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Three Mo-based transition-metal dichalcogenides MoS,, MoSe,, and MoTe, share at ambient conditions the
same structure 2H,, consisting of layers where Mo atoms are surrounded by six chalcogen atoms in trigonal
prism coordination. The knowledge of their high-pressure behavior is, however, limited, particularly in case of
MoSe, and MoTe,. The latter materials do not undergo a layer-sliding transition 2H, — 2H, known in MoS,
and currently no other stable phase aside from 2H, is known in these systems at room temperature. Employing
evolutionary crystal structure prediction in combination with ab initio calculations, we study the zero-temperature
phase diagram of both materials up to Mbar pressures. We find a tetragonal phase with space group P4/mmm,
previously predicted in MoS,, to become stable in MoSe; at 118 GPa. In MoTe,, we predict at 50 GPa a transition
to a new layered tetragonal structure with space group I4/mmm, similar to CaC,, where Mo atoms are surrounded
by eight Te atoms. The phase is metallic already at the transition pressure and becomes a good metal beyond
1 Mbar. We discuss chemical trends in the family of Mo-based transition-metal dichalcogenides and suggest that
MoTe, likely offers the easiest route towards the post-2H phases.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMD) are mostly lay-
ered materials with composition M X,, where M is transition
metal such as W, Mo, Ti, Nb, Ta, etc., and X is a chalcogen
such as S, Se, Te. While studied since long ago [1,2], they are
currently of large interest, recently partly motivated also by the
possibility of preparing graphenelike monolayers [3—6]. Their
bulk phases exhibit a broad spectrum of electronic behavior,
from insulator to semiconductor to superconductor [6]. Aside
from that they exhibit also rich structural diversity, which is
related to two possibilities for local sixfold coordination (trig-
onal prism or octahedral), number of layers in the unit cell, and
stacking order, resulting in number of possible structures, such
as 1T, 2H, 3R, etc. [1]. It is well known that their electronic
properties can be modified by doping [7]. Another important
instrument allowing to tune their properties is pressure which
can induce structural as well as electronic transitions.

In this study, we focus on Mo-based TMDs which include
MoS,, MoSe,, and MoTe,. At ambient conditions, all three
compounds adopt a stable hexagonal 2H, structure, where
Mo atoms are in trigonal prism coordination [1]. This form is
semiconducting with an indirect gap around 1 eV. Aside from
this form, MoS, and MoSe, are also known in metastable 3R
form which differs from 2H, only by layer stacking. On the
other hand, MoTe; can be prepared also in metallic metastable
B-MoTe, monoclinic structure (space group P2;/m) with
distorted octahedral layers [8]. Unlike 2H, (also called
a-MoTe;), this form is semimetallic at ambient pressure.
Aside from the S-form also an orthorhombic 7 structure with
distorted layers is known [9].

Among the three compounds, the most studied one under
pressure is MoS;. It has been studied experimentally up
to 38.8 GPa in Ref. [10] where an unexplained structural
transition was found around 20 GPa. The results of this
study were theoretically explained in Ref. [11] by proposing a
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phase transition consisting of layer sliding. This interpretation
was experimentally confirmed in Refs. [12,13] where the
system was studied up to 51 and 81 GPa, respectively. In the
latter study, MoS, was also found to undergo a metallization
transition resulting from band overlap between 30—40 GPa,
in agreement with theoretical prediction in Ref. [11]. The
behavior at even higher pressure in the Mbar range was recently
studied experimentally [14] and theoretically in Ref. [15].
While the theoretical work [15] predicted a phase transition to
a new tetragonal phase with space group P4/mmm at 138 GPa
or a chemical decomposition at 135 GPa to MoS and elemental
sulfur, experimentally no structural transition was observed up
to 200 GPa. The discrepancy can most likely be attributed to
the slow kinetics at high-pressure conditions.

In Ref. [16], the possibility of a layer-sliding transition,
similar to that in MoS,, was studied theoretically in MoSe, and
MoTe,. It was shown that in these materials the 2 H,, structure is
actually less stable than the 2 H, one, due to larger volume, and
therefore no sliding transition takes place. The systems were
predicted to metallize at 40 and 19 GPa, respectively. This
result for MoSe, was confirmed in Ref. [17] together with the
lack of sliding transition up to 60 GPa. In Ref. [16], however,
no structural search was performed in order to identify possible
transitions to other structures in MoSe, and MoTe,. Nothing is
therefore known about the behavior of MoSe; beyond 60 GPa,
either theoretically or experimentally. In case of MoTe,, a lot
of experimental activity was recently devoted to study of its
properties at ambient pressure. Main interest was given to its
orthorhombic phase 7; which was proposed [18] and more
recently proven to be a type-II Weyl semimetal [19]. Possible
transitions to other stable structures at high pressure, however,
remain unknown.

In this paper, we aim at filling the gap in understanding
of the high-pressure behavior of MoSe, and MoTe; up to
Mbar pressures. By applying evolutionary algorithms [20] in
combination with ab initio calculations we predict new phases
and analyze their properties. The paper is organized as follows.
In Sec. I we present the ab initio and evolutionary algorithms
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approach we used. In Sec. III we present our predictions for
structures of both materials and analyze their properties. In the
final Sec. IV we discuss the results and draw conclusions.

II. METHODS

For our evolutionary search we have used the XTALOPT
package [21] in combination with ab initio structural op-
timization implemented in QUANTUM ESPRESSO [22] and
VASP [23] packages. We employed the projector augmented-
wave (PAW) method [24,25] and the exchange-correlation
energy was calculated with the PBE functional [26]. Similarly
to Refs. [11,15,16], also here we decided not to apply van
der Waals (vdW) corrections in structural relaxations at high
pressure (including the evolutionary searches). In Ref. [16]
(Fig. 2), we compared our theoretical predictions for the lattice
parameter ¢ in 2H.-MoSe; with the experimental data from
Ref. [27]. It can be seen that at pressures beyond 15 GPa, the
PBE calculation agrees very well with the experimental data,
justifying our approach. For calculation with VASP we have
used PAW pseudopotentials (PP) with 14, 6, and 6 valence
electrons for Mo, Se, and Te, respectively. For calculation
with QUANTUM ESPRESSO we have used PAW PP with the
same number of valence electrons for Mo and Se but we used
16 valence electrons for Te.

For enthalpy calculations we have used the VASP pack-
age [23] where the energy cutoff was set to 400 eV. K-point
grid for Monkhorst-Pack scheme [28] was generated with

ASE package [29] with desired density of 7 points/ A
Electronic band structure calculations were performed with
QUANTUM ESPRESSO [22] package and the spin-orbit coupling
was neglected. We have used cutoff 80 Ry and K-point grid
18 x 18 x 6 for self-consistent calculation and 30 x 30 x 10
for non-self-consistent calculation of the electron density of
states. For phonon calculations we have used the QUANTUM
ESPRESSO package [22] employing the density functional
perturbation theory (DFPT). The energy cutoff for plane waves
was chosen 70 Ry and the grid of g points was chosen
9 x 9 x 3 in both materials.

We have performed various evolutionary searches with up
to four formula units of MoSe, up to 150 GPa and up to
eight formula units of MoTe, up to 110 GPa (for more details
about search settings, see Supplemental Material [30]). For
search in MoSe, we have used as a starting population only
randomly generated structures. In case of MoTe; at 50 GPa we
have also included some known structures such as hexagonal
a-MoTe,-2H,., B-MoTe,-1T’, and orthorhombic 7, while at
110 GPa we included 2H, and the already known /4/mmm in
order to speed up the calculations. The number of structures
generated in all searches performed are shown in Table 1 in the
Supplemental Material [30]. Our results are valid within the
usual limitations of structural search, in particular the limited
number of atoms in the simulation cell and the limited number
of generated structures.

III. RESULTS
A. MoSe,

In our structural search we found several known as well
as new structures. The enthalpies of the relevant low-enthalpy
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FIG. 1. Enthalpy as function of pressure for MoSe, structures
(calculated with VASP). Enthalpies are relative to the 2 H, phase.

ones as function of pressure are shown in Fig. 1. The ambient
pressure layered phase 2H, remains stable up to remarkably
high pressure of 118 GPa. At 118 GPa, a tetragonal P4/mmm
(No. 123) phase, analogous to that predicted in Ref. [15]
for MoS,, becomes more stable, accompanied by decrease
of volume by 3.7%. At 120 GPa the lattice parameters are
a=2854A and ¢ = 8.590/&, Mo atoms are on Wyckoff
positions 2k (0.5, 0.5, 0.166) and Se atoms are on 1d (0.5,
0.5, 0.5), 2g (0.0, 0.0, 0.321), and 1a (0.0, 0.0, 0.0) positions.
This new phase is a good metal as can be seen in Fig. 2,
where the electronic band structure and the density of states
are plotted.

Assuming that direct transition to the P4/mmm phase might
be difficult for kinetic reasons, as discussed in Ref. [15],
it is justified to consider possible transitions to metastable
phases that compete with 2H, at pressures beyond 118 GPa.
At 150 GPa, there are two phases that nearly simultaneously
become more stable than 2H.. One of them represents
chemical decomposition to MoSe + Se, where MoSe adopts
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FIG. 2. Band structure and projected density of states of MoSe,-
P4/mmm phase at 118 GPa. Last two sections are paths between
X — Rand M — A.
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FIG. 3. Tentative phase transition mechanism between 2H, (top
panel) and I4/mmm structures (middle panel) could proceed via
uniaxial compression as schematically indicated by red arrows. The
other speculated phase transition between I4/mmm and P4/mmm
structures (bottom panel) can occur by exchange of positions between
Mo and chalcogen atoms (indicated by blue arrows). Structures were
visualized by VESTA package [32].

P4/mmm

the CsCl structure, again similarly to the case of MoS, [15]
and Se the Se-VI structure [31]. Since the structure of MoSe
at the conditions of the phase transition was unknown, an
additional evolutionary search was performed and indeed
confirmed the CsCl structure. For similar kinetic reasons as
in case of P4/mmm, we believe that such decomposition
might not be easily observed, at least at room temperature.
A plausible scenario therefore appears to be a transition to a
tetragonal phase with space group I4/mmm (No. 139) which
becomes stable with respect to 2H, at 150 GPa. This phase
also represents a layered structure (Fig. 3), however, Mo
atom now has an eightfold rather than sixfold coordination.
While the structure is somewhat similar to CaC, (the same
space group), the lattice parameters ratio ¢ is substantially
higher in I4/mmm-MoSe, and, therefore, in contrast to CaC,
the new phase has a layered character. To our knowledge,
such structure has never been observed in transition-metal
dichalcogenides. The phase transition is accompanied by a
small volume drop of 1.0%. Structural parameters of the
14/mmm phase at 150 GPa (equilibrium condition with 2H,
phase) are a = 2.685 A and ¢ = 9.454 A with Mo atom at
Wyckoff position 2a (0.0, 0.0, 0.0) and Se atom at 4e (0.5,
0.5, 0.845). It appears plausible to assume that this structure
could be created from 2H, via a simple uniaxial compression
or shear bringing two more chalcogen atoms in the vicinity
of Mo atom as shown schematically in Fig. 3 (see also the

PHYSICAL REVIEW B 95, 054105 (2017)

4 4
2 <J\ 2
0 AW \/"/ 0
= VN
= -2 1 -2
m 4 (.
—6 D —61 _
— total
E_ 8
-8} 1 -8 — o |
A -_—d
r X M r'Z R A ZMA  0.00 0.45 0.90

path e-dos [dos/atom/eV]

FIG. 4. Band structure and projected density of states of the
MoSe,-I4/mmm phase at 150 GPa. Last two sections are paths
between X — R and M — A.

Sec. III B). Since such mechanism does not require diffusion
of atoms, the I4/mmm phase could possibly be more easily
kinetically accessible compared to both P4/mmm phase and
chemical decomposition. We thus predict it to be a likely
candidate for the experimental outcome of compression of 2 H,.
beyond 150 GPa even though it is only metastable with respect
to both P4/mmm and decomposition. We note that this structure
was also found for MoS; in the study in Ref. [15], however,
in that case it has enthalpy higher than 2H, at 150 GPa by
0.51 eV per formula unit and therefore we did not consider it
further.

In Fig. 4, we show the electronic band structure and density
of states of the I4/mmm structure at 150 GPa. It is clear that
the structure is metallic. The pressure evolution of the density
of states at the Fermi level for this phase is shown in Fig. 5. It
can be seen that the metallicity becomes stronger above 150
GPa as more bands cross the Fermi level. The most important
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FIG. 5. Pressure evolution of the electronic density of states at
the Fermi level of structure /4/mmm. In order to make the curves
smoother, a Gaussian smearing with o = 0.06 eV was performed.
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FIG. 6. Phonon dispersion curves of the /4/mmm structure. Blue
and green lines are for MoSe; at 150 GPa and for MoTe, at 50 GPa,
respectively. Last two sections are paths between X — R and
M — A.

contribution to states at the Fermi level originates from Mo-d
states, in particular from the d,, and d,, states. Employing the
QUANTUM ESPRESSO code we calculated in the /4/mmm phase
at 150 GPa the electron-phonon coupling parameter and found
a value of A ~ 0.42. Applying the Allen-Dynes formula [33]
and assuming pu* = 0.1, we predict a superconducting critical
temperature of 7, & 2 K. Phonon dispersion curves are shown
in Fig. 6.

B. MoTe,

In MoTe,, our structural search also found the same
P4/mmm and I4/mmm structures as in the previous case.
The enthalpies as function of pressure are shown in Fig. 7.
In contrast to MoSe,, however, here the transition to the
I14/mmm at 50 GPa preempts the transition to P4/mmm as
well as the instability with respect to chemical decomposition.
We verified the possibility of the tentative 2H, — [4/mmm
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FIG. 7. Enthalpy as function of pressure for MoTe, structures
(calculated with VASP). Enthalpies are relative to the 2H, phase.
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FIG. 8. Band structure and projected density of states of the
MoTe,-P4/mmm phase at 110 GPa. Last two sections are paths
between X — R and M — A.

transition mechanism shown in Fig. 3 by simple simulation
performing a gradual uniaxial compression of the 2H, phase
of MoTe; at T = 0. We found that such simulated compression
indeed resulted in change of Mo atom coordination from six
to eight and creation of the I4/mmm phase. The transition
is accompanied by a volume drop of 1.8%. Upon further
compression, the phase remains stable up to 110 GPa where
the P4/mmm: structure takes over. The lattice parameters of the
P4/mmm phase at 110 GPa are ¢ = 3.041 A and ¢ = 9.471 A,
Mo atoms are on Wyckoff positions 2g (0.0, 0.0, 0.340) and
Te atoms are on 1d (0.5, 0.5, 0.5), 2h (0.5, 0.5, 0.189), and
la (0.0, 0.0, 0.0) positions. Phase transition from I4/mmm to
P4/mmm is accompanied by volume drop of 1.2%. Electronic
band structure and density of states are plotted in Fig. 8, from
which clear metallic character can be seen.

Since in case of MoTe, the P4/mmm phase appears after the
14/mmm where the eightfold coordination of Mo atoms already
exists, it appears plausible that the kinetics of the transition
14/mmm — P4/mmm in MoTe, could be faster than that
of direct transition 2H, — P4/mmm in MoSe,; and MoS,
which requires an increase of coordination of Mo atoms. A
speculative simple mechanism for the /4/mmm — P4/mmm
transition, consisting of exchange of positions between Mo and
chalcogen atoms, is shown in Fig. 3. In this respect, we can
speculate that the observed metastability of the 2 H, phase up
to 200 GPa in Ref. [14] could be possibly related to the high
enthalpy of the I4/mmm phase in MoS, which prevents it from
acting as intermediate phase in creation of the P4/mmm phase.

Assuming MoTe adopts the same CsCl structure as found
in case of MoS, and MoSe; and Te adopts the bcc Te-V [34]
structure,’ MoTe, does not appear to be prone to chemical
decomposition at any pressure between 0 and 130 GPa.

Lattice parameters of the I4/mmm structure at 50 GPa
(equilibrium condition with 2H, structure) are a = 3.036 A
and ¢ = 11.095A with Mo atom on Wyckoff position 2a

'This structure was found at pressure of 27 GPa in Ref. [34] and we
are not aware of experiments at higher pressure.
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FIG. 9. Band structure and projected density of states of the
MoTe,-14/mmm phase at 50 GPa. Last two sections are paths between
X— Rand M — A.

(0.0, 0.0, 0.0), and Te atom on 4e (0.5, 0.5, 0.145). The band
structure and electronic density of states are shown in Fig. 9.
Projections of density of states show that the electronic states
at the Fermi level are composed mostly of Mo-d orbitals (again
mainly the d,, and d,, ones, see Fig. 1 in the Supplemental
Material [30]). While the I4/mmm structure is metallic already
at the transition pressure of 50 GPa, its metallicity substantially
increases beyond 1 Mbar (see Fig. 5). Using the same
procedure as in case of MoSe,, we predict at 50 GPa a coupling
parameter A = 0.46 resulting in superconducting critical tem-
perature of 7, ~ 2 K. Phonon dispersion curves are shown in
Fig. 6.

Since the I4/mmm structure becomes stable at relatively
low pressure of 50 GPa, it is natural to ask whether it could be
quenched to ambient pressure. In order to test this hypothesis,
we performed a short NPT MD run at 7 = 300 K and p =0
GPa in a supercell consisting of 144 atoms. In this case, we
also added the vdW correction employing the Grimme DFT-D2
method [35]. We observed after 4 ps a spontaneous transition
to 2H structure with random stacking of layers, proceeding
via mechanism essentially inverse to that described above
for the 2H, — [4/mmm transition (Fig. 3). This shows that
the I4/mmm phase of MoTe, cannot be quenched to ambient
pressure.
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IV. DISCUSSION AND CONCLUSIONS

Referring also to results found in Ref. [15] for MoS,, we
found three possible high-pressure structures to which the 2H
MoX, compounds (2H, MoSe, or MoTe, and 2H, MoS,)
can transform, namely, P4/mmm, I4/mmm, and chemical de-
composition. Comparing the three compounds, clear chemical
trends can be seen for the post-2H phases. In case of MoS;
chemical decomposition represents thermodynamically stable
route since both P4/mmm and I4/mmm have higher and
much higher enthalpy, respectively, and are only metastable.
Decomposition could thus be possibly avoided only due to
kinetic barriers. Moving towards heavier chalcogens from S to
Se to Te, the picture changes. For MoSe,; and MoTe;, chemical
decomposition does not become thermodynamically stable in
the whole pressure range in which we have studied them.
Instead, P4/mmm and in particular /4/mmm become more fa-
vorable and eventually thermodynamically stable, resulting in
transition 2H, — P4/mmm in MoSe, at 118 GPaand2H, —
I4/mmm in MoTe, at 50 GPa. Since the P4/mmm phase
becomes stable in MoTe, at 110 GPa, following /4/mmm, it
appears likely that MoTe, might offer the easiest route to reach
both post-2H phases in Mo-based TMD. We suggest that our
predictions for new metallic high-pressure phases in MoSe,
and MoTe; be tested experimentally. Aside from pressure,
it might be necessary to work at elevated temperatures in
order to overcome the presumably slow kinetics. The high-
pressure layered structure /4/mmm in both studied systems
could possibly be interesting also as high-pressure lubricant,
similarly to the case of MoS; at ambient pressure [36].
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