivalent to a
transition from three dimensions to two. Further increasing this cell vector will cause certain k-path segments to increase while others
decrease, leading to unphysical results such as the I'-Z segment being zero at infinite cell vector values.

So, the naive quasi-three-dimensional approach of describing a two-dimensional system as three-dimensional is not accurate
exactly. An alternative is to use a two-dimensional Bravais grating and its Brillouin zone. In the context of our investigation, we
consider and analyze the oblique, two-dimensional Bravais lattice of the ReS; monolayer. Fig. 4 shows a comparison of the electronic
band structure of the ReS; monolayer treated in both quasi-three-dimensional and two-dimensional cases.

Bulk Slab
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Fig. 3. Electronic band structure of ReS,. Left panel — bulk shape (three-dimensional); right panel — monolayer (treated as quasi-three-
dimensional). Zero is the upper valence band.
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Fig. 4. Electronic band structure of ReS, monolayer, which unit cell is treated as quasi-3D (left panel) and as 2D (right panel). Zero is the upper
valence band.

The band gap amounts to 1.45 eV in both cases due to the first direct electronic transition located at the gamma point. The lengths
of the k-path segments are independent of the largest cell vector, which excludes its influence on the electronic band dispersion
representation. Thus, in this approach, vacuum layer thickness is influenced only by the van der Waals interaction, which allows the
selection of different vacuum layer thicknesses for the study of two-dimensional materials, ultrathin films, and surfaces and correctly
analyzing their band dispersion. Table 5 collects the values of intraband transitions at specific high symmetry points for all cases
considered.

The OpenMX code, due to the localized basis set as a linear combination of pseudo-atomic orbitals, allows the calculation of
molecular orbitals commonly used and analyzed in molecular quantum chemistry. We calculated the upper two bands from the valence
region and the bottom two bands from the conductance region of both bulk and monolayer ReS,. The isosurface map of these molecular
orbitals was visualized using the VESTA package and is shown in Fig. 5. The isovalue was set to equal 0.05 in all cases. Also, in all cases,
the view is given in a direction perpendicular to the ReS; layer propagation. Despite external differences in an atomic structure, there
are very noticeable differences in the shapes and localizations of the molecular orbitals of the crystal in three- and two-dimensional
cases. In summary, we can say that quantum confinement leads to the fact that the shapes of molecular orbitals are sharp and clearer,
with localization both on atoms and bonds, while in the bulk case, the form of molecular orbitals is more extended and smoothed, with
mainly localization on atoms.

The electronic density of states of ReS; in the bulk and monolayer cases is shown in Fig. 6. The contribution of the basis set po-
larization functions is not included due to its small size. In both cases, the valence bands in the energy range shown are formed
approximately equally by the contribution of rhenium and sulfur electron states. The near-valence band maximum in the monolayer
case is sharper than in the bulk. Conductance bands formed mainly due to the contribution of rhenium ion electron states. Their value
is approximately twice larger than the contribution of sulfur ion electron states. This is explained by the decreasing Re-S bond length
due to the van der Waals interaction being turned off and, consequently, a little bit of monolayer compression. Besides the sharper
shape, the DOS increases due to the contribution of Re electronic states. Turning off the van der Waals interaction also results in a more
defined, atomic-like, non-smoothed shape of the DOS curve of the conductance bands, which is in good agreement with the calculated
band structure. Analysis of the orbital-projected DOS shows that the valence bands form p- and d-states, with the contribution of s-
states expectedly small. At the same time, conductance bands form p- and, to a greater extent, d-states. In addition, Re-e; and Re-tag
states contributions were calculated. In the valence band region, up to 0.4 eV, the deep contribution of both states is nearly equal and
increases slightly with depth for tyg states. In the conductance band region, the contributions of the tag-states are expectedly larger. In

Table 5
Intraband transition values at special high-symmetry points for ReS; bulk, monolayer as a quasi-3D structure, and monolayer as a 2D structure.
Special point Bulk Slab (quasi-3D) Special point Slab (2D)
Transition, eV Transition, eV
r 1.661 1.449 r 1.449
X 1.197 2.063 X 2.063
Y 2.057 1.927 H; 2.001
Z 1.602 1.449 C 2.115
R 1.986 2.115 H 2.001
T 1.969 1.927 Y 1.927
U 1.776 2.063
A% 1.861 2.115
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Slab

AIQ LF

Fig. 5. Isosurface map of the molecular orbitals of the bulk of ReS, (left panel) and the monolayer of ReS; (right panel). The isovalue is set to 0.05.

general, a decrease in the dimensionality of ReS; is accompanied by smaller manifestations of the distribution of electronic density of
state changes due to quantum confinement than for other TMDs and other popular materials with a more high-symmetrical structure
[54-56], which is related to the low-symmetry nature of the crystal structure of this material.

Analyzing the electron difference density taken from a superposition of atomic densities of a constituent atom (Fig. 7) shows that
their shapes and volumes in the two-dimensional case are more continuous and tighter filling interatomic space than bulk case. At the
same time, partial reorientation of electronic difference densities along the c-axis is observed due to turning off both Coulomb and van
der Waals interactions in a two-dimensional case. Nevertheless, independent of dimensionality, the electron difference distribution, in
general, is saved, which also says about the weakness of quantum confinement in this material.

In addition, we performed a population analysis of ReS; in both bulk and slab forms. In quantum chemistry, there are many
methods for analyzing effective charges in finite systems. For periodical systems, not all of these methods are implemented, but some
methods are available. Particularly within the OpenMX code, due to the localized basis set available for electron population analysis in
the Mulliken and Voronoi approaches, which gives some effective charges (Table 6).

Of course, examination of Mulliken population analysis results, popular and justified for finite systems, must be more thoughtful in
the case of periodical systems, even two-dimensional. Nevertheless, this approach is useful in our case for the qualitative analysis of
reducing dimensionality. The transition from bulk to two-dimensional form is accompanied by is an increase in 1.5 times the effective
charge on rhenium ions and 1.1-2.5 times the effective charge on sulfur ions, depending on their positions. This is explained by
screening rhenium ions for sulfur ions, which, after turning off any interactions between layers, redistribute electron density between
themselves, as confirmed by electron difference density maps (see Fig. 7). Increasing effective charge values shows that reducing
dimensionality promotes the localization of electron density on atoms. Unfortunately, Mulliken population analysis does not show
electron density changes in crystal space around each atom. This information may be obtained from the Voronoi charge analysis. In this
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Fig. 6. The electronic density of states (DOS) of ReS, in bulk (left panels) and monolayer (right panels) forms. Top row — species-projected DOS;
middle row — orbital-projected DOS; bottom row — Re-5d electronic DOS, distributed by symmetry. Zero is the upper valence band. The contribution
of the polarization functions is not included.

case, effective charge (Voronoi charge) is calculated by integrating electron and spin densities in a Voronoi polyhedron. It should be
noted that the Voronoi polyhedron is determined by only the structure, and their volumes are not saved for transition bulk to slab form,
as in our case. Nevertheless, it doesn’t affect changes in effective charges, which are less than 1-2% for all ions. Combining either
approach, we can say that the quantum confinement effect is weak in ReSy due to the “insensitivity” of the electronic subsystem in the
material to structural rebuilding within reducing dimensionality owing to the low symmetry structure and weak interaction of
localized electrons.

5. Conclusion
The structural and electronic properties of rhenium disulfide in different forms — three-dimensional bulk and two-dimensional

monolayer — were studied within density functional theory and pseudopotentials. A new routine for standardizing bulk and “artifi-
cial” slab unit cells of ReSy descriptions based on their casting to Niggli form was proposed. A detailed description of these



A. Baglov et al. Heliyon 10 (2024) e28646

Fig. 7. Top view on isosurface map of difference electron density, which is taken from a superposition of atomic densities of a constituent atom for
the ReS, bulk (left panel) and the ReS, monolayer (right panel). The isovalue is set to 0.05.

Table 6
Effective charges by Mulliken and Voronoi population analysis for the bulk and slab of ReS.
Unique atom Populations by
Mulliken Voronoi
Bulk Slab Bulk Slab
Rel +0.08 +0.12 +0.99 +1.00
Re2 +0.07 +0.11 +1.00 +1.01
S1 —0.02 —0.04 —0.45 —0.45
S2 —0.04 —0.06 —0.51 —0.51
S3 —0.02 —0.05 —0.47 —0.48
S4 —0.08 -0.09 —0.56 —0.56

transformations is provided for both bulk and “artificial” slab unit cells, which were obtained reconstruction of bulk unit cells. The
vacuum layer thickness influence on choosing specified special high-symmetry points was discussed. It was shown that an “artificial”
slab unit cell is three-dimensional and leads to a quasi-three-dimensional description of two-dimensional structures and thin films
based on ReS; as well as related low-symmetry compounds. Such incompleteness of the classical slab approach can be improved by
considering an “artificial” unit cell as two-dimensional that excludes the influence of a vacuum layer (with a sufficient thickness of it)
on reciprocal vector lengths, and simplifies the building, and analyzes band dispersion along specified special high-symmetry points in
the first two-dimensional Brillouin zone. Electron band dispersion in both the classical quasi-three-dimensional Brillouin zone and the
proposed two-dimensional approach was compared. It was established that the proposed two-dimensional approach is preferable for
low-symmetry crystals such as ReSa.

It was shown that the bulk ReS; is a direct gap semiconductor with a band gap of 1.20 eV. The direct transition lies in the X point of
the first BZ, which agrees with experimental data and published results of other calculations. The transition from bulk to monolayer
was accompanied by an increasing band gap up to 1.45 eV, with a direct transition towards the BZ center. The transition situated
directly at the I'-point lies 3.3 meV below the first direct transition located near this point. Thus, a monolayer of ReS; is a direct gap
semiconductor in a wide range of temperatures, excluding only a narrow range at low temperatures, where it acts as a quasi-direct gap
semiconductor. In both cases, valence bands are formed approximately equally by the contribution of rhenium and sulfur ions to
electron states, while conductance bands principally form the contribution of rhenium ions to electron states, which is twice larger
than the contribution of sulfur ions to electron states. These patterns are saved for both bulk and monolayer forms of the studied
material. In the valence bands, both tyg- and eg-states contribute nearly equally, and the tys-states show a slight increase with energy
depth. In the conductance bands, the tog-states have larger contributions.

It has been demonstrated that in the bulk case, molecular orbitals take a more extended and smooth form, with localization pri-
marily on atoms. In contrast, in cases of dimension reduction, the orbital shapes become sharper and clearer, with a localized presence
on both atoms and bonds. It is correlated with the results of the electron difference density, obtained from a superposition of the atomic
densities of a constituent atom. It shows that shapes and volumes in the bulk case are less continuous and have less filling of inter-
atomic space with partial reorientation of the electronic difference densities along the c-axis than in the two-dimensional case.

Finally, we used two different approximations of population analysis — Mulliken and Voronoi — to figure out the effective charges
of rhenium and sulfur ions. The Mulliken approach revealed that dimension reduction leads to the effective charges increasing by 1.5
times for rhenium ions and 1.1 to 2.5 times for sulfur ions, depending on their positions. On the other hand, the Voronoi approximation
showed almost no change in effective charges, indicating that the change in electronic density principally occurred only near the ions
and almost not changed in the volume constrained by the Voronoi polyhedron.

The summary of the presented data allows the quantified estimation and explanation of the severity of the weak quantum
confinement effect in rhenium disulfide that was experimentally observed. The results may be useful for creating atomic models of
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ReS,-based structures or other low-symmetrical compounds for consequent theoretical description and modeling of a wide range of
properties.
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