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The relationship among structural transition, superconductivity, and doping in the Weyl
semimetal Mo1−xWxTe2 has been established through a systematic study of the doping and pressure
effects. Doping-dependent resistivity measurements at ambient pressure revealed that the structural
transition temperature increases linearly with increasing W content in Mo1−xWxTe2. The observed
structural transition temperature (Ts) of MoTe2 at ambient pressure is 249 K and that of WTe2 is
613 K. Temperature-dependent synchrotron X-ray diffraction measurements further confirmed the
structural transition in WTe2 at ambient pressure. Pressure was found to continuously suppress
the Ts in Mo0.90W0.10Te2, Mo0.60W0.40Te2, and Mo0.25W0.75Te2, and superconductivity emerges in
Mo0.90W0.10Te2 and Mo0.60W0.40Te2 above 1.25 K when Ts is suppressed to a lower temperature.

Transition-metal dichalcogenides (TMDs) have been
extensively investigated due to their wide-ranging elec-
tronic, optical, chemical, thermal, and mechanical prop-
erties, which are useful for device applications [1–7].
TMDs have a common formula MX2, where M refers to
a transition metal of group IVB (Ti, Zr, or Hf), VB (V,
Nb, or Ta), or VIB (Cr, Mo, or W), and X is a chalcogen
(S, Se, or Te) [8, 9]. Most of the TMDs crystallize into a
2-D layered structure [10, 11], in which each monolayer
consists of transition-metal atoms between two planes of
chalcogens (X-M-X). Atoms within a layer have a strong
covalent bond, while interlayer bonding between the ad-
jacent planes is by weak van der Waals-type forces. This
feature gives rise to crystals that can be cleaved eas-
ily, and many of their physical properties are anisotropic
[12]. TMDs can display semiconducting, semimetallic,
or metallic behavior, which correlates well with the crys-
talline phase [13].

MoTe2 and WTe2 are both Weyl semimetals [14–17]
with extremely large non-saturating magnetoresistance
(MR) and interesting physical properties [18, 19]. The
observed non-saturating MR for MoTe2 at 2 K and an
applied field of 33 T is 61,700%, while that for WTe2
is even more impressive, 13,000,000% at 0.53 K and an
applied field of 60 T. When WTe2 is thinned to a single
monolayer, it becomes a 2D topological insulator with
a conducting edge, in which a superconducting transi-
tion can be driven by applying a gate voltage [20, 21].
Additionally, a dome-shaped superconducting behavior
has been observed in both MoTe2 and WTe2 under pres-
sure, with a maximum superconducting transition tem-
perature (Tc) of 8.2 K at 11.7 GPa in MoTe2 [22] and 7
K at 16.8 GPa in WTe2 [23]. The Weyl semimetal state
has also been observed in Mo1−xWxTe2 for x = 0.75 and
this compound has been predicted to be a tunable Weyl
semimetal by varying x [24].

Depending on the synthesis conditions, Mo1−xWxTe2
can crystalize into one of three different phases: the
hexagonal 2H phase (space group P63/mmc), the mono-
clinic 1T′ phase (space group P21/m), or the orthorhom-
bic Td phase (space group Pmn21) [10, 25–28]. The 2H
phase is semiconducting, whereas the 1T′ and Td phases
are semimetallic. For x ≤ 0.10, the compound is semi-
conducting at ambient conditions, while it is semimetallic
above 900 C, which can be stabilized at room tempera-
ture by rapid cooling. The compound is semimetallic for
x > 0.10, independent of synthesis conditions. Rapid
cooling of MoTe2 results in the compound being in the
1T′ phase at room temperature, whereas that of WTe2
results in Td phase. Thus, depending on the doping level
in Mo1−xWxTe2, the semimetallic phase can exhibit ei-
ther 1T′ or Td structure at room temperature [27].

The semimetallic 1T′-phase MoTe2 undergoes a struc-
tural transition at ∼ 250 K to the Td phase at ambi-
ent [29, 30]. External pressure suppresses the structural
transition temperature (Ts) in MoTe2 and, by suppress-
ing the Ts to lower temperatures, the superconducting
transition temperature (Tc) can be increased from 0.10
K at ambient to 8.2 K at 11.7 GPa [22, 31, 32]. No
structural transition in WTe2 at ambient pressure has
been reported to date. Kang et al. found no structural
transition up to 20.1 GPa in WTe2 by conducting syn-
chrotron X-ray diffraction (XRD) at room temperature
[33], while Zhuo et al. and Lu et al. both observed a
room-temperature structural transition in WTe2 start-
ing under 6 GPa and 4 GPa, respectively, by conduct-
ing synchrotron XRD [34, 35]. Pressure is a basic and
clean tuning parameter since it can have a great effect
on physical and structural properties [31, 36] by reducing
atomic distances and shifting a compound’s Fermi levels
without complications arising from changing the chem-
istry of the compound. To explore the phase diagram of,
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FIG. 1. Temperature-dependent resistivity of Mo1−xWxTe2 in different temperature regions from 2 K to 650 K for x = (a) 0;
(b) 0.10; (c) 0.30 (d) 0.50; (e) 0.70; (f) 0.90 and (g) 1, respectively. Insets to (a) - (g) show anomalies with thermal hysteresis
associated with the structural transition from the monoclinic 1T′ phase to the orthorhombic Td phase. In (a) - (g), black
curves correspond to the cooling cycles and red curves correspond to the warming cycles. (h) Variation of structural transition
temperature T s with doping in Mo1-xWxTe2 obtained from resistivity measurements. T s is taken at the maxima of dρ/dT
during the cooling cycles.

and the effects of external pressure on, Mo1−xWxTe2, we
have conducted resistivity measurements on single crys-
tals with selected doping levels under different pressures.
The results show the relationship between Ts and W-
doping x at ambient pressure and the suppression of Ts
with increasing pressure, accompanied by the emergence
of superconductivity.

Single crystals of MoTe2 and WTe2 were grown by the
flux method described elsewhere [37, 38]. Doped sin-
gle crystals of Mo1−xWxTe2 with nominal composition
x = 0.10, 0.30, 0.40, 0.50, 0.70, 0.75, and 0.90 were pre-
pared by the chemical vapor transport method using io-
dine as the transport agent following Ref. [27]. Synthesis
details can be found in the Supplemental Material [39].

The compositions determined by energy-dispersive X-ray
spectroscopy (EDS) are shown in Table S1 in the Sup-
plemental Material.

To investigate the relation between Ts and W-
concentration x, resistivity measurements up to 650 K
were conducted for x = 0, 0.10, 0.30, 0.50, 0.70, 0.90,
and 1, as shown in Figures 1(a)-(g). A clear hysteresis
was observed in the resistivity for MoTe2, which is asso-
ciated with the first-order structural transition from the
monoclinic 1T′ phase to the orthorhombic Td phase at
Ts = 249 K, consistent with previous reports [11, 22, 29].
This anomaly was also observed for all other samples
with different doping. The Tss for the doped samples
are 279 K, 341 K, 424 K, 506 K, 562 K, and 613 K for
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x = 0.10, 0.30, 0.50, 0.70, 0.90, and 1, respectively. Ts in-
creases linearly with increasing x, as shown in Fig. 1(h).
It has been reported that the 1T′ phase has a slightly
smaller equilibrium volume than the Td phase in MoTe2
[22]. Since W has a slightly larger atomic radius than Mo,
an increase in x enlarges the equilibrium volume, the Td
phase with a larger equilibrium volume becomes energet-
ically favorable, and more active energy is required to
convert the Td phase into the 1T′ phase as mentioned in
Ref. [28], leading to a higher Ts, which could explain the
observed increase in Ts with increasing W concentration
across the phase diagram.

In order to verify the structural transition and to
obtain further structural information above Ts, WTe2,
which has the highest Ts, was selected for temperature-
dependent synchrotron XRD measurements in the tem-
perature range from 300 K to 673 K. At 300 K, the
orthorhombic Td phase with the non-centrosymmetric
space group Pmn21 is detected, as shown in Fig. 2(a),
consistent with a previous report [26], and it persists up
to 573 K. As the temperature increases to 598 K, a new
Bragg reflection peak emerges, suggesting the breaking
of the crystal symmetry. The new Bragg reflection peak
was indexed as a 013 peak (Fig. 2(b)) with the mono-
clinic centrosymmetric 1T′ phase (P21/m). As the tem-
perature further increases, the intensity of the 013 peak
increases as well, indicating the development of the 1T′

phase. At 673 K the structure is completely transformed
to the 1T′ phase. Thus, the temperature-dependent syn-
chrotron XRD results for WTe2 are consistent with our
resistivity measurement data.

To study the pressure effects on the doped compounds,
single crystals with x = 0.10, 0.40, and 0.75 were investi-
gated. At ambient pressure, Mo0.90W0.10Te2 exhibits a ρ
anomaly at Ts associated with the structural transition,
as shown in Fig. 3(a).The ρ anomaly at Ts, characteristic
of the 1T′-to-Td transition, diminishes with pressure up
to 13.52 kbar and is no longer observable at 17.71 kbar
(see Fig. S1 in the Supplemental Material for hysteresis
effects). A slight drop in ρ was observed at 3.89 kbar
at 1.26 K. This ρ drop becomes more pronounced with
increasing pressure and reaches zero at 13.52 kbar, which
indicates the emergence of superconductivity at a transi-
tion temperature Tc ∼ 2.7 K. With increasing pressure,
the Tc continues to increase, and a Tc of 3.6 K is reached
at 17.71 kbar.

No structural transition was detected for
Mo0.60W0.40Te2 at ambient pressure from room
temperature down to 1.25 K, as shown in Fig. 3(b).
However, a structural transition was observed at 244 K
under 3.28 kbar, and Ts continuously decreases to ∼
65 K as pressure increases up to 16.66 kbar (see Fig.
S2 in the Supplemental Material for hysteresis effects).
Superconductivity was observed at 1.59 K around 8.35
kbar and Tc continuously increases to 2.6 K with further
increasing pressure.

Initially, no ρ anomaly was observed in
Mo0.25W0.75Te2 at ambient pressure from room

FIG. 2. Temperature-dependent synchrotron X-ray diffrac-
tion (XRD) patterns for WTe2 (a) from 5 to 45 degrees and
(b) from 13.5 to 17.5 degrees.

temperature down to 1.25 K, as shown in Fig. 3(c).
However, as the pressure increases, the overall resistivity
decreases, and at ∼ 12.32 kbar a ρ anomaly with hys-
teresis (see Fig. S3 in the Supplemental Material), which
is associated with a first-order structural transition [29],
appears at 245 K. With further increasing pressure, the
Ts is suppressed to around 180 K at 17.05 kbar, but
superconductivity was not observed down to 1.25 K.

Temperature - pressure (T - P ) phase diagrams for
x = 0.10, x = 0.40, and x = 0.75 are shown in Figures
3(d-f), respectively. In all three compounds, increasing
pressure continuously suppresses the Ts. We also found
that pressures higher than 3.28 kbar are needed to sup-
press the Ts to below room temperature for x ≥ 0.40. It
has been reported that a structural transition in WTe2
is observed at room temperature under pressures of 4 to
6 GPa [34, 35]. In addition, pressure has also been found
to suppress the Ts of MoTe2 [31, 32]. These observa-
tions support the existence of a structural transition in
Mo1−xWxTe2 at ambient pressure for all x, with higher
Ts at higher W concentration. Among these three com-
pounds, superconductivity was observed for x = 0.10 and
x = 0.40. The Tc increases with pressure and the dTc/dP
is 0.17 K/kbar for x = 0.10 and 0.11 K/kbar for x = 0.40.

Competition between the structural transition and su-
perconductivity in Mo1−xWxTe2 is supported by the fol-
lowing observations. With increasing pressure, Ts contin-
uously decreases, as shown in Figures 3(d - f). Once the
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FIG. 3. Temperature-dependent resistivity of (a) Mo0.90W0.10Te2, (b) Mo0.60W0.40Te2, and (c) Mo0.25W0.75Te2 at various
pressures. For clarity, the resistivity curves have been shifted vertically. The anomaly in the resistivity corresponds to the
structural transition from the monoclinic 1T′ phase to the orthorhombic Td phase. Insets to (a) and (b) show low-temperature-
region data for Mo0.90W0.10Te2 and Mo0.60W0.40Te2, respectively. (d) and (e) Pressure-dependent structural transition (red
spheres) and superconductivity (blue spheres) for Mo0.90W0.10Te2 and Mo0.60W0.40Te2, respectively. (f) Pressure-dependent
structural transition for Mo0.25W0.75Te2.

Ts is suppressed to < 175 K, superconductivity emerges
(e.g. for x = 0.10 with a Tc = 1.26 K under 3.89 kbar and
for x = 0.40 with a Tc = 1.59 K under 8.35 kbar). An
increase in the Tc is coupled with the decrease of the Ts.
Superconductivity was not observed for x = 0.75 down
to 1.25 K with Ts down to ∼ 180 K and under pres-
sures up to 17 kbar. It has been previously reported that
pressure continuously suppresses Ts in MoTe2 [22, 32, 40]
and that a sharp increase in Tc is observed in the pres-
sure range from 2.7 to 7.5 kbar [31]. There have also
been reports of pressure-induced structural transition in
WTe2 at room temperature [34, 35]. However, our ob-
servation shows that WTe2 has a structural transition
at ambient pressure with Ts = 613 K; therefore, the
previously reported structural transition under pressure
in WTe2 is more likely be related to the suppression of
the structural transition rather than being induced un-
der pressure. Clarke et al. reported that although the
structural transition in MoTe2 at ambient pressure oc-
curs around 250 K, two phases coexist in an extended
temperature range from 233 K to 290 K [30]. Heikes et
al. have also shown that the 1T′ and Td phases co-exist
in MoTe2 at 1.5 K and under hydrostatic pressure of 1
GPa [32]. Once the Ts in Mo1−xWxTe2 is suppressed
by pressure to below critical temperature, completion of
the structural transition occurs at very low temperature,
after which the Tc sharply increases. These observations

shed light on the possible origin(s) for the superconduc-
tivity in Mo1−xWxTe2 system, such as the competition
between the superconductivity and the structural transi-
tion, and/or the co-existence of different phases.

Total energy calculations including the van der Waals
interaction have shown that the Td phase is energeti-
cally more stable than the 1T′ phase [41]. The energy
differences between the Td and 1T′ phases in MoTe2
and WTe2 are 0.40 and 0.46 meV per unit cell, respec-
tively. This suggests that higher energy is required for
the transition from the Td phase to the 1T′ phase in
WTe2 than in MoTe2. It has been reported that the in-
terlayer contraction increases the hybridization between
the Te pz orbitals, resulting in the enhancement of the
three-dimensionality of the band character [42]. Since
the atomic radius of W is larger than that of Mo, an in-
crease in W content expands the interlayer distance in
Mo1−xWxTe2 and reduces interlayer hybridization. To-
tal kinetic energy of the electron increases as interlayer
hybridization decreases [31]. The increase in kinetic en-
ergy leads to an increase in the total energy, assuming
the rest changes negligibly. Thus, the energy difference
between the Td phase and the 1T′ phase increases with
increasing W composition. When the energy difference is
larger, higher energy (and hence higher temperature) is
required for the transition from the Td phase to the 1T′

phase, which explains the increasing Ts with increasing
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W content as shown in Fig. 1(h). On the other hand,
the application of external pressure reduces the interlayer
distance and enhances the interlayer hybridization, which
leads to a lower Ts and favors superconductivity.

Applying pressure to MoTe2/WTe2 suppresses the in-
terlayer Te-Te distances while the intralayer Mo-Te/W-
Te [22, 35] bond length is almost unchanged due to the
anisotropy of the van der Waals structure. P. Lu et
al. [35] pointed out that one transverse acoustic vi-
brational mode, mainly from Te-Te interlayer vibrations,
contributes significantly to the electron-phonon coupling.
It is thus natural to suggest that the pressure effect on
Mo1−xWxTe2 also leads to the softening of the interlayer
Te-Te vibration modes. The superconducting transition
temperature Tc can be estimated by the modified McMil-
lan formula [43]:

Tc =
〈ω〉
1.20

exp
(
− 1.04(1 + λ)

λ− µ∗(1 + 0.62λ)

)
, (1)

where the parameter 〈ω〉 is the average of phonon energy
defined as 〈ω〉 = 2

λ

∫∞
0
dω α2F (ω), µ∗ is the Coulomb

pseudopotential, and λ is the dimensionless electron-
phonon coupling strength. λ in terms of the Eliashberg
electron-phonon spectral function α2F (ω) is expressed
as λ = 2

∫∞
0
dω α2F (ω)/ω, where α2 is an average

of the electron-phonon interaction, F (ω) is the phonon
density of states, and ω is the phonon frequency. The
phonon softening can result in an increase in the super-
conducting transition temperature, which could possibly
be the origin of the emergence of superconductivity in
Mo1−xWxTe2 under high pressure.

In conclusion, the structural phase diagram of
Mo1−xWxTe2 at ambient pressure has been established.
Resistivity measurements at ambient pressure and at
temperatures up to 650 K have revealed some previously
unreported structural phase transitions. Ts linearly in-
creases with increasing W content from MoTe2 to WTe2,
which is due to enhancement in the kinetic energy of the
system with W doping. Additionally, the T - P phase
diagrams of Mo1−xWxTe2 for x = 0.25, x = 0.40, and
x = 0.75 have been constructed. Based on our high-
pressure resistivity measurements, we conclude that there
is a competition between the structural transition and su-
perconductivity in Mo1−xWxTe2, in which superconduc-
tivity emerges when Ts is suppressed to < 175 K and, as
Ts is further suppressed, Tc increases.
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