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Pressure-induced isostructural clustering and semiconductor-to-semimetal transition in
2H -W(Se1−xTex)2 solid solutions: A first-principles investigation
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The mixing thermodynamics of Se and Te atoms in 2H -W(Se1−xTex )2 solid solutions as well as their
electronic properties under high pressure up to 45 GPa is studied using first-principles methods. The results
suggest that, regardless of pressure, 2H -W(Se1−xTex )2 exhibits a tendency toward local phase segregation into
2H -WSe2 and 2H -WTe2 (or 1Td -WTe2) as the temperature approaches 0 K. The critical temperature, at which
2H -W(Se1−xTex )2 is stable as a single-phase random solid solution over the entire composition range is, on the
other hand, predicted to increase with the applied pressure. Upon increasing the pressure, the electronic band gap
of 2H -W(Se1−xTex )2 shrinks, and it finally undergoes the semiconductor-to-semimetal transition. The magnitude
and the shrinkage rate of the band gap are found to be affected both by the degree of compression and by the
alloy composition. These findings offer a possibility to engineer the electronic properties of 2H -W(Se1−xTex )2

by varying its composition and also the pressure applied on it for future utilization of the alloy in electronic
devices operating in a high-pressure environment.
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I. INTRODUCTION

Heavy element-based transition metal dichalcogenides, in
particular WSe2 and WTe2, have recently been highly of in-
terest as promising candidates for fabricating future electronic
and optoelectronic devices [1–4]. This is due mainly to their
prominent intrinsic properties, including the robustness of
spin-orbit coupling (SOC) [1,2,5,6]. However, for optimal uti-
lization in relevant technological applications, materials with
tunable electronic band gap, charged carrier concentration and
mobility, are desirable. Practically, this can be accomplished
by alloying WTe2 with WSe2 [7–9], as the two compounds
exhibit different crystal structures and electronic characters
at ambient conditions. Structurally, WSe2 and WTe2 are both
layered materials, whose crystal structures can, in general, be
described by vertically stacked layers of X -W-X (X = Se,
Te) by which the interlayer interactions are dominated by the
weak van der Waals forces [1,2]. At ambient conditions, WSe2

crystallizes in the hexagonal 2H phase and behaves as a semi-
conductor, while WTe2 that crystallizes in the orthorhombic
1Td phase is semimetallic. Therefore, for a given phase of
W(Se1−xTex )2, the alloying process can provide a path for
engineering the materials’ electronic properties by control-
ling its alloy composition. Recent studies [10–12] revealed
WSe2 undergoes isostructural semiconductor-to-semimetal
transition, as it is compressed under pressure of approxi-
mately higher than 30 GPa. For this reason, pressure can,
apart from composition, be considered as another variable
to tailor electronic properties of W(Se1−xTex )2. It is worth
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noting also that, upon applying pressure above 10 GPa,
WTe2 has been predicted to undergo a phase transition
to semiconducting 2H phase, which is thermodynamically
stable up to about 60 GPa [13–15]. This information sug-
gests that only the semiconducting 2H phase of W(Se1−xTex )2

should exist within the pressure range of 10–60 GPa un-
der thermodynamic equilibrium conditions. Even though the
alloying behavior of W(Se1−xTex )2 at atmospheric pressure
was experimentally examined and reported in the literature
[7–9], the thermodynamics of mixing of Se and Te atoms
in W(Se1−xTex )2 under high pressure, and also the effect of
pressure on the electronic properties of W(Se1−xTex )2 have
barely been investigated. This gives rise to interesting but
unanswered questions, concerning phase stability and elec-
tronic behavior of W(Se1−xTex )2 at such extreme conditions.
This work thus aims to address the above questions related
to 2H-W(Se1−xTex )2, by using a cluster-expansion method in
conjunction with first-principles calculations, as described in
the following sections.

II. METHODOLOGY

A. Cluster-expansion method

According to the formalism, proposed in Ref. [16], the
enthalpy (H) at a given pressure of 2H-W(Se1−xTex )2 of a
given atomic configuration (σ) can be expanded into a sum
over the n-site correlation function of a figure (α), denoted by
ξ n
α (σ). That is,

H (σ ) = N
∑

α

mn
αV n

α ξ n
α (σ). (1)
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The factor mn
α stands for the multiplicity of symmetry-

equivalent n-site figure α, normalized to the number of sites
N within configuration σ , and V n

α is the n-site effective cluster
interaction (ECI) of figure α. The correlation function ξ n

α (σ)
is, on the other hand, mathematically expressed as

ξ n
α (σ) = 1

mn
α

∑
∀ f ∈α

( n∏
i=1

σi

)
. (2)

Since mixing of 2H-WSe2 and 2H-WTe2 is involved par-
ticularly with Se and Te atoms residing in the chalcogen
sublattice, the metal sublattice is approximated to be fully
occupied by W atoms and is excluded from the expansion
procedure. As a result, the spin variable σi takes on a value of
−1 or +1, if site i is occupied by Se or Te, respectively, and
the sum of the product run over all symmetrically equivalent
figures, i.e., f ∈ α. In practice, the expression of ξ n

α (σ) must,
nevertheless, be truncated at a certain cutoff radius, and the
number of figures α included in the expansion is limited to a
finite value.

A pool of structural models of 2H-W(Se1−xTex )2, where
0 � x � 1, up to 24-atom primitive supercell is firstly gen-
erated by using the algorithm of Hart and Forcade [17], and
each model exhibits a unique ordered pattern of Se and Te on
the chalcogen sublattice, as characterized by ξ n

α (σ). This thus
results in a total of 43 504 unique ordered solid solutions of
2H-W(Se1−xTex )2. In the present work, the cluster expansion
of the enthalpies of ordered structures of 2H-W(Se1−xTex )2

at p = 15, 30, and 45 GPa is performed by using the MIT
ab init io phase stability (MAPS) code [18], as implemented
in the alloy-theoretical automated toolkit (ATAT) [19]. By fol-
lowing the procedure described in Refs. [20,21], the final
expansion is composed of 1 zero-site, 1 on-site, 19 two-
site, and 12 three-site ECIs at all considered pressures, and
they fit the enthalpies of 247 selected order structures of
2H-W(Se1−xTex )2 included in the final expansion at p = 15,
30, and 45 GPa with leave-one-out cross validation scores
of 2.14, 2.63, and 3.11 meV/f.u., respectively. The obtained
ECIs are pressure-dependent and used to predicted H at a
given pressure of the remaining 43 257 ordered structures of
2H-W(Se1−xTex )2.

The mixing enthalpy of 2H-W(Se1−xTex )2 of a given
atomic arrangement σ, �Hmix(σ), with 2H-WSe2 and
2H-WTe2 contents, i.e., x2H -WSe2 and x2H -WTe2 , can be calcu-
lated from

�Hmix(σ) = H (σ ) − x2H -WSe2 H2H -WSe2

− x2H -WTe2 H2H -WTe2 , (3)

where H2H -WSe2 and H2H -WTe2 are defined as the enthalpies of
2H-WSe2 and 2H-WTe2, respectively, and

x2H -WSe2 + x2H -WTe2 = 1. (4)

B. First-principles calculations

The first-principles enthalpies for 2H-W(Se1−xTex )2,
which are the input for the cluster expansion, at a given
pressure are derived from the density functional theory by
employing the projector augmented wave method [22] and the
generalized gradient approximation (GGA) [23], as executed

via the Vienna ab init io simulation package (VASP) [24,25].
Herein, the energy cutoff of 500 eV and the Monkhorst-Pack
scheme [26] for the Brillouin-zone integration are used. The
influence of SOC is included by performing self-consistent-
field cycles in the noncollinear mode [27,28]. Besides, the van
der Waals interactions are interpreted by the model proposed
in Ref. [29]. The calculated enthalpies are assured to be con-
verged within an accuracy of 1 meV/atom with respect to the
number of k-point grids and the energy cutoff. During struc-
tural relaxation at a given pressure, atomic positions, volume,
and cell shape of 2H-W(Se1−xTex )2 are fully optimized.

Instead of the GGA exchange-correlation functionals,
known to underestimate the electronic band gaps of mate-
rials, a meta-GGA functional (modified Becke-Johnson or
mBJ [30,31]) is used, together with the tetrahedron method
for the integration of the Brillouin zone [32], to obtain a
more accurate description both of the electronic density of
states and of the electronic band gaps of solid solutions of
2H-W(Se1−xTex )2.

C. Special quasirandom structure technique

Besides ordered solid solutions of 2H-W(Se1−xTex )2,
ideally random solid solutions of 2H-W(Se1−xTex )2 and
of 1Td -W(Se1−xTex )2 are considered. Herein, the special
quasirandom structure (SQS) technique [33], as implemented
in Andrei V. Ruban’s SPCM program [34], is employed
to generate structural models of 2H-W(Se1−xTex )2 and of
1Td -W(Se1−xTex )2 random solid solutions (x = 0.25, 0.5,
and 0.75) within 4 × 4 × 1 hexagonal primitive unitcells
(96 atoms) and 4 × 2 × 1 orthorhombic primitive unitcells
(96 atoms), respectively. Within the SQS scheme, Se and Te
atoms are randomly distributed on the chalcogen sublattice in
such a way that the Warren-Cowley short-range-order (SRO)
parameters, as representatives of two-site correlation func-
tions ξ n=2

α (σ) between Se and Te atoms, are zero or close to
zero for several short-range coordination shells. The Warren-
Cowley SRO parameters for the first ten coordination shells
of 2H-W(Se1−xTex )2 and of 1Td -W(Se1−xTex )2 random solid
solutions with x = 0.25, 0.5, and 0.75 are listed in Tables S1
and S2 in Ref. [35], respectively.

D. Gibbs free energy calculations

The thermodynamic stability of random solid solutions of
2H-W(Se1−xTex )2 and of 1Td -W(Se1−xTex )2 with respect to
their most relevant constituent compounds at a given pressure
p, temperature T , and composition x is evaluated by the Gibbs
free energy G(p, T , x),

G(p, T, x) = E (V, x) + F vib(T,V, x)

−T Sconf (T,V, x) + pV.
(5)

E (V , x) is the total energy at T = 0 K, as can be obtained di-
rectly from the density functional theory calculations. F vib(T ,
V , x) is the Helmholtz free energy describing the vibrational
contributions arising from the lattice dynamics and in general

245207-2



PRESSURE-INDUCED ISOSTRUCTURAL CLUSTERING AND … PHYSICAL REVIEW B 104, 245207 (2021)

can be expressed by

F vib(T,V, x) = 1

2

∑
q,ν

h̄ω(q, ν,V, x)

+ kBT
∑
q,ν

ln[1−exp(−h̄ω(q, ν,V, x)/kBT )],

(6)

where ω(q, ν, V , x) is the vibrational frequencies at the wave
vector q and the band index ν. h̄ and kB are the reduced
Planck constant and the Boltzmann constant, respectively.
In this work, the phonon calculations are performed at the
quasiharmonic level using the PHONOPY package [36,37],
and in order to determine the force constants, the Parlinski-
Li-Kawazoe method [38] with a displacement of 0.01 Å is
applied to 4 × 4 × 1 hexagonal primitive unitcells (96 atoms)
of 2H-W(Se1−xTex )2 and 4 × 2 × 1 orthorhombic primitive
unitcells (96 atoms) of 1Td -W(Se1−xTex )2, all fully relaxed at
different fixed volumes, i.e., the total force exerting on each
atom within each supercell is less than 10−6 eV/Å. To assure
the convergence of ω(q, ν, V , x) and F vib(T , V , x), the su-
percell’s Brillouin zone is sampled with the Monkhorst-Pack
k grids of 21 × 21 × 21.

T Sconf (T , V , x) is a contribution arising from the configura-
tional disorder of Se and Te on the chalcogen sublattice. In the
present work, Sconf is derived within the mean-field approach.
For this reason, Sconf depends only on the composition x.
That is,

Sconf (x) = −2kB[xln(x) + (1 − x)ln(1 − x)]. (7)

At a given temperature and chemical composition, the term
pV can be obtained by fitting the sums of the first three terms
in the expression of G(p, T , x) at different fixed volumes to the
third-order Birch-Murnaghan equation of state (EOS) [39,40],
and the pressure is calculated by

p = −
[

∂[E (V, x) + F vib(T,V, x) − T Sconf (x)]

∂V

]
T

. (8)

Since, for a given pressure and temperature, the mixing Gibbs
free energies, �G(p, T , x), of 2H-W(Se1−xTex )2 and of
1Td -W(Se1−xTex )2 disordered solid solutions are evaluated at
discrete composition grids with x = 0, 0.25, 0.5, 0.75, and 1,
the data points are fitted using a cubic spline interpolation with
�x = 0.01.

III. RESULTS AND DISCUSSION

A. Thermodynamics stability of W(Se1−xTex)2

Within the first-principles cluster-expansion approach, the
mixing enthalpies (�Hmix) of 43 504 unique ordered solid
solutions of 2H-W(Se1−xTex )2, modeled with up to 24 atoms
in primitive supercells, are all positive, when being evaluated
with respect to 2H-WSe2 and 2H-WTe2 at T = 0 K and at
p = 15, 30, and 45 GPa. This clearly suggests a tendency of
isostructural decomposition of the solid solutions into their
constituent compounds without forming ordering patterns of
Se and Te atoms in thermodynamic equilibrium, see FIG. S1-
S3 in Ref. [35]. Then, to estimate the critical temperature, at

0 0.2 0.4 0.6 0.8 1
x

0

250

500

750

1000

1250

1500

T
em

pe
ra

tu
re

 (
K

)

p = 15 GPa
p = 30 GPa
p = 45 GPa

2H-W(Se
1-xTex)2

FIG. 1. Isostructural T -x phase diagram of random solid so-
lutions of 2H -W(Se1−xTex )2 at p = 15, 30, and 45 GPa. Here,
the vibrational free energy (�F vib

mix) and the configurational entropy
(�Sconf

mix ) arising, respectively, from the lattice vibrations and the con-
figurational disorder of Se and Te atoms on the chalcogen sublattice
are included in evaluating the mixing Gibbs free energy (�Gmix) of
the random solid solutions. �F vib

mix is obtained at the quasiharmonic
level, while �Sconf

mix is estimated from the mean-field approximation.

which a continuous series of single-phase random solid solu-
tions 2H-W(Se1−xTex )2 over the whole composition range is
thermodynamically stable, I determine the mixing Gibbs free
energy (�Gmix) as a function of pressure, temperature, and
composition of random solid solutions of 2H-W(Se1−xTex )2,
modeled by the SQS technique [33], and apply a so-called
common-tangent construction to the curves of �Gmix at dif-
ferent fixed temperatures to outline the isostructural T -x phase
diagrams of 2H-W(Se1−xTex )2 at p = 15, 30, and 45 GPa, as
depicted in Fig. 1. Note that, in this work, the contributions
to �Gmix of 2H-W(Se1−xTex )2 arising from the thermally
induced lattice vibrations and the configurational disorder of
Se and Te in the solid solutions are, respectively, obtained
at the quasiharmonic level and within the mean-field ap-
proach. Figures S4, S5, and S6 display examples of �Gmix

of 2H-W(Se1−xTex )2 random solid solutions as a function of
temperature and composition at p = 15, 30, and 45 GPa, re-
spectively. As illustrated by Fig. 1, the critical temperature at
p = 15 GPa is estimated to be ∼900 K. That is, at T > 900 K,
2H-W(Se1−xTex )2 is thermodynamically stable as a single-
phase random solid solution across the entire composition
range, while at T � 900 K there exists an immiscible region,
in which 2H-W(Se1−xTex )2 exhibits a tendency toward local
segregation of 2H-WSe2 and 2H-WTe2 thus leading to a mix-
ture of Se-rich and Te-rich 2H-W(Se1−xTex )2 solid solutions
under thermodynamic equilibrium conditions.

As can also be seen from Figs. S1–S6, �Gmix of the
random solid solutions at a given temperature increase
with the pressure. This subsequently leads to an increase
in the critical temperature, at which the miscibility gap
closes for the isostructural T -x phase diagram of pseudo-
binary 2H-W(Se1−xTex )2 alloys. At p = 30 and 45 GPa, the
critical temperature becomes ∼1100 and ∼1200 K, respec-
tively. This suggests that, for a given temperature, pressure
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can promote the driving force for isostructural clustering
in 2H-W(Se1−xTex )2, and thus reduce the solubility limit
of Te in 2H-WSe2 and vice versa. By applying a so-
called lever rule, one can determine, at a given pressure
and temperature, the equilibrium compositions as well as
the relative amount of 2H-W(Se1−xTex )2 solid solutions in
the immiscible region, as revealed in the T -x phase dia-
grams of pseudo-binary 2H-W(Se1−xTex )2 alloys. In this
way, the degree of segregation between Te and Se in
2H-W(Se1−xTex )2 can be estimated. For example, at p =
15 GPa and T = 750 K, a solid solution of 2H-W(Se0.5Te0.5)2

will be stable as a mixture of Se-rich 2H-W(Se0.9Te0.1)2

and Te-rich 2H-W(Se0.2Te0.8)2 under thermodynamic equi-
librium conditions, and the percentages of 2H-W(Se0.9Te0.1)2

and 2H-W(Se0.2Te0.8)2 presented in the 2H-W(Se0.5Te0.5)2

sample can approximately be 57.14% and 42.86%, respec-
tively. The physical mechanism that promotes the chemical
clustering of Se and Te atoms in 2H-W(Se1−xTex )2 can be
attributed to a considerable difference not only in atomic size,
but also in electrochemical nature between Se and Te atoms.
According to the Hume-Rothery rules [41], the formation
of solid solutions is not to be expected, if the atomic sizes
and the electronegativity of the constituent elements differ
by more than 15% and 0.4, respectively. The atomic radius
of Te is larger than that of Se by ∼22%, whereas the elec-
tronegativity between the two elements differ by 0.45. Also,
the volumes of mixing of 2H-W(Se1−xTex )2 random solid
solutions, determined with respect to those of 2H-WSe2 and
2H-WTe2, are found to be positive (see Fig. S18). These
analyses indicate that Se tends to interact unfavourably with
Te, thus giving rise to a tendency of clustering of Se and Te
atoms in 2H-W(Se1−xTex )2. Furthermore, it is worth men-
tioning that, due to the use of the SQS method to model
the random solid solutions and the mean-field approxima-
tion for the configurational entropy, the critical temperature
of the WSe2-WTe2 system derived at a given pressure can
generally be overestimated by 20%–30%, approximately,
as compared to that obtained from the more accurate
Monte Carlo simulations [42–44]. This can be attributed to
the absence of the short-range ordering/clustering effect in
the SQS-generated models, which is not fully compensated by
the overestimation of the mean-field configurational entropy.
The other source of quantitative uncertainty in the critical
temperature of the system of 2H-W(Se1−xTex )2 may be at-
tributed to the use of the quasiharmonic approach to estimate
�F vib

mix of 2H-W(Se1−xTex )2 random solid solutions. It has
in general been accepted that at high temperatures (�2/3 of
the melting temperatures of the materials under considera-
tion at ambient pressure), F vib(T , V , x) estimated within the
quasiharmonic approximation can be less quantitatively ac-
curate, as atoms constituting the materials strongly vibrate
giving rise to anharmonicity of the lattice vibrations. Given
that the melting temperatures at ambient pressure of WSe2

and WTe2 are ∼1473 and ∼1293 K, respectively, the quan-
titative uncertainty in evaluating �F vib

mix can be expected at
T � 900 K. This thus gives rise also to the quantitative
uncertainty in the critical temperature of 2H-W(Se1−xTex )2,
which is estimated in this work to be ∼900 K at p = 15 GPa,
and increasingly so at higher pressure. However, I find that
without the inclusion of the effect of lattice vibrations, the

critical temperatures of 2H-W(Se1−xTex )2 at p = 15, 30, and
45 GPa are only slightly deviating from those obtained with
�F vib

mix taken into account using the quasiharmonic approach
by ∼100 K. This indicates that the vibrational contributions
are of minor importance in comparison with those arising
from the configurational disorder of Se and Te atoms, and it
subsequently results in the quantitative uncertainties both in
the solubility limit of Te in 2H-WSe2 and vice versa at a given
pressure and temperature and in the critical temperature of
2H-W(Se1−xTex )2 at a given pressure. Such uncertainties are,
nevertheless, not likely to influence the qualitative description
of the results, reported in this work.

I note further that the effect of anharmonicity can in
practice be more explicitly taken into consideration by im-
plementing methods based on ab init io molecular dynamics
simulations, for example, temperature-dependent effective po-
tential [45,46], or those relying on the thermodynamic integra-
tion approach [47]. Implementing these sophisticated methods
to investigate the anharmonicity in 2H-W(Se1−xTex )2 is, nev-
ertheless, beyond the scope of the present work.

It should be noted here that practical samples of WSe2 in
general contains two distinct phases. That is, in addition to
the most common 2H-WSe2, there exists the rhombohedral
3R phase [48,49]. The two phases differ from each other
only by their stacking sequence of WSe2 layers along the
out-of-plane axis; 2H-WSe2 exhibits a stacking sequence of
AB, while 3R-WSe2 has a stacking sequence of ABC. Thus
it is worth exploring the possibility that, for WSe2 and WTe2,
the 3R phases would be thermodynamically favored over the
2H phases within the pressure range of interest by calculating
the enthalpies of 3R-WSe2 and 3R-WTe2 at different fixed
pressure and comparing them with those of 2H-WSe2 and
2H-WTe2, evaluated at the same pressures. I find that, within
the pressure range of 0–45 GPa, the enthalpy of 3R-WSe2 is
slightly higher than that of 2H-WSe2 (3–5 meV/f.u.), which
is in line with what has been reported in the previous theo-
retical study of WSe2 [50]. On the other hand, 3R-WTe2 is
predicted at p = 0 GPa to be about 20 meV/f.u. higher in
enthalpy than 2H-WTe2, whereas at p = 45 GPa the enthalpy
of 3R-WTe2 becomes higher than that of 2H-WTe2 by about
120 meV/f.u. These results indicates that the 3R phases of
the two constituent compounds are less stable in thermo-
dynamic sense, as compared to their 2H phases. This also
implies that the relative thermodynamic stability between the
2H and 3R phases of W(Se1−xTex )2 solid solutions at a given
composition and pressure would correspondingly be similar
to that of the constituent compounds, and thus the solid so-
lutions of 3R-W(Se1−xTex )2 are not further considered in the
present work. According to my calculations, the coexistence
of 2H-WSe2 and 3R-WSe2 in practical samples of WSe2 may
be attributed to the similarity between the two polytypes in
terms of enthalpy.

Although WSe2 and WTe2 do exhibit different crystal
structures at ambient conditions, a random solid solution
of 2H-W(Se1−xTex )2 can be experimentally achieved for
a certain composition range [7–9]. As a complement, the
thermodynamic stability of W(Se1−xTex )2 at p = 0 GPa is
also estimated. In this case, the SQS technique is used
to model random solid solutions of 2H-W(Se1−xTex )2 and
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FIG. 2. T -x phase diagram of W(Se1−xTex )2, derived from
the mixing Gibbs free energy (�Gmix) of 2H -W(Se1−xTex )2 and
1Td -W(Se1−xTex )2 random solid solutions at p = 0 GPa. The vibra-
tional free energy (�F vib

mix) and the configurational entropy (�Sconf
mix )

arising, respectively, from the lattice vibrations and the configura-
tional disorder of Se and Te atoms on the chalcogen sublattice are
included in evaluating �Gmix of the random solid solutions. �F vib

mix is
obtained at the quasiharmonic level, while �Sconf

mix is estimated from
the mean-field approximation.

1Td -W(Se1−xTex )2, and their �Gmix as a function of composi-
tion and temperature are calculated with respect to 2H-WSe2

and 1Td -WTe2. The effects of thermally excited lattice vibra-
tions and configurational disorder of Se and Te as well as
the effect of SOC are taken into account in evaluating �Gmix

of W(Se1−xTex )2 solid solutions. Figure S7 illustrates �Gmix

of 2H-W(Se1−xTex )2 and 1Td -W(Se1−xTex )2 at some selected
temperatures. By applying the common-tangent rule to �Gmix

curves both of 2H-W(Se1−xTex )2 and of 1Td -W(Se1−xTex )2,
the pseudo-binary T -x phase diagram of W(Se1−xTex )2 at p =
0 GPa is outlined, as visualized in Fig. 2. The diagram reveals
the existence of a two-phase region up to very high tempera-
ture, indicating the coexistence of Se-rich 2H-W(Se1−xTex )2

and Te-rich 1Td -W(Se1−xTex )2 random solid solutions, whose
equilibrium compositions at a given sample composition and
temperature can be obtained by using the lever rule. Accord-
ing to the present calculations, ∼25% of Te (Se) can dissolve
in 2H-WSe2 (1Td -WTe2) at T = 1200 K. However, according
to the experimental analysis of W(Se1−xTex )2 grown at the
atmospheric pressure and at T ≈ 1200 K [9], the mixture
of 2H-W(Se1−xTex )2 and 1Td -W(Se1−xTex )2 exists, if 0.5 �
x � 0.6. The quantitative discrepancy in the thermodynamic
stability of W(Se1−xTex )2 at such a high temperature between
experiment and simulations may be attributed to (1) the effect
of anharmonicity, which is not fully accessed by the quasihar-
monic approximation, (2) the contributions arising from the
electronic excitation, which has been neglected in the present
work, and (3) the use of the SQS method, together with the
mean-field approximation for the configurational entropy, to
model the solid solutions of W(Se1−xTex )2. Also, since for a
given pressure and temperature �Gmix of 2H-W(Se1−xTex )2

and 1Td -W(Se1−xTex )2 are evaluated at discrete composition
grids, as described in Sec. II D, the fitted or trending curves
of �Gmix used to outline the pseudobinary T -x phase di-
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FIG. 3. Phonon density of states of 2H -WSe2, 2H -WTe2, and a
random solid solution of 2H -W(Se1−xTex )2 with x = 0.5 at p = 0
(black lines) and 45 GPa (red dashed lines), calculated within the
harmonic approximation.

agrams of W(Se1−xTex )2 at different fixed pressure can be
different depending on the choice of fitting method. This can
consequently gives rise to uncertainties in, for example, the
boundaries between the single-phase regions and the two-
phase regions shown in Figs. 1 and 2, and be considered
as another source of quantitative discrepancy in the thermo-
dynamic stability of W(Se1−xTex )2. To further address the
sources of such a discrepancy, more elaborate theoretical and
experimental investigations are required.

B. Dynamical stability of 2H-W(Se1−xTex)2

By investigating the phonon density of states and the
corresponding dispersion relation of 2H-W(Se1−xTex )2, de-
rived within the harmonic approximation, at different fixed
pressures ranging from 0 GPa to 45 GPa, I observe that
the solid solutions of 2H-W(Se1−xTex )2 and their constituent
compounds do exhibit no imaginary vibrational phonon fre-
quencies, indicating their dynamical stabilities. Figure 3
depicts the phonon density of states of 2H-W(Se1−xTex )2

with x = 0, 0.5, and 1, evaluated at p = 0 and 45 GPa, while
Figs. S8– S11 display the phonon dispersion relations of
the constituent compounds at p = 0 and 45 GPa. I note that
the phonon frequencies at p = 0 GPa of the two constituent
compounds, derived in this work, are in good agreement
with those previously reported in the literature [15,52,53].
The dynamical stability of 2H-WTe2 at p = 0 GPa further
suggests that 2H-WTe2 and Te-rich 2H-W(Se1−xTex )2 could
remain metastable at low pressure. In practice, a random solid
solution of 2H-W(Se1−xTex )2 being metastable at ambient
pressure may be achieved, for example, by quenching the
solid solution, initially synthesized at high temperature (T ≈
1200 K) and at high pressure (p � 10 GPa), to room temper-
ature, while being compressed under such high pressure. This
would prevent local segregation of Se-rich 2H-W(Se1−xTex )2

and Te-rich 1Td -W(Se1−xTex )2 solid solutions during the de-
pressurizing process because of a lack of long-range atomic
diffusion at such low temperature.
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approximation.

C. Structural properties of 2H-W(Se1−xTex)2

In addition to the phonon frequencies, I consider some
structural properties of 2H-W(Se1−xTex )2 random solid so-
lutions and their constituents, and compare them with the
available experimental data. In this work, the lattice constants
a and c of 2H-W(Se1−xTex )2 at different fixed pressures
and compositions are estimated at T = 300 K, in which the
quasiharmonic effect due to thermal expansion is taken in
account (see Fig. 4 and also Figs. S12– 18). The pressure
dependence of lattice parameters has to the best of my knowl-
edge so far been measured experimentally for 2H-WSe2 only
[10,11,54], while those of 2H-W(Se1−xTex )2 where 0 < x �
1 still awaits experimental realization. The calculated lattice
parameters at p = 0 GPa and T = 300 K of 2H-WSe2 differ
from the ones, derived from the x-ray diffraction technique,
by less than 1.0% [54,55]. Also, the changes in lattice pa-
rameters and unit-cell volume of 2H-WSe2 with increasing
applied pressure, simulated in this work, are reasonably in
good agreement with the experiments [10,11,54]. Also, the
volumetric thermal expansion behavior of 2H-WSe2, theoret-
ically derived in the present work at p = 0 GPa, is found to

300 400 500 600 700 800 900 1000
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FIG. 5. Unit-cell volume (V ) of 2H -WSe2, as derived from the
quasiharmonic approximation (black solid line), over the temperature
range of 290–1000 K and at p = 0 GPa. Comparison is made with the
experimental data (filled red circles) obtained from high-temperature
x-ray diffraction method [51]. Red dashed line indicates the fitting
curve drawn through the experimental data, reported in Ref. [51], by
using the second order polynomial function.

be in line with that established from the experimental data
measured at ambient pressure within the temperature range
of 290-1000 K [51], see Fig. 5. I note that the temperature
dependence of the equilibrium unitcell volume of 2H-WSe2

at p = 0 GPa is estimated by finding the unitcell volume of
2H-WSe2 that minimizes its Gibbs free energy G(p, T ), as
expressed in Eq. (5), at a constant temperature. Even though
the equilibrium unitcell volume as a function of temperature
of 2H-WSe2 obtained from the quasiharmonic approximation
is overestimated, as compared to the experimental data re-
ported in Ref. [51], the difference in the equilibrium unitcell
volume between them within such a range of temperature is
tiny (less than 1.7%). These results further demonstrate the re-
liability of the approaches used in this work for simulating the
properties of 2H-W(Se1−xTex )2 under high pressures and high
temperatures.

It can be seen that, at p � 10 GPa, the solid solution are
more compressible along the c-axis than along the a axis.
This can be attributed to the weak van der Waals interactions,
coupling between the layers of X -W -X , where X = Se and
Te, in the solid solutions. As the applied pressure increases,
the interlayer distance decreases. This results in an increase
in the repulsive interactions between the adjacent layers and
thus a decrease in the compressibility of the material along the
c axis, until it becomes comparable to that along the a-axis at
p > 10 GPa. The theoretical data on the pressure and compo-
sition dependence of lattice parameters for 2H-W(Se1−xTex )2

with compositions other than x = 0 (Fig. 4 and FIG. S12-18)
are also provided as a fingerprint for future characterization of
the solid solutions. For a given pressure, the equilibrium pa-
rameters a and c of 2H-W(Se1−xTex )2 random solid solutions
show, respectively, tiny negative and distinct positive devia-
tions from the linear Vegard’s rule, which can be attributed to
the difference in the lattice parameters of higher than ∼5%
between the two constituent compounds [56].
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D. Electronic properties of 2H-W(Se1−xTex)2

By investigating the mBJ-dervied electronic density of
states of 2H-W(Se1−xTex )2 solid solutions at different fixed
pressures (see Fig. 6 displaying the electronic density of states
of 2H-W(Se1−xTex )2 with x = 0, 0.5 and 1 calculated at
p = 0, 15, and 30 GPa), the valence and conduction bands
of 2H-W(Se1−xTex )2 are dominated by the 5d orbitals of W,
4p orbitals of Se, and 5p orbitals of Te. This indicates strong
hybridization between these orbitals for the valence states lied
just below the Fermi level, and also the covalent nature of
the intralayer bonding between W and X , where X = Se and
Te. Upon increasing the pressure, the valence and conduction
bands of 2H-W(Se1−xTex )2 disperse, which results in reduc-
tion of their band-gap energy. Figure 7 displays the calculated
values of electronic band gap of 2H-W(Se1−xTex )2 random
solid solutions at different fixed compositions and pressures.
The band gaps of 2H-WSe2 and 2H-WTe2 decrease to zero
at p ≈ 45 GPa and 20 GPa, respectively, while those of the
random solid solutions with x = 0.25, 0.5, and 0.75 decrease
to zero at p ≈ 35, 30, and 25 GPa, respectively. The closure of
band gap evidences a semiconductor-to-semimetal electronic

phase transition. At p < 20 GPa, where 2H-W(Se1−xTex )2

is a semiconductor over the entire composition range, the
values of band gap of the solid solutions at a given pressure
tend to show a negative deviation from Vegard’s law. Still,
it is worth emphasizing that the rate at which the band gap
of 2H-W(Se1−xTex )2 decreases upon increasing the applied
pressure depends also on the composition, as can be seen
from Fig. 7.

The electronic phase transition in 2H-W(Se1−xTex )2 can
be interpreted by a change of interlayer interactions from van
der Waals to covalent bonding, as the solid solution is isotrop-
ically compressed under high pressure [10–12]. I note further
that the results on electronic properties of the two constituent
compounds carried out in this work, such as the values of elec-
tronic band gap at a given pressure and the changes of band
gaps upon increasing the pressure, are qualitatively and quan-
titatively in line with those reported in the previous theoretical
studies [12,15]. Furthermore, the band gap of 2H-WSe2 at
p = 0 GPa calculated in this work by using the mBJ exchange
potential is found to be in excellent agreement with the ex-
perimental value (∼1.2 eV), measured at ambient conditions
[57]. Nevertheless, it should be mentioned that, although the
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meta-GGA functional, i.e., mBJ, which is known to provide a
better description of electronic band gap, as compared to the
standard GGA exchange-correlation functionals, is used in the
present work, an error in predicting the band gap as well as the
electronic phase transition of 2H-W(Se1−xTex )2 under high
pressure can be expected due mainly to the approximation
used for modeling the electronic exchange-correlation effects.

According to the experimental work of Shen et al . [10],
the pressure inducing metallization in 2H-WSe2 can be as
high as 51.7 GPa, which is seemingly in line with the re-
sults having been predicted in this work. On the other hand,
Wang et al . [11] and Liu et al . [12] reported that the electronic
phase transition in 2H-WSe2 starts at p � 30 GPa, and both
semiconducting phase and semimetallic phase of 2H-WSe2

coexist within the pressure range of ∼30 to ∼60 GPa. The co-
existence of the two electronic characters of 2H-WSe2 under
high pressure is probably associated either with anisotropic
compression of the material or with lateral sliding of adjacent
layers of WSe2. This evidently points out a practical challenge
to control electronic properties, especially the magnitude of
band gap, of 2H-W(Se1−xTex )2 by compressing it under high
pressure.

IV. CONCLUSION

In summary, the present work reveals that, regardless
of applied pressure, 2H-W(Se1−xTex )2 exhibits chemical
clustering of Se and Te atoms, as T → 0 K. This re-
sults in the coexistence of Se-rich 2H-W(Se1−xTex )2 and

Te-rich 2H-W(Se1−xTex )2 (or Te-rich 1Td -W(Se1−xTex )2)
solid solutions, depending on the applied pressure, under ther-
modynamic equilibrium conditions. The critical temperature,
at which 2H-W(Se1−xTex )2 is thermodynamically stable as
a single-phase random solid solution across the whole com-
position range, gets higher as the pressure exerted on the
material increases. For instance, the critical temperature is
about 900 K at p = 15 GPa, while it becomes around 1200 K
at p = 45 GPa. Upon increasing the applied pressure, the band
gap of 2H-W(Se1−xTex )2 shrinks, and eventually undergoes
the semiconductor-to-semimetal electronic phase transition.
In addition to the pressure, the magnitude of band gap as well
as the rate at which the band gap decreases upon increasing the
pressure exerted on the material depend on the composition
of the solid solution. These findings offer a possibility to
engineer the electronic properties of 2H-W(Se1−xTex )2 by
varying its composition and the pressure applied on it for
future utilization of the solid solution in electronic devices,
subjected to high-pressure compression.
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