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tungsten ditellurides WTe, under high pressure: a first-principles investigation

A. Ektarawong,!2 P. Tsuppayakorn-aek,’? T. Bovornratanaraks,’? B. Alling,> and N. Kanchanavatee*: *

1 Extreme Condition Physics Research Laboratory,
Physics of Energy Materials Research Unit, Department of Physics,
Faculty of Science, Chulalongkorn University, Bangkok, 10330, Thailand
? Thailand Center of Excellence in Physics, Ministry of Higher Education, Science,
Research and Innovation, 328 Si Ayutthaya Road, Bangkok 10400, Thailand
9 Theoretical Physics Division, Department of Physics,
Chemistry and Biology (IFM), Linkoping University, SE-581 83 Linkoping, Sweden
4 Physics of Energy Materials Research Unit, Department of Physics,
Faculty of Science, Chulalongkorn University, Bangkok, 10330, Thailand

The thermodynamic stability as a function of pressure and temperature of three WTes polytypes,
i.e., Td, 1T’, and 2H phases, is examined using first-principles calculations, where the temperature-
dependent contributions, arising particularly from the lattice vibrations, are derived from the quasi-
harmonic approximation. We find that the critical transition pressure to the 2H phase increases
almost linearly with increasing temperature. Through the inspection of the phonon density of states,
2H—WTes is dynamically stable not only at high pressure, but also at zero pressure, indicating pos-
sible existence of 2H—WTes also at ambient conditions. On the other side, our results demonstrate
that, at relevant temperature and pressure, the thermodynamic stability of 1T'—WTey is compara-
ble to that of Td—WTes, and further analysis reveals substantial similarities in terms of structural
behavior between Td—WTez and 1T'—~WTez. These findings suggest not only that the two poly-
types are likely to coexist in practical samples of WTez due probably to grains/regions either with
tiny difference in stress, for example, or with different growth history, but also that the designation
of 1T’, having been regularly used to described the compound under pressure in the literature, might
actually be a mixture of Td and 1T’ polytypes, whose WTez layers laterally slide via low transition
barrier induced probably by the applied pressure, resulting in the splitting of (101) and (113) peaks

as observed in the diffraction experiments.

INTRODUCTION

©

FIG. 1: Visualization of three stacking layered structures of
WTe, viewed along the b axis: (a) Td phase, (b) 1T’ phase,
and (c) 2H phase. The grey and orange spheres represent,
respectively, W and Te atoms.

Tungsten ditelluride — WTes — belonging to the family
of layered transition metal dichalcogenides has recently
received considerable interest from the materials research
society. This can typically be attributed to its extremely
large and non-saturating magnetoresistance at low tem-
perature [1]. Furthermore, WTes has been proposed
as a candidate for the Type—II Weyl semimetals [2—4]
and reported to display superconducting properties un-
der high pressure [5-7]. In analogy to other transition

metal dichalcogenides [8], WTey crystallizes in the form
of stacking layered structures, and for each individual
layer of WTey, W atoms are sandwiched by and cova-
lently bonded to Te atoms (see Fig. 1). Owing to the
variation both in the stacking order of WTey layers and
in the atomic configuration of W and Te atoms consti-
tuting the layer, it is likely that different polytypes (or
phase) of WTey can exist. At ambient conditions, the
orthorhombic structure with the space group of Pmn2;
(Td phase), where both W and Te atoms occupy the
Wyckoff positions 2a, has been reported to be the most
thermodynamically stable form of WTe,, as depicted by
Fig. 1(a) [9, 10], while the monoclinic structure with the
space group of P2;/m (1T’ phase), where both W and
Te atoms occupy the Wyckoff positions 2e (see Fig. 1(b)),
has been demonstrated both by Lu et al. [7] and by Zhou
et al. [11] via their experimental and theoretical studies
to be thermodynamically favored over Td phase under
high pressure (p = 4 GPa). According to the findings in
Ref. [7] and [11], the pressure-induced structural phase
transition of WTey from Td to 1T’ phases can be inter-
preted by the lateral sliding of adjacent layers of WTes,
and such a transition has been suggested to be the origin
of the observed superconducting behavior of WTey at T’
< 4 K under high pressure. In addition to 1T’ phase,
another high-pressure structure of WTe,, crystallizing in
the hexagonal lattice with the space group of P63/mmec



(2H phase), where W and Te atoms occupy the Wyck-
off positions 2b and 4f, respectively (see Fig. 1(c)), has
been predicted to be thermodynamically stable with re-
spect to 1T phase at p 2 10 GPa [7]. It has also been
theoretically demonstrated that, instead of the Type-II
Weyl semimetal, 2H phase of WTe; exhibits a semicon-
ducting behavior at p < 18 GPa [7, 10]. It is, however,
worth noting that, to the best of our knowledge, no suc-
cessful synthesis of 2H—WTes has so far been reported,
although attempts to do so were made previously by Lu
et al. |7] and Zhou et al. [11]. For example, as reported
in Ref. [7], WTey was compressed at p = 15.4 GPa using
a diamond anvil cell and then laser-heated at T > 2200
K; however, the transition from 1T’ to 2H phases was
not observed, and Lu et al. [7] have attributed this to a
sluggish diffusion of W and Te atoms resulting from the
high transition barrier between 1T” and 2H phases, thus
limiting the compound to access its thermodynamic equi-
librium 2H phase in experiments. It should also be em-
phasized that the relative stability between 1T'—WTeq
and 2H—WTe, as a function of pressure, as reported in
Ref. [7], was evaluated without considering the effects of
temperature, in particular lattice vibrations or phonons.
Such thermally excited effects might, however, play a cru-
cial role in determining the thermodynamic stability of
WTe, at elevated temperature. Hypothetically, the con-
tributions arising from the lattice vibrations might either
result in destabilization of 2H phase or further enhance
the stability of 1T/ phase with respect to that of 2H phase
upon annealing WTes to high temperature, which could
subsequently be an interpretation of why the experimen-
tal synthesis of 2H—WTe, under pressure has so far never
been successfully accomplished. This puts in question the
relative stability of Td, 1T’, and 2H phases of WTe,, not
only under high pressure, but also at high temperature,
thus deserving further clarification.

In the present work, we perform first-principles calcula-
tions, based on the density functional theory, to examine
the thermodynamic stability as a function of temperature
and pressure of the three WTe, polytypes. The influence,
arising particularly from the phonons, are taken into ac-
count in evaluating the relative stability of WTey at the
quasiharmonic level. The results demonstrate that, p >
11 GPa depending on the temperature, 2H—W'Te, is the
thermodynamically stable with respect to the other two
polytypes and its constituent elements. As indicated by
no imaginary phonon frequency at p = 0 GPa, 2H—WTe,
is expected to remain metastable also at ambient condi-
tions. We further reveal that the stability of 1T'—WTey
is comparable to that of Td—WTey at relevant tempera-
ture and pressure, suggesting the coexistence of the two
polytypes in any practical samples of WTe,. These find-
ings provide crucial information for fundamentally under-
standing the thermodynamic behavior of the compound
at a given temperature and pressure.

METHODOLOGY

First-principles calculations

The static total energy E at T' = 0 K as a function of
volume V of the three WTe, polytypes and also of tung-
sten (bcc—W) and tellurium (Te—I, Te—II, or Te—III)
considered as relevant competing phases of WTey (see
section 3.1 for further details) is derived from the den-
sity functional theory (DFT) [12, 13]. Here, the DFT
calculations are performed wvia the projector augmented
wave (PAW) method [14], as implemented in the Vienna
ab initio simulation package (VASP) [15, 16], and the
generalized gradient approximation (GGA), as proposed
by Perdew, Burke, and Ernzerhof [17], is chosen to inter-
pret the exchange—correlation interactions. The energy
cutoff for plane waves, included in the expansion of wave
functions, is set to be 500 eV, and the Monkhorst—Pack
k—point mesh [18] is utilized for the Brillouin-zone inte-
gration. The correction, as proposed by Grimme (DFT-
D3) [19], and the effect of spin-orbit coupling (SOC)
are included in all DFT calculations in order to account
for the van der Waals interactions, weakly binding ad-
jacent WTey layers, and for the effect of SOC having
been reported to be robust for WTes [20], respectively.
The details of implementation of the SOC, together with
the PAW method, in the VASP code can be found else-
where [21].

For each considered phase, the optimal equilibrium vol-
ume Vy at T = 0 K, minimizing the total energy F, is
determined by the minimum point of the £F—V curve, de-
rived from a set of E evaluated at different fixed volume
V. During the calculations of the energy E at each fixed
volume V', the unit-cell shape and all internal atomic co-
ordinates within the cell are allowed to relax, so that the
total force acting on each atom is less than 10~% eV /A. In
addition, for all considered phases, calculated E(V') are
assured to be converged within an accuracy of 1 meV /f.u.
with respect to the plane-wave energy cutoff and the den-
sity of the k-point grids.

Thermodynamic stability calculations

The relative thermodynamic stability of the three poly-
types of WTes at different fixed pressure p and tempera-
ture T, in the present work, evaluated through the min-
imization of the Gibbs free energy G(T, p);

For a given polytype of WTeqs, E(V) is the total energy

at T = 0 directly obtained from the DFT calculations,
and F,;(T,V) is the Helmholtz free energy contributed
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FIG. 2: (a) Gibbs free energy as a function of pressure ranging from 0 GPa to 30 GPa of 1T'—WTe, and 2H—WTe,, evaluated
relative to that of Td—WTes at T' = 0, 300, 500, and 800 K. (b) p—T phase diagram at a given composition of WTes (see the

main text for description).

by the lattice vibrations, given by;

1
Fvib(T7 V) = 5 ZM((L v, V)

q,v

+kpT Y " In[l — exp(—hw(q, v, V)/ksT)]. (2)

q,v

w(q,v,V) denotes the phonon frequency at the wave vec-
tor q and the band index v. h and kp are, respectively,
defined as the reduced Planck constant and the Boltz-
mann constant. It is worth noting that, in addition to q
and v, the phonon frequencies w in Eq. 2 are volume de-
pendent, as the phonon calculations are performed at the
quasi-harmonic level using the PHONOPY package for
phonon calculations [22, 23|, in which the Parlinski-Li-
Kawazoe method [24] with a finite displacement of 0.01
A is employed to calculate the force constants within suf-
ficiently large supercells (96 atoms). Those are, 4x2x1
supercells for Td—WTe; and 1T/ —WTe,, and 4x4x1 su-
percells for 2H—WTe;y. The supercells are then sampled
with the 35x35x35 Monkhorst-Pack k-point grids in or-
der to guarantee the convergence of the derived phonon
frequency w(q,v,V) and thus the vibrational free energy
F,i(T,V). At a given temperature, the term pV as part
of the contributions to G(T', p) can be obtained by fitting
the sum of the energies E(V) and F,;(T,V) at different
fixed volumes to the third-order Birch-Murnaghan equa-
tion of state (EOS) [25, 26], and thus the pressure p can
thus be derived from:;

IE(V) + Fuu(T, V)]
oV

3)

pb=-

Recently, it has been demonstrated that, at high tem-
perature, Fy;, (T, V') estimated within the quasiharmonic
approach can be less quantitatively due to increasingly
strong anharmonicity of the lattice vibrations [27]. Given
that WTes incongruently melts at T = 1293 K at am-
bient pressure [28], the range of temperature in which
the temperature-dependent vibrational contributions to
G(T, p) are derived in the present work, will be limited
not to exceed T' = 800 K. That is, less than 2/3 of the
melting temperature of the material at ambient pressure.
Within such a relatively low temperature range, the an-
harmonic effect is expected to be negligible and thus the
quasiharmonic approximation should be valid for consid-
ering the thermodynamic stability of WTes.

RESULT AND DISCUSSION

Thermodynamic stability of 2H—WTe,

By employing the methodologies described in section
2, we determine the Gibbs free energy as a function of
pressure and temperature of Td, 1T', and 2H polytypes
of WTey. Fig. 2(a) illustrates the Gibbs free energy G
of the three WTey polytypes, where 0 GPa < p < 30
GPa and T = 0, 300, 500, 800 K. Our results reveal
that, in spite of including the influence of lattice vibra-
tions, 2H—WTe, is thermodynamically stable with re-
spect both to Td—WTey and to 1T/—WTe, at p =~ 11.5,
12.3, 13.2, and 14.4 GPa for T = 0, 300, 500, and 800
K, respectively. This is in fact in line with the predic-
tion, previously carried out by Lu et al. [7] showing that,
without the inclusion of the temperature-dependent ef-



fects, 2H—WTey is thermodynamically favored over the
other two phases at p 2 10 GPa. From minimization of
the derived Gibbs free energy G at different fixed pres-
sure p and temperature 7', we construct a p—7T phase
diagram (see Fig. 2(b)) to illustrate the relative stabil-
ity between the three WTe, polytypes. Firstly, we con-
sider 2H—WTe,, and as can be seen from Fig. 2(b), the
pressure, at which WTes undergoes a structural phase
transition to 2H phase, increases almost linearly with
the increase of the temperature. These results suggest
that, for a given pressure, the stability of 2H phase tends
to decrease upon annealing WTe, to higher temperature,
which can directly be attributed to the stronger influence
of lattice vibrations.

Despite being subject to the high temperature anneal-
ing, 2H—W'Tes should according to the present prediction
be stabilized, if the applied pressure is sufficiently large.
As we briefly mentioned in section 1, the attempts to syn-
thesize 2H—WTe, under high pressure were previously
made by Zhou et al. [11] and by Lu et al. [7]. Neverthe-
less, in both cases, no successful synthesis of 2H—WTe,
could be achieved. In case of Ref. [7], two experimental
syntheses of 2H—WTey were set up: first, WTes was com-
pressed in the diamond anvil cell (DAC) at p = 15.4 GPa
and then laser-heated at T' > 2000 K, and second, WTes
was compressed in the DAC at p = 22.9 GPa and it was
externally resistance-heated at T' = 450 K. As for the first
case, in which the laser-heated DAC technique was em-
ployed, our results, derived from the quasiharmonic ap-
proach, suggest that the pressure of at least ~19 GPa is
required to stabilize 2H—WTe, at T' > 2000 K, while for
the second case, even though the applied pressure of 22.9
GPa is high enough to stabilize 2H—WTe, in thermody-
namic equilibrium, the annealing temperature of 450 K is
somewhat low. By taking into consideration the fact that
the temperature of above ~1000 K and also sufficiently
long equilibration time are generally required to achieve
high-quality macroscopic crystals of WTey [1, 5, 6], such a
relatively low annealing temperature is likely to result in
slow diffusion of W and Te atoms. The sluggish processes
at low temperature, together with the limited atomic mo-
bility as the material being compressed under high pres-
sure, may thus be the cause of preventing the material to
reach its actual equilibrium state, i.e., 2H—WTey. The
same situation applies also to the experimental synthesis
of 2H—WTes under high pressure, as carried out by Zhou
et al. [11] probably at room temperature. This analysis
is also in line with the findings, reported by Lu et al. [7],
that the transition barrier between 1T’ (and/or Td) and
2H phases is high (= 0.15 eV /atom) and may presumably
be an explanation of why the formation of 2H—WTey did
not take place in the high-pressure experiments of Zhou
et al. [11] and Lu et al. [7].

Through the inspection of the phonon density of states,
we find that the phonon frequencies of 2H—WTe; are all
positive not only under high pressure, but also at p = 0
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FIG. 3: Phonon density of states of the three WTes polytypes
at p = 0 and 15 GPa.
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FIG. 4: Formation enthalpy (AH¥°"™) of WTe as a function
of pressure (0 GPa < p < 30 GPa), calculated with respect to
tungsten and tellurium (see the main text for description).

GPa (see Fig. 3 illustrating the phonon density of states
of the three polytypes of WTes at p = 0 and 15 GPa).
These findings apparently indicate the dynamical stabil-
ity of 2H—WTe, at p = 0 GPa, and further suggest that
2H—WTey, if able to synthesize, would possibly remains
metastable at ambient pressure. It is worth noting that
our results on the phonon density of states (and the lat-
tice parameters, see TABLE I) of 2H—WTes are in good
agreement with those previously reported by Lu et al. [7].

Although 2H—WTes has been shown to be thermody-
namically favored over Td—WTey and 1T'—WTe, under
high pressure (see Fig. 2), it is no proof that, upon com-
pression to high pressure, the compound will still be sta-
ble against phase decomposition into its relevant compet-
ing phases. Thus, we evaluate the thermodynamic sta-
bility of 2H—WTe, with respect not only to Td—WTe,
and 1T'—WTe,, but also to its constituent elements in



TABLE I: Optimized lattice parameters (a, b, ¢) and angles (a, 3, 7v) of the three WTe, polytypes. A comparison is made with
the experimental data [9], obtained from single-crystal x-ray diffraction measurements.

Polytype Lattice parameters Angles References
a, b, c (A) a, B, 7 (deg)
Td—WTey 6.284, 3.473, 14.056 90.00, 90.00, 90.00 This work
6.282, 3.496, 14.070 90.00, 90.00, 90.00 [9]
1T -WTe: 6.279, 3.469, 14.134 90.00, 89.91, 90.00 This work
2H—-WTe,; 3.512, 3.512, 14.097 90.00, 90.00, 120.00 This work
order to clarify such an issue. Note that, since pressure sE 7ook Z| 0K ]
is particularly the variable of interest, we neglect at the 3 ik _
moment the temperature-dependent effects and as a con- L2 ] g 1
sequence the Gibbs free energy G, given in Eq. 1, reduces 06 4 05 7
to the enthalpy H; E ol 1
g | | \ | \ \
H(p) — E(V) + p‘/7 (4) E 0 0.5 1 1.5 2 0 0.5 1 1.5 2
E T 1 T I T
09 o 031 o g
where the expression of pressure p, given in Eq. 3, is now 2 LT S:Z Kh , 1 L TRk 1
written as; oo — IT- phase 10T ]
0.3 — 0
p= ,aE(V). (5) 0 015 -
v 03k ! ! ! I - ! ! ! ]
. . . 0 05 1 15 2 770 05 1 15 2
The thermodynamic stability of WTe, at a given pres- Pressure (GPa)

sure p (and at 7' = 0 K) can then be determined via
the formation enthalpy AH " with respect to tungsten
(bcc—W) and tellurium (Te—I, Te—II, or Te—III depend-
ing on which pressure is being considered [29]), where the
enthalpies H as a function of pressure p of WTe, and its
constituent elemental phases are calculated from Eq. 4.
Fig. 4 illustrates AH ™™ as a function of pressure rang-
ing from 0 GPa to 30 GPa of 2H—WTe, for which p 2 11
GPa, and (for completeness) also of Td—WTe, for which
p < 11 GPa. Our results show that AH/™™ of WTe,
is negative for all pressures considered here (see Fig 4).
This evidently confirms the stability of WTe, against de-
composition into the constituent elements under pressure
up to at least 30 GPa. Interestingly, the formation en-
thalpy of WTes with respect to its constituent elements
becomes more negative upon increasing pressure. This
can be attributed to strong interatomic interactions be-
tween W and Te atoms in WTe, resulting in a negative
volume of mixing. That is, the actual volume per for-
mula unit of WTes is smaller than that derived from the
sum of the initially separate volumes per atom of W and
Te. According to our calculations, the volume of mix-
ing is negative for WTey even at high pressure (up to at
least 30 GPa), further stabilizing the compound under
pressure.

Relative thermodynamic stability between
Td—WTe,; and 1T'—WTe,

In this section, we consider the relative thermodynamic
stability between Td—WTe; and 1T'—WTe,. It is worth

FIG. 5: Gibbs free energy of 1T'—WTez, focusing on the low-
pressure regions in Fig. 2(a) (< 2 GPa) and evaluated relative
to that of Td—WTez at T = 0, 300, 500, and 800 K.

mentioning again that, at ambient conditions, Td—WTe,
has been reported in the literature [9, 10] and accepted
to be the most stable WTes polytype. According to our
prediction shown in Fig. 2(a), the Gibbs free energy G of
1T'—WTe, in particular at low pressure is, however, very
close to that of Td—WTe,;. We notice that the similarity
between the two polytypes in terms of enthalpy H at low
pressure was previously reported by Lu et al. [7]. Accord-
ing to their prediction [7], the enthalpy H of 1T'—WTeq
becomes lower than that of Td—WTe; at p 2 4 GPa,
and the enthalpy difference AH between the two poly-
types at p = 30 GPa is only ~5 meV /atom. On the other
hand, our prediction reveals that, regardless of temper-
ature, the Gibbs free energy G of 1T'—WTes relative to
that of Td—WTes tends to increase upon increasing the
pressure, as can be seen from Fig. 2(a). The difference in
the relative stability between the two W'Tes polytypes be-
tween our work and that of Lu et al. [7] may be attributed
either to the difference in the exchange-correlation func-
tional and also the correction to account for the van der
Waals interactions, employed between the two studies or
to the absence of the influence of thermally excited lattice
vibrations in the work of Lu et al. [7]. We additionally
observe that, within the low-pressure region of Fig. 2(a),
there exists a pressure range, in which 1T'—WTe, is pre-
dicted to be stable with respect to Td—WTe,, see Fig. 5
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FIG. 6: Simulated x-ray powder-diffraction pattern (CuK«)
of Td—WTe, and of 1T’ —WTesz, obtained from RIETAN—-FP
package [30] as implemented in VESTA [31]. A comparison is
made with the existing experimental powder-diffraction data
of Td—WTe; [9] (see the main text for description).

showing the Gibbs free energy G of 1T'—WTe,, evaluated
relative to Td—WTes, within the aforementioned region
(p < 2 GPa). Nevertheless, it must be underlined that,
despite the prediction of 1T'—WTe, being favored over
Td—WTes, the difference in the Gibbs free energy AG be-
tween the two polytypes, as predicted in our case, is very
tiny less than 1 meV/f.u. This is indeed falling into the
accuracy range of the first-principles calculations, having
been employed in the present work to derive the Gibbs
free energy G of WTes. Moreover, near the boundary at
which WTe; undergoes the transition to 2H polytype, the
difference in the Gibbs free energy G between Td—WTey
and 1T'—WTe, is rather small, i.e., ~5 meV /atom at T
= 0 K and decreasingly so at higher temperature.

By investigating the optimized lattice parameters both
of Td—WTe, and of 1T'—WTe,, we observe that the two
WTes polytypes exhibit very similar lattice parameters,
as can be seen from TABLE I. Note also that the mono-
clinic angle 8 of 1T'—WTe,, after structural relaxation, is
estimated to be 89.91 degree, slightly different from that
of Td—WTes only by 0.1%. In the case of Td—WTe,, our
calculated lattice parameters are in excellent agreement
with the experimental data available in the literature (see
TABLE I), justifying the reliability of our methodological
approaches in terms of exchange-correlation approxima-
tion and correction to the total energy due to the van der
Waals interactions. This correspondingly results in simi-
larity in the simulated x-ray powder diffraction patterns
between Td—WTe, and 1T'—WTe, as denoted, respec-
tively, by Td—WTey l@v¢d and 1T/ —WTey"¢%¢d hoth
depicted in Fig. 6. For comparison to the diffraction pat-
terns of structurally relaxed Td—WTey and 1T/ —WTegy,
obtained from the simulations, the experimental diffrac-

tion data of Td—WTey [9] is included also in Fig. 6.

Despite the similarities between the two polytypes of
WTe,, pointed out above, Lu et al. [7] and Zhou et al. [11]
demonstrated, upon applying pressure, Td—WTes under-
went a phase transition to 1T'—WTey at p = 4 GPa. Ac-
cording to their x-ray diffraction studies on WTey [7, 11],
Td—WTes and 1T'—WTey were distinguishable through,
e.g., the splitting of (101) and (113) peaks, as the pres-
sure of higher than ~4 GPa was applied to WTes. Theo-
retically, we find that such peak splitting can be achieved,
when the angle 8 either of Td—WTe, or of 1T'—WTey
significantly deviates from 90.00 degree due, for instance,
to the shear strain applying to the compound along the
a axis. Fundamentally, this is associated with the lat-
eral sliding of adjacent WTey layers. To verify our state-
ment, we apply the tensile shear strain of 4.5% along the
zz direction to 1T'—WTey, as an example, so that the
angle 8 changes from 89.91 to 87.35 degree, and then ex-
tract the simulated x-ray diffraction patterns out of it.
As shown in Fig. 6, the simulated x-ray diffraction pat-
terns of strained 1T'—WTeq reveal the splitting of (101)
and (113) peaks, which are both in line with the exper-
imental observations [7, 11]. Such splitting of (101) and
(113) peaks is also observed for strained Td—WTeq (not
shown). Lu et al. [7] recently showed via their theo-
retical simulations that the transition barrier for sliding
the layers of WTe, relative to each other, induced by the
shear strain, is typically small (less than 1 meV /atom).
Such a low barrier indicates that, upon being compressed
under high pressure, the WTe, layers of Td—WTes and of
1T'—WTe, tend to easily and systematically slip with re-
spect to each other, thus resulting in the splitting of (101)
and (113) peaks as observed in the experiments [7, 11].
As shown in Fig. 3, both Td—WTe, and 1T'—WTe, are
dynamically stable at p = 0 and under high pressure, im-
plying that the two polytypes can exist as a metastable
phase upon being compressed at relatively low tempera-
tures, at which the atomic mobility and diffusion of both
W and Te atoms are kinetically limited |7, 11].

These analyses, based on our findings showing the sub-
stantial similarities between Td—WTey and 1T/ —WTey
in terms of thermodynamic stability and of structural
behavior, suggest not only that, for a given pressure and
temperature within an area, labeled by "Td (+ 1T’)" in
the p—T phase diagram of WTey (Fig. 2(b)), the two
polytypes may coexist in practical samples of WTe, due
probably to grains/regions either with tiny difference in
stress, for example, or with different growth history, but
also that the designation of 1T’ polytype, having been
used in the literature to described the compound un-
der pressure [7, 11], might actually be represented by a
mixture of strained Td—WTey and strained 1T/ —WTes.
This, however, poses a challenge to distinguishing the two
polytypes in practice, thus requiring further experimen-
tal elaborations.



CONCLUSION

In this work, we investigate through first-principles cal-
culations the thermodynamic stability of the three phases
of WTe; as a function of pressure and temperature, where
the temperature-dependent contributions, arising partic-
ularly from the lattice vibrations, are obtained within the
quasiharmonic approximation. Our calculated results re-
veal that, the critical pressure triggering the structural
phase transition in WTes to 2H phase increases almost
linearly with the increase of the temperature. For ex-
ample, at T' = 0 K, 2H—WTe; is thermodynamically fa-
vored over Td—WTes and 1T'—WTes at p = 11.5 GPa,
while p of at least ~ 14.4 GPa is required to stabilize
2H—WTe, at T' = 800 K. We investigate the phonon den-
sity of states of 2H—W'Te,, and find that it is dynamically
stable even at p = 0 GPa, implying that 2H—WTe,, if
able to synthesize, would remain as a metastable phase
also at ambient conditions. Our investigation further re-
veals the considerable similarities between Td—WTes and
1T'—WTe, in terms of stability and crystal structure, in-
dicating that the two polytypes are likely to coexist in
practical samples of WTey, as those samples might in-
clude grains/regions with tiny difference in stress or with
different growth history. Also, our analyses on the struc-
tural behavior of Td—WTey and of 1T'—WTe; suggest
that the designation of 1T'—WTes, having been regu-
larly used in the literature to described the compound
under high pressure (p 2 4 GPa), might actually be a mix
phase of Td—WTe; and 1T/—WTes, whose WTe, layers
laterally slide owing probably to the applied pressure, re-
sulting in significant deviation of the angle 8 from 90.00
degree and thus the splitting of (101) and (113) peaks as
observed in the experiments [7, 11].
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