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Superconducting pairing symmetry in MoTe2
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Topological superconductors have long been sought for their potential use in quantum computing. The type-II
Weyl semimetal MoTe2 is an obvious candidate, exhibiting a superconducting state below 500 mK at ambient
pressure, but the question remains whether the pairing is conventional s++ or topological s+−. The application
of external pressure favors the superconducting state in MoTe2 and suppresses the structural transition from 1T ′

to Td . The competition between the two structures leads to a mixed phase that strongly enhances the disorder
present in the system, remarkably without affecting the superconducting transition temperature, in contrast to
the expectation of s+− pairing superconductivity. Our thorough analysis of the electrical and Hall resistivities as
a function of pressure yields the most accurate temperature-pressure phase diagram available to date for MoTe2

and a detailed view of the relationship between disorder and superconductivity, supporting a conventional s++

pairing symmetry.

DOI: 10.1103/PhysRevMaterials.7.L111801

Much effort is devoted to the search for new materials
that will enable the development of more efficient computing
and storage systems [1]. In this regard, compounds or de-
vices hosting Majorana fermions are being extensively sought.
These particles are their own antiparticles, obey non-Abelian
statistics, and have the potential to be used in fault-tolerant
quantum computing [1–4].

Topological superconductors are promising materials to
host Majorana fermions or Majorana zero modes. They ex-
hibit gapless excitations in their nontrivial surface states and
an electron-pair condensate, which is a charge neutral ground
state where electrons and holes are indistinguishable, allowing
them to be their own antiparticles [2,5]. Topological super-
conductivity was predicted to be realized in fully gapped
superconductors with odd parity symmetry, such as p-wave
superconductors [6], where Majorana fermions could exist in
the vortex cores of these materials [2]. Recently it has been
found that topological superconductivity is also possible in
s-wave superconductors [7]. For example, in time-reversal
invariant Weyl semimetals with s+− superconductivity, a topo-
logical superconducting state might be present when the sign
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change of the superconducting gap occurs between Fermi
surfaces of opposite Chern numbers [8].

The transition metal dichalcogenides are excellent candi-
dates to host topological superconductivity. These materials
have the chemical formula T X2 (T = transition metal, X =
chalcogenide) and many are predicted to be Dirac or Weyl
semimetals [2]. Of particular interest is MoTe2 [9], which has
three different structural phases [10]. A hexagonal P63/mmc
structure (2H phase) is observed in semiconducting samples,
but this phase can be easily tuned to the monoclinic P21/m
structure (1T ′ phase), due to the low energy barrier between
these structures. Finally, MoTe2 can also exhibit a non-
centrosymmetric orthorhombic Pmn21 structure (Td phase),
which is stable at low temperatures or in thin films [11–13]. At
ambient pressure, a first-order structural transition is observed
at Ts ≈ 250 K from the high-temperature 1T ′ phase to the Td

phase [9,10,14–22]. The variety of structural phases present
in MoTe2 and the small energy scales required to tune them
suggest that structural disorder may play an important role
in this material and that polymorphs might be kinetically
stabilized, as is common in chalcogenides [23].

In the Td phase, MoTe2 is a type-II time-reversal invariant
Weyl semimetal superconductor with a transition temperature
(Tc) around 500 mK at ambient pressure [24,25]. The presence
of both nontrivial topology and superconductivity has led to
extensive studies investigating the possibility of topological
superconductivity in MoTe2 [26], however the superconduct-
ing pairing symmetry is still unknown. Muon spin rotation
(μSR) [27], point contact spectroscopy [28], and electronic
gating experiments [29] revealed two-band superconductivity,
suggesting unconventional s+− or conventional s++ pairing
mechanisms, as observed in most of the iron pnictides [30]
and MgB2 [31]. A strong argument in favor of the s+− pairing
is the suppression of Tc with increasing disorder, as observed
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in MoTe2 samples with different residual resistance ratios
(RRRs) [25]. However, this cannot explain the enhanced Tc

observed in sulfur or Ta-doped samples [32–34]. Also μSR
experiments cannot discriminate between s+− and s++. Fur-
thermore, other transport measurements have not detected a
superconducting state down to 25 mK in high quality sin-
gle crystals [15], while others claim that superconductivity
resides in the 1T ′ phase [35]. Therefore, the realization of a
superconducting nontrivial s+− phase in Td MoTe2 is strongly
debated.

The application of external pressure suppresses the struc-
tural transition and strongly enhances Tc, as previously
observed in many reports [15–19,27]. However, a gray area
remains in the temperature-pressure (T -p) phase diagram of
MoTe2, the so-called mixed-phase region, where both Td and
1T ′ structural phases are present. The existence of these
different structural domains increases the disorder in the ma-
terial, leading to higher residual resistivities and suppressed
quantum oscillation amplitudes [18,19]. This enhancement of
disorder may allow us to distinguish between s+− and s++
superconductivity in MoTe2, as was previously demonstrated
for iron pnictides [36].

In this Letter we report a detailed study of the T -p phase
diagram of MoTe2 using longitudinal and Hall resistivity
measurements. Our data, taken at very small pressure steps,
provide the most accurate T -p phase diagram available to date
for MoTe2 and a detailed view of the relationship between
structural phase transitions and superconductivity. A strong
enhancement of the structural disorder in the mixed-phase
region was observed, remarkably without affecting the su-
perconducting state, in contrast to the expectation for a s+−
pairing state. Our findings shed light on the pairing symmetry
of the low-pressure superconducting state of MoTe2 and favor
a conventional s++ pairing mechanism.

The electrical transport properties of single crystalline
MoTe2 grown from Te flux [22,24] were studied under hydro-
static pressure using a piston-cylinder-type pressure cell with
silicon oil as the pressure transmitting medium and lead as the
pressure gauge [37]. The magnetic field was applied parallel
to the c axis and the current was perpendicular to the field.
Temperatures down to 50 mK and magnetic fields up to 9 T
were achieved in different commercial cryostats.

The T -p phase diagram of MoTe2 has been reported in
several works before [15–21,27,35,38], and for bulk samples
a consensus has been reached.

(i) At ambient pressure, a first-order-type structural transi-
tion from the 1T ′ to the Td phase takes place around 250 K,
which is suppressed to zero temperature in the vicinity of
1 GPa.

(ii) At low temperatures, a superconducting phase is
present in the entire temperature-pressure phase diagram up
to 3 GPa and beyond.

Only the early work of Qi et al. [16] reported the presence
of a structural transition up to about 3 GPa, which was not
confirmed by later studies. This work has also led to the
misconception that there is an almost instantaneous increase
in Tc within the Td phase below 1 GPa. All of the more recent
studies show a smooth increase in Tc [17,18,20,27,35].

The behavior summarized above is also observed in our
Letter. We find an anomaly in the temperature dependence of
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FIG. 1. (a) Electrical resistivity (ρ) as a function of temperature
for selected pressures. The arrows indicate the structural transition
temperature. (b) Enlarged view of the low-temperature region.

the electrical resistivity ρ(T ) that characterizes the first-order
structural transition from 1T ′ to Td at 246(2) K at ambient
pressure [see the black arrow in Fig. 1(a)]. Increasing pressure
suppresses the structural transition temperature Ts to 53(5) K
at 0.87 GPa. Above this pressure, our ρ(T ) data show no evi-
dence for the structural phase transition. Already at 0.93 GPa
any feature is missing.

To further investigate the first-order-like suppression of Ts,
we performed temperature runs at closely spaced pressure
points in the region around the critical pressure pc ≈ 0.9 GPa.
These data confirm the sudden suppression of Ts and show a
remarkable change in the curvature of Ts(p). With increasing
pressure, Ts(p) changes from a concave to a convex curvature
and shows a tendency to saturate before Ts(p) is abruptly
suppressed [see the phase diagram in Fig. 3(a)]. This behav-
ior can be taken as a further indication of a first-order-like
suppression of Ts. At low temperatures, we observe a strong
variation of the normal state resistivity with pressure and
zero resistance, indicating the development of a supercon-
ducting state [see Fig. 1(b)]. Applying pressure increases the
superconducting transition temperature Tc. We note that the
superconducting transition remains narrow at all pressures.

The residual resistivity ratio, equals to ρ300K/ρ5K, is the ap-
propriate parameter to estimate the degree of disorder-related
scattering present in a material. Figure 2(a) shows that the
high-temperature resistivity ρ300K decreases monotonically
with pressure, but the RRR value is strongly suppressed in
the mixed-phase region. The competition between the two
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FIG. 2. (a). Left axis, electrical resistivity at 300 K (ρ300K); right
axis, RRR as a function of pressure. The dashed and dotted black
lines are guides to the eyes. (b) ρ(p) at 5 K at 0 and 9 T and the
difference between the two curves. (c) Electrical resistivity (ρ) in
the low-temperature range at selected temperatures as a function of
pressure.

structural phases leads to an enhancement of the structural
disorder as well as the disorder-induced scattering in MoTe2.
The monotonic variation of ρ300K(p) precludes any extrin-
sic origin. A clear indication of the structural origin of the
enhanced disorder in the mixed-phase region is obtained by
subtracting the electrical resistivity at 0 T from the 9 T curve.
As shown in Fig. 2(b), no resistivity anomaly is observed in
the difference, ruling out a magnetic origin for the ρ enhance-
ment. Remarkably, the superconducting state is not affected
by the increasing disorder in the mixed-phase region, as Tc

is monotonically enhanced with increasing pressure. More-
over, there is a sharp transition to the superconducting state
that occurs independently of the pronounced changes in the
resistivity value, as shown in Fig. 2(c).

In the following we reconcile the implications of the struc-
tural transition, i.e., an inversion symmetry breaking transition
from the centrosymmetric 1T ′ to the noncentrosymmetric Td
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FIG. 3. (a, b) Color maps of the electrical resistivity (ρ) as a
function of temperature for all studied pressures. Green and purple
circles denote Ts and Tc, respectively. The gray lines in (a) are
equipotential lines of the resistivity and the dotted lines are guides
for the eye. The data used to create the color maps are shown in the
Supplemental Material [39] and are available at Ref. [40].

phase, on the superconductivity, which has been proposed
to be topological in the Td phase. ρ5K(p), the isothermal
resistivity at 5 K, is a good measure of the residual resistiv-
ity since there is little temperature variation in ρ(T ) at low
temperatures T � 10 K and the sample is in the normal state
at this temperature throughout the pressure window studied
here [see Fig. 2(c)]. It is pressure independent with a value of
1.7 μ� cm up to about 0.75 GPa, followed by a rapid rise to
about 3.4 μ� cm at 1.01 GPa. Upon further pressure increase,
ρ5K(p) decreases again to a constant value of 1.4 μ� cm,
which is slightly smaller than the ambient pressure value. The
pressure independent behavior in the low- and high-pressure
region away from the mixed phase suggests that pressure does
not lead to any kind of structural defects and only drives the
structural phase transition from the Td to the 1T ′ phase. The
pronounced maximum in ρ5K(p) is therefore directly related
to additional scattering contributions in the mixed-phase re-
gion and defines its range at low temperatures between about
0.75 and 1.4 GPa.

To better visualize the features present in the electrical
resistivity of MoTe2, we show a color map in Fig. 3(a). At
high temperatures the structural transition (green symbols)
produces a distinct feature in the resistivity equipotential lines.
Below about 50 K the feature does not move with pressure
and remains at about 0.8 GPa. This indicates the first-order-
like suppression of Ts, which is convincingly shown in the
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FIG. 4. Carrier densities for (a) electrons and (b) holes and
mobilities for (c) electrons and (d) holes for MoTe2. The inset in
(a) presents the reduced χ 2 obtained with the fits considering two-
band or four-band models. The highlighted area indicates that the
coexistence region of the two structural phases Td and 1T ′ occurs.

enlarged view of the low-temperature region in Fig. 3(b).
The shading also indicates the region of increased structural
disorder before the onset of superconductivity at lower tem-
peratures. It is remarkable to see how the superconducting
Tc increases smoothly in this region. This behavior is not ex-
pected for two separate superconducting phases with different
order parameter symmetry in the 1T ′ and Td structures and
suggests the existence of a single superconducting phase in
MoTe2.

The analysis of the Hall conductivity gives more informa-
tion about the carrier densities ne(h) and mobilities μe(h) (see
the Supplemental Material [39] for further details). Here e(h)
denotes electronlike (holelike) charge carriers. We obtain the
longitudinal σxx = ρxx/(ρ2

xx + ρ2
xy) and the transverse σxy =

−ρxy/(ρ2
xx + ρ2

xy) conductivities from our electrical and Hall
resistivities. In MoTe2, the application of external pressure
enhances the transport contribution of four pockets (two holes
and two electrons), as previously reported [35]. Therefore,
the two-band model is more suitable for pressures lower than
1.12 GPa, while a four-band model has been applied for higher
pressures, as clearly evidenced by the reduced χ2 obtained
with the fits [see the inset of Fig. 4(a)]. In the mixed-phase
region, the results of the two models partly overlap. Figure 4
summarizes the pressure evolution of the carrier densities and
mobilities obtained from the transport data at 5 K for holes
and electrons. At ambient pressure, the carrier density values
are similar to previous reports [17]. The highlighted gray area
represents the mixed-phase region. One can see a smooth
increase in the carrier densities of both electrons and holes
with increasing pressure, which then starts to decrease in the
mixed-phase region, reaching a minimum at 0.84 GPa [see
Figs. 4(a) and 4(b)]. Above this pressure the carrier densities
start to increase again and saturate at high pressures for all

four pockets. Both electron and hole mobilities are suppressed
with increasing pressure and reach a minimum in the mixed-
phase region [see Figs. 4(c) and 4(d)]. After the appearance
of the new hole and electron pockets, the mobility for one
pocket is almost pressure independent, while for the others it
is strongly increased and then saturates above 1.5 GPa. These
results highlight the distinct differences in the electronic prop-
erties of the 1T ′ and Td phases, in contrast to the smooth
evolution of the superconducting Tc as a function of pressure
over the entire pressure range studied.

Our results show a smooth variation of Tc(p), independent
of the large increase in the residual resistivity, indicating en-
hanced disorder scattering, near the critical pressure where
Ts is suppressed. Furthermore, pronounced changes in the
electronic properties were evidenced by the distinct pressure
evolution of the charge carrier density and mobility. These
features enabled us to draw conclusions about the possible
superconducting order parameter(s) in MoTe2. A topological
s+− superconducting state has been proposed to be realized
in the noncentrosymmetric Td phase and a conventional s++
state in the centrosymmetric 1T ′ phase [27,41]. However, it is
quite challenging to directly probe the relationship between
the superconducting state and the crystalline structure as a
function of pressure at temperatures below 5 K. While s++
superconductivity is nearly insensitive to structural disorder,
s+− is expected to be strongly suppressed by it [6,8]. We
observe an enhancement of Tc with increasing pressure in the
mixed-phase regime where the residual resistivity is maximal.
This seems to rule out the possibility of topological s+− pair-
ing in MoTe2. We therefore propose a scenario in which only
the 1T ′ phase exhibits (conventional) superconductivity at low
temperatures and the Td phase remains normal at all pressures.

Previous studies proposing a topological s+− pairing in
MoTe2 based on the suppression of Tc as a function of disorder
did not consider the possible presence of the 1T ′ phase at low
temperatures in the entire pressure range down to ambient
pressure. Our proposal implies that a small amount of the
1T ′ phase is already present in the material at low pressures.
Cho et al. actually report the presence of the 1T ′ phase at
ambient pressure as a function of the residual resistivity ratio
[42]. According to this work, the RRR equal to 178 of our
sample would imply a very small fraction of the 1T ′ phase of
a few percent present at ambient pressure. This is not incon-
sistent with other work claiming only the presence of the Td

phase at low temperatures, since such a small volume fraction
of the 1T ′ phase may not be resolved in x-ray diffraction.
Evidence for the presence of the 1T ′ phase at low pressures
has been reported in Refs. [15,42] and no zero-resistance
state has been observed in samples lacking the 1T ′ structure.
We note that even a small volume fraction of the 1T ′ phase
in the sample could cause a sharp superconducting jump in
resistivity and produce a full-volume diamagnetic shielding
in AC susceptibility experiments, as previously reported for
polycrystalline samples [27]. The smooth evolution of Tc(p)
is also difficult to reconcile with an expected phase transition
from a topological s+− to a conventional s++ superconducting
state. Our proposal of a (conventional) superconducting state
in the 1T ′ phase, present over the entire pressure range at
low temperatures, explains the observed behavior in a natural
way.
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In conclusion, we have performed a detailed investigation
of the temperature-pressure phase diagram of MoTe2 by elec-
trical transport experiments. Our data reveal a first-order-like
suppression of the structural phase transition and a strong
increase of the disorder scattering contribution to the electrical
resistivity in the mixed-phase regime around the first-order
phase transition. Surprisingly, we find a smooth increase of
the superconducting transition temperature over the whole
pressure range. This leads us to conclude that topological
s+− superconductivity is most likely not realized in MoTe2.
Based on our data, we argue that only the 1T ′ phase exhibits
superconductivity at low temperatures.

Data that underpin the findings of this Letter are available
at Edmond—the open research data repository of the Max
Planck Society [40].
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