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Visualizing superconductivity in a doped Weyl semimetal with broken inversion symmetry
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The Weyl semimetal MoTe2 offers a rare opportunity to study the interplay between Weyl physics and
superconductivity. Recent studies have found that Se substitution can boost the superconductivity up to 1.5 K, but
suppresses the Td structure phase that is essential for the emergence of the Weyl state. A microscopic understand-
ing of the possible coexistence of enhanced superconductivity and the Td phase has not been established so far.
Here, we use scanning tunneling microscopy to study an optimally doped superconductor MoTe1.85Se0.15 with
bulk Tc ∼ 1.5 K. By means of quasiparticle interference imaging, we identify the existence of a low-temperature
Td phase with broken inversion symmetry where superconductivity globally coexists. Furthermore, we find that
the superconducting coherence length, extracted from both the upper critical field and the decay of density of
states near a vortex, is much larger than the characteristic length scale of the existing chemical disorder. Our
findings of robust superconductivity arising from a Weyl semimetal normal phase in MoTe1.85Se0.15 make it a
promising candidate for realizing topological superconductivity.
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I. INTRODUCTION

A Weyl semimetal (WSM) is a topological, gapless sys-
tem which hosts three-dimensional Weyl cones in the bulk
and Fermi arc states on the surface [1–6]. It occurs in a
system breaking either time-reversal or inversion symmetry,
where nondegenerate conduction and valence bands inter-
sect at arbitrary points in momentum space, forming pairs
of the so-called “Weyl nodes” with opposite spin chirality.
Near these nodes, the low-energy excitations can be described
as linearly dispersing Weyl fermions. When a WSM falls
into a superconducting state, it may lead to a branch of
exotic topological phenomena such as Weyl superconductiv-
ity [7,8], Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) pairing
states [9–11], and time-reversal invariant topological su-
perconductivity [12–14]. This has attracted much attention
recently as it may provide a promising route to realize zero-
energy modes related to Majorana fermions [15], which may
be useful for topological quantum computation. The experi-
mental search for topological superconductor phases has been
recently accelerated further by experimental discovery of edge
supercurrent in MoTe2 [16] and a higher-order hinge state in
Josephson junction interference from isostructural WTe2 [17].

In this work we present microscopic studies of a doped
superconducting Weyl semimetal, Mo(Te, Se)2. The parent
compound, MoTe2, undergoes a structural transition from a
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1T ′ phase to a low-temperature Td phase [18] at Ts ∼ 250 K.
The difference between these two phases is a change of
the stacking angle from monoclinic (93.9◦) to orthorhombic
(90◦), as shown in Fig. 1(a). The Td phase breaks inversion
symmetry which is a necessary condition for the emergence
of a type II WSM [19,20]. Experimentally, the existence of
topological Fermi arc states has been supported by a se-
ries of photoemission spectroscopy measurements [21–24].
Td -MoTe2 becomes superconducting below 0.1 K at ambient
pressure, and an edge supercurrent has recently been revealed
in the oscillation of the critical current versus magnetic field
[16]. Interestingly, external pressure and chemical substitu-
tion can significantly enhance the superconducting transition
temperature (Tc) from 0.1 K to several kelvin [25–30]. How-
ever, previous studies for both cases show the phase diagram
representing rapid Tc enhancement across the doping level
where the structural transition from T ′ to Td almost disap-
pears [29–31]. Thus, microscopic understanding of how the
enhanced superconductivity may coexist with suppressed Td

phases becomes an essential question. While chemical sub-
stitution case MoTe2–xSex provides a platform for detailed
investigation by spectroscopic scanning tunneling microscopy
(STM), a microscopic picture of emergent superconductivity
in MoTe2–xSex has not been established so far.

The schematic phase diagram for MoTe2–xSex is shown in
Fig. 1(b) [32]. With increasing Se, Tc increases while the Td

phase is known to be suppressed at larger Se concentrations.
Here, our main focus is the superconducting compound with
x = 0.15 since it could be the optimal composition to search
for the coexistence of enhanced superconductivity and the Td
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FIG. 1. (a) Crystal structure of 1T ′ and Td phases of MoTe2. The solid dark lines denote one unit cell. (b) An illustration of the phase
diagram of MoTe2–xSex . The dark gray and pink stars denote the two doping levels studied in this work (x = 0 and 0.15). (c) Resistivity
as a function of temperature between 100 and 350 K for the pristine (dark gray) and Se-doped samples (pink), respectively. The anomaly
at 250 K shows a 1T ′ to Td phase transition. The onset of the superconducting transition in MoTe1.85Se0.15 occurs around 3 K as shown
in the inset. (d) Typical topographic images taken on the (001) cleaved surface at 0.3 K (VS = 100 mV, It = 50 pA). The inset shows an
atomically resolved image (10 mV, 50 pA) and the FFT of (d), where the dashed red box indicates the first Brillouin zone. The topographic
corrugation has a typical length scale of ∼20 nm (Fig. S5 [35]). (e) dI/dV spectra taken on the pristine (dark gray) and Se-doped (pink)
samples (VS = –500 mV, It = 0.5 nA). The dashed lines and arrows mark the features in the density of states that are related to the top of
two bulk bands [33,34]. (f) Raman shifts of MoTe1.85Se0.15 at 77 and 295 K. (g) Normalized Raman spectra I(77 K)/I(295 K). The yellow and
purple lines denote the Raman shifts for the Td and T ′ phases of MoTe2, respectively.

phase. We use low-temperature STM to pinpoint the low-
temperature structural phase of substituted MoTe1.85Se0.15

by means of quasiparticle interference imaging and provide
evidence that the enhanced superconductivity and the Td struc-
tural phase can coexist at the microscopic scale.

II. METHODS

Single crystals of Mo(Te, Se)2 were grown by the chem-
ical vapor transport method. The samples were characterized
by x-ray diffraction (XRD) and x-ray fluorescence (XRF) to
confirm systematic doping without phase segregation. The
temperature dependence of resistivity was measured by Phys-
ical Property Measurement System (PPMS). The samples
were cleaved in situ at 90 K, and then immediately trans-
ferred into the STM head (custom Unisoku 1300). Chemically
etched tungsten tips were used in all the measurements, af-
ter being checked on a clean Cu (111) surface. All dI/dV
measurements were taken using a standard lock-in technique
with ∼0.07 meV peak to peak modulation, at a frequency of
987.5 Hz.

III. RESULTS

MoTe1.85Se0.15 samples are first characterized by the resis-
tivity measurements. The 1T ′ to Td bulk structural transition
is revealed by a resistivity anomaly which is seen as a hys-
teresis in the resistivity upon cooling or warming around
250 K as can be seen for the parent compound [Fig. 1(c)].
In MoTe1.85Se0.15, this anomaly around 250 K becomes rel-
atively weak but still visible. Importantly, Se substitutions to
the Te sites also effectively enhance superconductivity, as the

onset of the Tc occurs around 3 K and zero resistivity can be
achieved around 1.5 K [inset of Fig. 1(c)].

Mo(Se, Te)2 consists of van der Waals stacking of
(Se-Te)-Mo-(Se-Te) sandwich layers. Cleaving naturally oc-
curs between two of the stacking layers, resulting in a
Te-terminated surface. Figure 1(d) shows a typical atomic-
resolution topographic image of the cleaved MoTe1.85Se0.15.
Two inequivalent atomic rows are visible, with one slightly
higher than the other. Depressions can be observed in both
atomic rows, which correspond to the substituted Se atoms
that have a smaller radius. To study the effect of Se doping
on the normal state electronic structure, we characterize the
local density of states by differential tunneling conductance
[dI/dV (r, eV)] measurements. Figure 1(e) shows tunneling
spectra averaged over 50 nm × 50 nm regions on pristine
and on Se substituted samples. They have similar overall
spectral shapes, both exhibiting semimetallic behavior. The
spectrum acquired on the pristine sample shows a pronounced
peak at E ∼ 550 meV and a hump feature at 320 meV, which
we associate with the top of two bulk bands as in the prior
band structure calculations [33,34]. By comparison, these two
features move to 430 and 220 meV, respectively, in the Se
substituted sample, indicating a shift of the chemical potential
to higher energies. Thus, we conclude that the MoTe1.85Se0.15

samples are effectively electron doped compared to the pris-
tine samples. We note that since Se is naively expected to be
isovalent, further work needs to be done to identify the origin
of the electron doping. Interestingly, we observe remarkable
topographic corrugation in Fig. 1(d), which is presumably
related to the effect of dopant Se.

To check the possible phase coexistence between 1T ′
and Td at low temperature, we have performed Raman
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FIG. 2. (a) Topographic image (VS = 10 mV, It = 50 pA). The white line indicates the trace on which the spectra shown in (b) are
obtained. (b) dI/dV spectra taken at 0.3 K showing the homogeneous superconductivity in the doped sample. (c,d) Temperature dependence
of the tunneling spectra and superconducting gap. The inset of (d) shows a BCS fitting of the spectra at 0.3 K. (e,f) Magnetic field dependence
of the tunneling spectra and the gap. The dark line indicates the expectation of Ginzburg-Landau theory.

spectroscopy using an exfoliated flake of MoTe1.85Se0.15 (see
Supplemental Material note 1 (SM 1) [35]; also see [36–40]).
The thickness of the exfoliated flake is ∼20 nm, which is thick
enough to provide bulk information. As shown in Fig. 1(e),
Raman spectra at 295 and 77 K shows a large amount of
spectral weight between 120 and 135 cm–1. Within this energy
window, based on a previous report on pristine MoTe2 [36],
two characteristic Raman shifts have been assigned to the Td

phase (127.5 and 130.8 cm–1), in addition to one Raman shift
for the T ′ phase (128.3 cm–1). These characteristic Raman
shifts are indicated by vertical lines in Figs. 1(f) and 1(g). For
< 130 cm–1, two Raman shifts from the Td and T ′ phases exist
very close to each other. Because of this, in this energy region,
separating peaks becomes difficult. On the other hand, we ob-
serve that the Td phase originates a clear peak around 132 cm–1

at 77 K [indicated by the arrow in Fig. 1(f)]. Consistent with
the phase diagram [Fig. 1(b)], enhanced stability of the Td

phase with cooling of the sample is more clearly visualized
by the normalized Raman spectra I(77 K)/I(29 5K) around
132 cm–1. This further confirms the peak around 132 cm–1 is
not from the extrinsic background. Thus, our bulk structure
characterization suggests the existence of a robust Td phase
coexisting with the T ′ phase. This is presumably related to
the corrugation seen in the topographic image. Hereafter, our
main goal is to search for possible enhanced superconductiv-
ity compared to that in the pristine sample, which arises from
the Td component.

At 0.3 K, we observe that clear coherence peaks form
at ±0.2 meV in the tunneling spectra with a suppression of
spectral weight near the Fermi energy, which we identify to be
the superconducting gap. Despite the presence of Se dopants
which make our system chemically disordered, as shown in
Figs. 2(a) and 2(b), the gap feature is quite homogeneous

over a large region, and we find similar spectra on all the
surfaces that have been measured. This homogeneously ex-
tended superconducting phase is an essential characteristic
for the potential realization of global topologically nontrivial
quantum states.

To further characterize superconductivity and its coherence
length, both temperature and magnetic field dependence of the
superconducting gap are measured. The temperature depen-
dence of the tunneling spectra is shown in Fig. 2(c). One can
see that the superconducting gap is gradually suppressed at el-
evated temperatures and eventually disappears above 0.75 K.
To quantitatively evaluate the gap value, we fit the data with
an isotropic s-wave gap and show the temperature depen-
dence of the superconducting gap in Fig. 2(d) which exhibits
BCS-like behavior (SM 2 [35]). The gap value is extracted
to be 0.18 meV, which yields a ratio of 2�/kBTc ∼ 4.5. This
value exceeds that for a weak coupling BCS superconductor
but is consistent with the one reported in the pressure in-
duced superconductivity of MoTe2 [28]. We also carried out
spectroscopy studies under a magnetic field perpendicular to
the surface. With increasing fields, the superconducting gap
feature fades and disappears above 0.15 T [Fig. 2(e)], which
predicts �(H ) = �(0)[1 − (H/Hc2)2]1/2, resulting in an up-
per critical field about 0.13 ± 0.02 T [Fig. 2(f)]. Based on the
Ginzburg-Landau expression Hc2 = �0/2πξ 2

ab, we calculate
the superconducting coherence length as ξ = 51 ± 5 nm. If ξ

were comparable to the length scale of chemical disorder, as
in cuprates [41], one might expect an inhomogeneous gap size
in real space. However, consistent with our observations of a
homogeneous gap, ξ in our system is much longer than the
length scale of chemical disorder (SM 3 [35]).

The superconducting coherence length is further confirmed
by imaging vortex cores. The vortices are directly imaged
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FIG. 3. (a) Differential conductance map measured with a mag-
netic field of 0.04 T perpendicular to the surface. (b) Spatially
resolved tunneling spectra measured across a single vortex along the
dashed yellow line (A-B) shown in (a). (c) Tunneling spectra as a
function of distance (up to 95 nm) from the vortex core, azimuthally
averaged for a range of 90◦ in the bottom-right corner (marked by the
white arcs). (d) Distance dependence of the zero-bias conductance
(ZBC) from vortex core up to 200 nm and the fit with an exponential
decay g(r) = g0 + Aexp(−r/ξ ). The data are obtained along the
dashed yellow line shown in (a), from the center of the vortex to
B point. Data are taken at 0.3 K.

by mapping the conductance inside the gap with an applied
magnetic field of 0.04 T. Based on the single magnetic flux
quanta 2.07 × 10−15 Wb, one should see about two vortices
in a 350 nm × 350 nm field of view. Figure 3(a) shows
such a map at zero energy, in which one vortex emerges at
the top-left corner with an isotropic shape while the other
two are partly included. Inside the vortex core, we find a flat
density of states (DOS) without any clear peaklike features
[Figs. 3(b) and 3(c)]. We will discuss this featureless vortex
core state later. To extract the superconducting coherence
length, we first calculate the averaged zero-bias conductance
as a function of distance from the core, and then fit the
result with an exponential decay g (r) = g0 + Aexp(−r/ξ ),
where g0 is the normalized zero-energy conductance far away
from the vortex core. As shown in Fig. 3(d), we find ξ =
62 ± 5 nm. This value is consistent with the value estimated
from HC2 (ξ = 51 ± 5 nm). The main question is whether the
enhanced superconductivity coexists with the Td phase in the
doped samples, which is particularly important as the Weyl
physics requires the breaking of inversion symmetry. Note
that the estimated Tc of ∼ 0.75 K on the surface [Fig. 2(d)]
is much lower than expected from the bulk value of 1.5
K [Fig. 1(c), inset]. Largely modulated surface supercon-
ductivity from bulk suggests interesting phenomena on the
surface.

The observation of two types of Quasiparticle interference
(QPI) patterns supports the existence of the Td phase, coex-
isting with superconductivity at low temperature in our doped
surface. Relying on the existence of an “arclike” signature in
the quasiparticle interference is perilous since calculations as
well as experiments have shown that a trivial surface state
may also have the same visual signature [34]. However, it
is known that observation of two types of QPI pattern is
one of the promising spectroscopic ways to know the ex-
istence of the Td phase. Previous work has shown that the
broken inversion symmetry leads to two inequivalent surfaces
(Fig. 4(a) and SM 3 [35]), which can be detected by QPI
measurements [34,42]. We have measured QPI patterns from
more than five areas, which are separated by a distance longer
than 10 μm. We emphasize that the superconducting gap is
homogeneously distributed within a single area to get a QPI
pattern. Interestingly, we find QPI patterns can be catego-
rized into two groups (SM 3 [35]). Several representative
Fourier transforms are shown in Figs. 4(e) and 4(f), where
the corresponding dI/dV maps are measured in fields of view
up to 100 × 100 nm. We report two important observations
here. First, based on the constant energy contour reported for
MoTe2 [Fig. 4(d)], we can understand the scattering channels
as follows. On surface A, we can identify multiple scattering
channels: Q1 represents the intrascattering of the trivial sur-
face states, Q2 is induced by the scattering between surface
states and the bulk electron pockets, while Q3 connects the
surface states and the projected bulk states at the Ȳ points,
similar to that in the pristine samples. Second, the strength
of these scattering processes differs on the two surfaces. The
characteristic difference in QPI patterns between two surfaces
is particularly clear at positive energies [highlighted by dashed
circles in Figs. 4(e) and 4(f)]. While it is known that in STM
experiments the change of the tip condition may alter the QPI
pattern, the systematic differences in the observed QPI are
robust enough to conclude the existence of qualitatively two
different types of surfaces in our sample.

Indeed, our observation of two qualitatively different types
of QPI patterns is quite analogous to what has been seen in
pristine MoTe2 samples, which is well recognized to host the
Td phase at low temperature. To show this analogy, we make
a direct comparison of the QPI data of pristine MoTe2 and
MoTe1.85Se0.15 in Fig. 5. Here, the data of pristine MoTe2 is
from our previous work [34]. By simply shifting the chem-
ical potential of about 50 meV to higher energy, we find
a clear analogy for both QPI patterns of surfaces A and B
in MoTe1.85Se0.15 to those of pristine MoTe2. Note that this
energy shift is qualitatively consistent with that extracted from
the dI/dV spectra [Fig. 1(e)]. Thus, we are further convinced
of the existence of the Td phase on the surface of the doped
sample.

In principle, if the T ′ and Td phases coexist, a total of three
types of QPI patterns are possible. They include one pattern
from the T ′ phase and the other two patterns from the Td

phase with different crystalline polarity. Within a limitation of
experimental resolution, our measurements were difficult to
detect three types of QPI patterns. While it is possible to see
step edges across which different QPI pattern shows up due
to different polarity in the Td phase, we have not found such
locations in our experiments. However, we emphasize that the
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FIG. 4. Spectroscopic evidence for the broken inversion symmetry in MoTe1.85Se0.15. (a) The schematic for two inequivalent surfaces
obtained by cleaving the opposite side of a bulk crystal. (b,c) Tunneling spectra obtained on two different surfaces. (d) Cartoon illustration
of the constant energy contours and the related scattering vectors. (e) QPI patterns obtained on surface A at energies of −93, −12, 69, and
150 mV, respectively. (f) QPI patterns obtained on surface B at energies of −90, −10, 70, and 150 mV, respectively. The images are mirror
symmetrized with respect to Kx = 0. We have identified multiple scattering channels as follows: Q1, intraband scattering of the trivial surface
states; Q2, scattering between surface states and the bulk electron pockets; Q3, scattering between the surface states and the projected bulk
states at the Ȳ points. The yellow circles mark the Bragg peaks along the Ky direction, and the dashed ellipses highlight the differences in the
QPI patterns. Data are taken at 0.3 K.

T ′ phase alone fails to explain our experimental observation
of two types of QPI. It is important to emphasize again that
the observed length scale of weak topographic corrugation
(SM 3 [35]) which is presumably related to Se and its impact
for structural distortion, is less than the spatial extension of
the Cooper pair wave function and the size of the area for
QPI measurements. Thus, by making an analogy with the
different electronic structures observed on the two inequiva-
lent surfaces of MoTe2, we conclude that superconductivity
coexists with the Td phase at the microscopic level in our
doped samples, regardless of the details of coexistence with
T ′ phases.

IV. DISCUSSION

In the presence of broken inversion symmetry, su-
perconductivity could be topologically nontrivial. If the

superconducting state also breaks time-reversal symmetry,
Mo(Te, Se)2 may become a Weyl superconductor which hosts
accidental nodes in the gap function [43]. With time-reversal
symmetry preserved, Weyl superconductivity cannot be real-
ized. Theoretical calculations, however, suggest that inversion
symmetry breaking order could lead to two superconducting
instabilities, one is in the BCS s-wave pairing channel and the
other one in the odd-parity pairing channel [13,14,43]. The
latter will be favored when electrons are strongly correlated
[13,43], resulting in a unique topological superconductivity.
Recently, there is growing evidence from photoemission mea-
surements showing that the on-site Coulomb interaction plays
an important role in Td -MoTe2 and leads to a Lifshitz transi-
tion in the band structure [44,45].

It has been shown theoretically that the topologically non-
trivial superconducting order parameter must have a sign
change between different Fermi surfaces in a time-reversal
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FIG. 5. Comparison between QPI patterns of MoTe2 and MoTe1.85Se0.15, for both surfaces A and B. One can find a reasonably good
analogy for QPI patterns of surfaces A and B by simply shifting the chemical potential between doped and nondoped samples. The yellow
circles mark the Bragg peaks along the Ky direction and the dashed ellipses highlight the differences in the QPI patterns. Here, the data of
pristine MoTe2 are from our previous work [34].

invariant Weyl semimetal [12]. Recent muon spin rotation
and magnetotransport measurements provide clues of s± pair-
ing in high pressure and S substituted MoTe2, respectively
[27,46]. In STM measurements, the sign-change order pa-
rameter can be probed via the scattering of Cooper pairs
by nonmagnetic defects, which creates quasiparticle bound
states inside the gap. We measured the tunneling spectra near

surface adatoms (likely to be Cu atom from the tip) and Te
vacancies, but no noticeable differences were detected within
the gap (SM 4 [35]). Usually, the observation of in-gap states
in a s± pairing superconductor requires a moderate scattering
potential [47]. If the scattering potential of the impurity is
weak or extended in real space, the intrapocket scattering may
dominate and cannot significantly break the Cooper pairs [37].
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Considering that the scattering potential of these defects may
be weak, and the measuring temperature is relatively high
(0.3 K ∼ 0.4TC ), we cannot rule out the s± pairing symmetry
from the absence of in-gap states in our measurements. A
similar argument should be made for the flat vortex core
states here. The vanishing gap at the vortex core indicates a
large population of bound states, and to distinguish these from
Majorana zero mode would require future experiments with
much better energy resolution.

V. CONCLUSION

In summary, we show spectroscopic evidence that en-
hanced superconductivity coexists with the characteristic
broken inversion symmetry Td phase at the atomic scale,
thus allowing the nontrivial band topology. While details of
the consequence of heterogeneity is left for future theoret-
ical works, our finding provides experimental support for

the Se-doped MoTe2 as a potential candidate for tunable
Weyl superconductivity or time-reversal invariant topological
superconductor with enhanced superconducting critical tem-
perature Tc.
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