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Molybdenum disulfide is a title compound among the layered metal dichalcogenides, being a prominent tribological agent and vital platform for
catalysts. The properties of a MoSg layer can vary widely, depending upon polymorphic composition. Here, using the density-functional theory
calculations, the potential energy surfaces for polymorphic H- and T-MoS3 layers are mapped. While the energy barriers for H—T and T(T')—H
transitions are found to be in fair agreement with previous studies which employed the nudged elastic band method, the bird’s-eye view at the
energy landscape of MoSs2 layer has disclosed the as-yet undescribed energy plateau attributed to an intermediate — square lattice of MoS2 layer
(S-MoS32). The stability, structural and electronic properties of S-MoS2 are discussed in comparison with those for H- and T-MoS, layers.
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1. Introduction

Molybdenum disulfide MoS; yields a wealth of crystalline and nanostructured materials, well respected in numer-
ous tribological applications [1] and promising in the fields of nanoelectronics [2, 3], photovoltaics [4] and photode-
tectors [5]. This compound under normal conditions crystallizes in the layered 2H;-MoS5 phase, which hexagonal
unit cell includes two anti-parallel layers held together by van der Waals’ interactions [6]. The S atoms in every layer
(henceforth, H-layer) are arranged in trigonal prisms with the bases forming two S atom planes, while the Mo atoms
are located in the centers of these prisms. Related 3R-MoS; polytype, containing three parallel H-layers in the hexag-
onal unit cell, was also found in nature [7]. 2H;-MoS5 modification is a semiconductor with an indirect intrinsic band
gap (E,) equal to 1.2 eV [2]. The exfoliation of either 2H,-MoS, or 3R-MoS; crystals into individual monolayers
leads to the rise of a direct intrinsic band gap of material E; = 1.8 eV [2].

Increasing of the pressure to ~20 GPa initiates emergence of another polytypic form — 2H,-MoS; [8,9]. This
phase differs from 2H;-MoSs by a shift of two H-layers relative to each other and a decrease in the interlayer distance.
The compound 2H,—MoS, exhibits metallic properties [9].

A heavy doping of the MoS;, lattice by electrons stimulates stabilization of another polymorph — the layered 1T-
MoS; phase — regardless of the source of excessive electrons [10—14]. The S atoms in the single layer of 1T-MoS,
(henceforth, T-layer) are arranged as octahedra with Mo atoms in the center. 1T-MoS,, is characterized by the absence
of the band gap [15]. This phase is of interest in the development of supercapacitors [16,17] and memristors [18, 19].
Due to natural metal-like character the catalytic properties of 1T-MoS; in the hydrogen evolution reaction may be
significantly stronger than those of semiconducting 2H;-MoS- [10, 20].

A spontaneous reconstruction of the ideal hexagonal 1T-MoS, monolayer results in several superstructures, col-
lectively designated as the T’ phase [21]. According to quantum-chemical calculations, 1T'-MoSy superstructures
have a lower energy than the energy of hexagonal 1T-MoS, crystals, since a band gap E; = 50 meV is open in the
band structure of the precursor 1T-MoS,, due to the spin-orbit coupling (SOC) at the Dirac cone [22]. The band gap
opening due to SOC is of particular interest, as it is related to 2D topological insulators [22,23].

A mixture of the H, T, and T’ phases within single MoS5 layer was observed in experiments on stabilization of
the T-phase by intercalating alkali metals into the interlayer space, followed by exfoliation [24,25]. Due to the vital
potential of a metal-like MoS» for practical applications, the evaluation of its controlled fabrication is of greatest im-
portance. Hence, a deep understanding of the phase transition from a stable 2H;-MoS» polymorph to a metastable
1T-MoS; polymorph is required. The mechanism of the H-T phase transition was suggested earlier, as the one involv-
ing the gliding of atomic S planes [22,26-29]. The magnitude of the energy barrier for H—T and T(T')—H transitions
was estimated using the DFT calculations with the nudged elastic band (NEB) method as 1.5-1.9 and 0.7-1.0 eV, re-
spectively. According to [27], the magnitude of the energy barrier can drop from 1.6 to 0.3 eV, when 4e™ are injected
per MoSs unit. The formation energy of 1'T-MoS» gradually decreases from +0.8 eV in neutral state to —0.3 eV in
such extremely charged 4e~ state. The decrease of both the energy barrier and the formation energy of the T-phase by
the charging have also been obtained using the DFT calculations [22]. Experimentally, the H—T phase transition was
registered in Re-doped molybdenum disulfide using the method of scanning transmission electron microscopy [28].
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The mechanism observed in [28] involves the gliding of atom planes of sulfur and/or molybdenum and requires an
intermediate phase (so-called a-phase) as a precursor. A seed of the T-phase originates from the appearance of two
a-phase bands that are located relative to each other at an angle of 60°.

Structural phase transition can significantly alter the properties of solids without modifying their chemical com-
position. Understanding the mechanisms of phase transitions and the formation of possible structural defects thereof
is the key to the synthesis of materials with desired and regulated properties. In this paper, we propose another mech-
anism for the H-T phase transitions in MoS, layer, which might be realized not only under electron doping, but under
shock-wave propagation, too. Namely, the H-T transition is considered as an in-plane compression of a monolayer
along armchair and/or zigzag directions via formation of an intermediate metastable “square” phase (S-phase) not yet
disclosed on the minimum energy paths using DFT NEB method [26,27,29]. In addition, a relationship is established
between the different scenarios of subsequent structure relaxations of S-phase into H-phase and the experimentally
observed grain boundaries within the H-phase [30-35].

2. Computational details

As the basic models for the study of the H-T phase transition the supercells of both polymorphic single H- and T-
layers of MoS, in rectangular ay/3 x @ = b x a representation were employed, where a is the in-plane lattice parameter
(Fig. 1). The atomic positions within supercells were optimized, while their lattice parameters were fixed and varied
using the step 1% within 85%—150% a( and 65%—-120% by, where ag and by are equilibrium lattice parameters.

All quantum-chemical calculations were performed within the framework of the density-functional theory (DFT)
using the SIESTA 4.0 implementation [36]. The exchange-correlation potential was described within the Generalized
Gradient Approximation (GGA) in the Perdew-Burke-Ernzerhof parametrization. The core electrons were treated
within the frozen core approximation, applying norm-conserving Troullier—Martins pseudopotentials. The valence
electrons were taken as 4d°5s'5p° for Mo and 3523p*3d° for S. The pseudopotential core radii were chosen as 2.43
ap for Mo4d and Mo5s, 2.62 ap for Mo5p states, and 1.69 ap for all S states, respectively. In all calculations, a
double-( polarized basis set was used. The k-point mesh was generated by the method of Monkhorst and Pack. For k-
point sampling, a cutoff of 15 A was used. The real-space grid used for the numeric integrations was set to correspond
to the energy cutoff of 300 Ry. The calculations of the pristine MoS, structures were performed using variable-cell
and atomic position relaxations, with convergence criteria corresponding to the maximum residual stress of 0.1 GPa
for each component of the stress tensor, and the maximum residual force component of 0.01 eV/A.
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FI1G. 1. Relation between H- and T-layers of MoS, established via in-plane compression along
armchair direction of the layers suggests an existence of two-dimensional MoS, transition state
with square lattice (S-phase). Ball-and-stick models represent the top and the side views on the
structures with the DFT optimized geometries (Mo and S atoms are painted in red and yellow,
respectively)
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3. Results and Discussion
3.1. S-phase of MoS,: a possible intermediate between H- and T-MoS,

Our main methodology for the study of H-T phase transition within individual MoS, monolayer involved the
brute-force scan of the potential energy surface (PES) for both H- and T-phases depending on the imposed in-plane
strain along two directions. Hence, a function of the potential energy can be simply mapped as a three-dimensional
surface. Intuitively, the energy surfaces of both 2D polymorphs should share at least one joint point, when simply
considering the deformation of 2D structures (Fig. 1). The in-plane compression of H-layer along armchair direction
leads to rapprochement between a Mo atom and two S atoms opposing it as a couple within the same hexagonal ring.
The similar compression of T-layer also leads to rapprochement between a Mo atom and two S atoms opposing it
already as loners from two different hexagonal rings. One of the final common stages for both processes could be
represented as a phase with regular square-like atom ordering — henceforth, S-phase. Apart of the lattice symmetry,
the surmised intermediate S-phase should possess such coordination numbers of Mo and S atoms as 8 and 4, which are
drastically different to the coordination in both known hexagonal phases. Therefore, we have preliminary examined
by DFT calculations a possible stability and the properties of S-phase in comparison to those for the parent H- and
T-MoS;, layers.

The equilibrium lattice parameters a obtained in the present work for H- and T-layers are found equal 3.21 and
3.20 A, respectively, which is in fair agreement with experimental and previous theoretical data [7,37]. The geometry
of the ideal S-MoS, with square lattice has not been reported before. It is found preserved after full optimization,
yielding the lattice parameter ag = 2.99 A. The distances between sulfur planes within H-, T- and S-layers are equal
to wo = 3.21, 3.27 and 2.98 A, respectively. Hence, while the surface area of unit cells remains roughly the same for
all three polymorphs, a contraction of S-layer is observed in out-plane direction. The cubic MoSg polyhedra within
S-layer are slightly distorted with distribution of Mo-S bond lengths [ = 2.46-2.74 A, which fits at the lower bound
[ = 2.45 and 2.47 A within MoSg prisms and MoSg octahedra.

According to our calculations, T-MoS, is expectedly less stable, than H-MoS5 on 0.85 eV/MoS, The correspond-
ing relative energy of S-MoS, was found to be close to this value and is 1.04 eV/MoS,. Since the stability difference
between H- and T-MoS,, is ruled mostly by electronic factor, T- and S-MoS; could share common features in elec-
tronic structure. The calculated electronic band structures for all three MoS,, layers are drawn on Fig. 2. H-MoS; is
semiconductor with the direct K—K band gap of 1.63 eV. The top edge of the valence band at —2... —1 eV relative the
Fermi level as well as the bottom of conduction band are presented by Mo4d-states. The valence band below —2 eV
is mostly composed of S3p-states. In contrast, both T- and S-MoS, layers have a metal-like character. Like in the case
of H-MoS,, the valence band of occupied S3p states can be found below —3 eV, while Mo4d-states form the bands
hosting the Fermi level.
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F1G. 2. Electronic band structures for H-, S- and T-layers of MoS,. DFT calculations

In terms of ligand field theory the semiconducting nature of H-MoSs is caused by the splitting of the Mo4d
levels within trigonal prismatic field into the levels of the fully occupied Mo4d .2 orbital and the unoccupied Mo4d,,,

Mod4d,>_,2, Mo4d,. and Mo4d,,. orbitals. Octahedral crystal field in T-MoSy splits the Mo4d levels into three
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F1G. 3. Phonon band structures for H-, S- and T-layers of MoS,. DFT calculations

degenerate Mo4d,y, - .. levels occupied with only two electrons and the unoccupied Mo4d? and Mo4d,> 2 levels.
Such partial population is not beneficial, hence, stimulating the Jahn-Teller distortion of MoSg octahedron and the
reconstruction of T-MoS into a T’-MoS» phase. The splitting of the Mo4d levels in cubic field of S-MoS is opposite
to the former: every Mo4d,> and Mo4d,>_, level is occupied by single electron, while Mo4dy . .. levels are
unoccupied. Such electron configuration should be more resistant against the Jahn-Teller distortion, inhibiting a
reconstruction and, possibly, prolonging the life-time of intermediate S-MoS, phase. To establish a dynamic stability
of the intermediate the phonon band structures have been calculated for all three MoS, phases (Fig. 3). No imaginary
frequency is obtained for the kinetically stable H-MoSs. In contrast, a part of the Brillouin zone in the band structure
of T-MoS;, contains a deep “pocket” of negative dispersion curves, which should be attributed to kinetic instability
of the compound. The phonon band structure of S-MoS, is reminiscent of that for H-MoSs, yet, demonstrating the
crossing of acoustic and optical modes. Here, a single phonon dispersion curve forms a small “pocket” of negative
values at I'-point. If not related to a numerical error of DFT calculation, it may refer to a long-living state.

3.2. Energy landscape of MoS: monolayer

The potential energy surfaces of H- and T-layers of MoSsy have been calculated as the total energies relative
to the total energy of H-layer at equilibrium. PES for T-layer lies mostly above PES of H-layer. Therefore, the
former is mapped in the mirror a/ag coordinates for a better perception (Fig. 4). PES of H-layer is characterized by
single global minimum and a continuous up-hill energy valley along the decrease of b lattice parameter (i.e. upon
shrinkage along armchair direction of the layer). The valley egresses a plateau of energies corresponding to S-MoSs»
layer. PES of T-layer unveils the presence of three minima in accordance to the three known monoclinic T’-phases
of MoS, [21], arising from the reconstructions of hexagonal T-layer. Therefore, in addition to kinetic instability,
the perfect environment of Mo atoms within T-layer is not the most thermodynamically stable one among octahedral
coordinations.

The minimal energy paths plotted on the PES’s of H- and T-layers (closed circles, Fig. 4) demonstrate that the
global minima are separated by an energy barrier. Though, these paths are not strictly aligned along a/aq coordinate
and should be connected via the energy plateau of S-layer. The cross section of both PES’s along these paths yields a
classical picture of the transition between two states, requiring the passage of an energy barrier (Fig. 5). The energy
barriers estimated using our brute-force scan of the MoSs energy map are equal to 1.66 eV for H—T transition,
0.83 eV and 1.06 eV for T—H and T’ —H transitions, respectively, which are in-between the values found from the
DFT-based NEB approach [29] and from the DFT analysis of consecutive transition states [26]. However, the energy
path established here demonstrates the existence of a flattened part of the energy barrier, related to the S-MoSs phase
as the transition state.
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FI1G. 4. Energy landscape depending on the lattice parameters for single MoSy layer unveils the
equilibrium positions of H-, T- and S-phases (large open circles) and the minimal energy path be-
tween H and T phases (small closed circles). All energies AE are given relative to the most stable
H-MoS; phase. DFT calculations
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F1G. 5. Energy path during H&T transition within a MoSs monolayer as derived from energy maps
for both H- and T-phases (Fig. 4). AE values for hexagonal H- and T-phases are plotted using open
squares and circles, for square S-phase using closed squares, for reconstructed monoclinic T’-, T”-
phases using open triangles. DFT calculations
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4. Summary

The full energy mapping has disclosed a complicated energy landscape for MoS, layer, including the field of
intermediate state of square lattice S-MoS5 between hexagonal lattices of H- and T-MoS,. Hence, the phase transitions
of MoS; between H- and T-phases or these in related MX, compounds may be not considered as a simple gliding of
X planes within the molecular MXy layer. While the direct registration of S-MoSs remains an open problem, the
traces of the manifestation of this state can be searched, analyzing the structural chemistry of two-dimensional MoS,
booming in the recent years.

Several possible defect types have been visualized within the molecular layers of MoSs and related dichalco-
genides: point vacanices within metal or chalcogen sublattices, point-like reconstructions and extended line defects,
grain boundaries, doping or adsorbed atoms, which can affect the electronic, transport, optical properties of the com-
pounds [38]. Much attention was paid to the grain boundaries and line defects. One of the scenarios of their origin is
regarded to a merging of two growing nanoplates oriented relative to each other at a certain angle. According to [29],
the grain boundary with the lowest formation energy in H-MoS is the linear defect 4|4P consisting of four-membered
cycles. A similar type of defect was observed at the junction of the H and T phases [30]. Other types of linear de-
fects are also observed in the experiment, for example, squares and octagons or pentagons and heptagons among the
hexagonal pattern of H-MoSs (4|8|4 and 5|7 defects) [31,32].

However, the rise of these extended and perfectly organized grain boundaries in MoS5 can also be related to the
different tracks of relaxation of intermediate S-MoS,, layer once appeared. A few examples are depicted on Fig. 6. The
synchronous dissociation of cubic units MoSg within S-MoS; layer into distorted prisms MoSg gives a characteristic
parquet-like pattern, which relaxes into perfect hexagonal H-MoS, layer (1, Fig. 6). The violations during such
dissociation, e.g. due to a local mechanical strain or due to a substrate underneath, can finalize in various point-like or
linear defects, including the grain boundaries observed in experiments [32,33].

Therefore, irrespective the direct observation of intermediate S-MoSs layer, its model can serve as a useful tool
for the construction of model defective MoS,, layers.
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FI1G. 6. The reconstruction tracks of S-MoS, layer can lead not only to the perfect H-MoSsy layer
(1), but to a wealth of line defects like these observed experimentally [32,33]: 4|4|8 grain boundary
(2), 4/4 grain boundary (3), 6|8 and 5|7 grain boundaries (4) etc.
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