PHYSICAL REVIEW B 109, 144506 (2024)

Multigap s-wave superconductivity emerging in the 17" phase of MoTe,
under hydrostatic pressure

Dongting Zhang,1 Zhongchen Xu,2 Tian Le,! Chufan Chen,"-" Ge Ye,! Fengrui Shi,! Shuaishuai Luo,’
Youguo Shi,>** and Xin Lu®!3
! Center for Correlated Matter, School of Physics, Zhejiang University, Hangzhou 310058, China
2Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
3Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China
“Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China

3Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing, 210093, China

® (Received 11 September 2023; revised 22 February 2024; accepted 19 March 2024; published 5 April 2024)

Hydrostatic pressure transforms the superconductor MoTe, from a type-II Weyl semimetallic 7; phase to
a topologically trivial 17" phase at low temperature, serving as an ideal platform to explore the interplay
between topology and superconductivity (SC). We report a soft point-contact-spectroscopy (SPCS) study on
single-crystalline MoTe, under hydrostatic pressure up to 2.5 GPa, where the local SC transition temperature
T. of MoTe,; in the contact region shows the same behavior as the reported pressure phase diagram. Excess
current extracted from the integrated conductance subtracted by the normal state shows a positive correlation
with the 17" phase volume fraction as a function of pressure, supporting that the probed SC under pressure is
mainly contributed by the 17’ phase of MoTe,. Our SPCS spectra are better fitted by a two-gap s-wave Blonder-
Tinkham-Klapwijk model in the whole pressure range, yielding 2A /kgT, = 2.0-2.5 and 2A, /kgT. = 4.15-5.0,
respectively, and suggesting a strong-coupling SC for 17'-MoTe,.
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I. INTRODUCTION

Topological superconductors (TSCs) have attracted con-
siderable attention recently, since the Majorana zero mode
at the edges obeys non-Abelian statistics and has a poten-
tial application in fault-tolerant quantum computations [1-3].
Intrinsic TSCs with spin-triplet pairing is rare in nature and
one proposed route to realize TSC is to induce SC in topo-
logical materials by various tuning methods such as gating,
doping, a proximity effect, high pressure, or local strain with
hard tips [4-11], where the topology of the superconduct-
ing order parameter deserves careful discrimination. On the
other hand, intrinsic superconducting materials with nontrivial
topological bands, such as PbTaSe, [12-14], BiPd [15-18],
and 2M-WS,; [19], serve as promising TSC candidates and
call for careful investigations. Among them, 7;-MoTe, has
been claimed to be a type-II Weyl semimetal without inversion
symmetry at low temperatures, and a first-order structural
transition at 7y ~ 250 K marks the transition from a topo-
logically trivial 17" phase to the T, phase [20]. Topological
Fermi arcs in 7;-MoTe, have been directly observed by
angle-resolved photoemission spectroscopy (ARPES) mea-
surements, and a topologically nontrivial = Berry phase has
been observed in the Shubnikov—de Haas oscillations [21-26].
Meanwhile, a bulk superconductivity in T;-MoTe, was dis-
covered with a transition temperature 7, = 0.1 K, and several
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experiments have claimed it as a probable TSC [26-30]. How-
ever, such a low 7, makes it difficult to exactly determine the
superconducting order parameter.

The SC in MoTe; is also susceptible to external tuning pa-
rameters such as doping, thickness, and pressure [20,31-33].
A substantially enhanced local 7; has been reported for point-
contact spectroscopy (PCS) on MoTe, with either a sharp tip
or silver epoxy at ambient pressure, and a maximum 7, = 5 K
can be obtained, far beyond the bulk 7, = 0.1 K [28,29]. Such
a behavior is reminiscent of PCS studies on CsV3Sbs, and has
been argued due to a local strain effect from PCS [34]. Under
hydrostatic pressure, its 7. is also enhanced with a 7, maxi-
mum of 8.2 K at 11.7 GPa, accompanied with a monotonic
suppression of its structure transition up to a critical pressure
P. ~ 1.1 GPa [33]. In such a case, the SC in MoTe, should
experience a change of band topology under pressure, and is
an ideal platform to study the interplay between band topology
and superconductivity. A two-band s-wave SC with possible
s+ pairing was proposed for the 7;-MoTe, by both muon
spin rotation/relaxation (WSR) measurements and theoretical
calculations [30,35], but there is no direct evidence of a sign
change. Soft PCS (SPCS) is in principle a powerful tool to
probe the superconducting gap symmetry and can be easily
extended to extreme conditions with hydrostatic pressure.
SPCS has been successfully applied to several topological
superconductor candidates under pressure, such as PbTaSe,
and CsV3Sbs [34,36,37], and it is thus desirable to explore the
gap evolution and topological nature of SC in MoTe, under
pressure [5,38].
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In this paper, we have applied SPCS to study the pres-
sure evolution of the SC gap for MoTe, from a topologically
nontrivial to trivial phase. The local transition temperatures
TSPCS determined from SPCS are consistent with the bulk
resistive TX for pressure up to 2.5 GPa, and the excess current
extracted from the integrated conductance subtracted by the
normal state dramatically increases when the 17" phase starts
to emerge under pressure, supporting an intrinsic origin of the
probed SC from the 17’ phase of MoTe,. The differential con-
ductance curves G(V) for SPCS on 17’'-MoTe, can be well
described by a two-gap s-wave Blonder-Tinkham-Klapwijk
(BTK) model under various pressures, and the SC gaps are
in the strong-coupling limit.

II. EXPERIMENTAL METHODS

High-quality MoTe, single crystals were grown with
tellurium flux as described elsewhere [39]. The SPCS mea-
surement was achieved by attaching a 30-um gold wire, with
a drop of silver paint at the end, on a cleaved MoTe, sample.
Point contacts of silver epoxy were coated by Stycast to secure
the attachment, and the contact resistance was screened in the
range of a few Q to avoid the heating effect during a voltage
scan. The MoTe, crystal was then mounted in a BeCu/NiCrAl
hybrid piston-cylinder-type pressure cell with Daphne 7373
as the pressure transmitting medium. The pressure at low
temperatures was calibrated by the superconducting transition
temperature of Pb from electrical resistivity measurements
while a Cernox sensor was attached directly on the pressure
cell to determine its actual temperature. The SPCS differential
conductance curve as a function of bias voltage G(V) was
recorded by the conventional lock-in technique in a quasi-
four-probe configuration. An Oxford cryostat with a *He
insert (base temperature 0.3 K) and dilution refrigerator insert
(base temperature 0.1 K) was used for SPCS measurements
under pressure.

III. RESULTS AND DISCUSSION

In order to check whether intrinsic superconductivity can
be probed by SPCS for MoTe, under pressure, we have cross-
checked the SC transition temperature 7, from both SPCS
and electrical resistive measurements on the same sample S1
for comparison [see Supplemental Material (SM) [40] and
Refs. [41-45] therein]. The pressure dependences of both
T and T,°"*" are consistent with earlier reports in Ref. [46]
and the results are summarized as the color-filled region in its
pressure phase diagram as in Fig. 1(b). As shown in Fig. S1(a)
of the SM [40], the electrical resistance of the MoTe, single
crystal does not show any resistive drop above 0.3 K below
0.5 GPa. The SC T, abruptly increases above 0.5 GPa, where
the 17" phase starts to replace the 7; phase in MoTe, [46], and
reaches 3.0-4.0 K at P > 1.2 GPa, where the 17’ phase has
totally dominated MoTe, as in Fig. 1(b). In comparison, the
differential conductance curves G(V) from the point contact
S1@1 barely show any Andreev reflection signal above 0.3 K
for pressure P < 0.5 GPa as in Figs. S1(b) and S1(c). With
increased pressure, the local 7, from SPCS can be identified as
the kink for the temperature-dependent zero-bias conductance
(ZBC) due to Andreev reflection, as marked by the red arrows
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FIG. 1. (a) Normalized zero-bias conductance Gy as a function

of temperature under various pressures, where the red arrows mark

the local superconducting transition temperature 7. (b) Temperature-

pressure (7'-P) phase diagram. Pressure evolution of local 7, from

three distinct point contacts of SPCS, in comparison with the T,

determined from resistive measurements in Fig. S1(a) [40] and

Ref. [46]. Its pressure-dependent structural transition temperatures

T; are adapted from Ref. [46] with three regions of T, T; + 17’, and
17" in the phase diagram.

in Fig. 1(a). If we compare the local 7, for three sets of
point contacts with the resistive 7, for the same sample under
pressure as in Fig. 1(b), they show a consistent behavior as
a function of pressure. The absence of a localized enhance-
ment in 7. for SPCS under pressure provides evidence that
an intrinsic superconducting state is probed across the entire
pressure range up to 2.5 GPa, rather than the SC with a
local-strain-induced 7, enhancement as previously reported at
ambient pressure.

Figure 2(a) shows the pressure evolution of differential
conductance curves G(V) from the same contact SI@1 on
MoTe, at the lowest temperature 0.3 K. We notice that the
curves are nearly flat under pressure P < 0.5 GPa, indicating
the absence of SC or a weak SC signal. However, at 0.7 GPa
with the 17" phase entering, an obvious double-peak structure
in G(V) is observed with a pronounced Andreev reflection
amplitude, suggesting the emergence of SC only in the 17’
domains for MoTe, under pressure. The peak intensity then
gradually grows with increased pressure, and finally saturates
at around P > 1.2 GPa, where the 17" phase totally occupies
the bulk sample. Similar behavior was also present in the other
two contacts S2@1 and S3@1 of SPCS as in Figs. S2(a) and
S2(b) of the SM [40], which is in sharp contrast to the case
of SPCS on CsV3Sbs and PbTaSe,, whose peak intensity is
insensitive to pressure [34,36,37]. In order to quantitatively
analyze the amplitude of the superconducting signal for SPCS
on MoTe,, we extract the SPCS excess current as a function
of pressure, which is defined as the integration of the conduc-
tance subtracted by the normal-state baseline in the voltage
range of (—1, +1) mV and proportional to the SC volume in
the contact region. Figure 2(b) shows the excess current for
three distinct point contacts and they all start to grow near
0.5 GPa and finally become constant above 1.2 GPa, sharing a
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FIG. 2. (a) Normalized differential conductance curves

G(V)/Gy from point contact S1@1 under different pressures.
(b) Pressure evolution of the excess currents for different point
contacts signals the SC volume fraction in the contact region,
in comparison with the 17’ phase volume fraction adapted from
Ref. [46]. (c) Schematic illustration of a soft point contact on MoTe,
under different pressures with increasing volume fraction of the 17"
phase (superconducting region) and thus excess current.

common trend with pressure. The amplitude of excess current
is exactly opposite to the volume fraction of the 7, phase, but
shows a positive correlation with that of the 17’ phase under
pressure as in Fig. 2(b). Figure 2(c) illustrates the evolution
of the point-contact differential conductance curves with in-
creased superconducting volume fraction as more of the 17"’
phase transforms into the 7; phase in the contact area under
pressure. Analogous to the inhomogeneous state with a phase
separation of the normal state and superconductivity, as in the
case of the mixed state in a magnetic field for the type-I super-
conductor PdTe, or type-1I/1 superconductor NbGe, [47,48],
our results support that the dominant SC under pressure arises
from the topologically trivial 17’ phase and should be distinct
from the SC in the topologically nontrivial T; phase.

Figure 3 shows a series of normalized differential con-
ductance curves Gy (V) for the contact S1@1 at the lowest
temperature 7 = 0.3 K under different pressures, which man-
ifest a common double-peak feature. With increased pressure,
the double peaks gradually shift to higher voltages and signal
pressure-enhanced superconducting gap values. A single-gap
s-wave BTK fitting obviously fails to reproduce the experi-
mental data as illustrated by the blue dashed line in Fig. 3(a).
Due to its multisheet Fermi surface with several hole and elec-
tron pockets [35], a trivial two-gap s-wave pairing BTK model
with a slightly different gap magnitude has been considered
for MoTe,, where the conductance G(V) = wG;(V) + (1 —
®)G2(V) has two components from separate gaps and the
spectra weight w is attributed to the smaller gap A;. If we
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FIG. 3. (a) Pressure evolution of the normalized differential
conductance curves Gy (V) for point contacts S1@1 of SPCS, in
comparison with the single-gap (blue lines) and two-gap (red lines) s-
wave BTK fittings, where the curves are vertically shifted for clarity.
(b) and (c) Pressure dependence of superconducting gaps and their
2A /kgT. extracted from (a). The dashed line in (b) and (c) marks the
critical pressure where MoTe, has completely entered into the 17’
phase.

keep w constant under various pressures, the G(V') curves can
be better fitted as shown by the red solid line in Fig. 3(a).
The extracted gap values are plotted in Fig. 3(b) as a func-
tion of pressure, together with the other two point contacts
S2@1 and S3@1 in a high consistency [their conductance
and fitting curves are shown in Figs. S2(c) and S2(d) of the
SM [40]]. Even though an anisotropic s-wave fitting would be
comparable to the two-gap fitting as shown in Fig. S2(e) of the
SM [40], a two-gap s-wave superconductivity in 17'-MoTe,
under pressure seems favored, considering earlier theoretical
proposals, a uSR report, and the poH-T phase diagram from
ultralow transport measurements [28,30,35]. As in Fig. 3(b),
the extracted gaps A; and A, gradually increase with pres-
sure, while the ratio of the SC gap to the T;, 2A,/kgT. =
2.0-2.5 and 2A,/kpgT, = 4.15-5.0, favor a strong-coupling
SC for the 17’-MoTe, as in Fig. 3(c), where the 2A /kgT,
of the smaller gap below the weak-coupling limit 3.52 is
commonly observed. In the pressure range of (0.7, 1.2) GPa, a
smaller 2A /kpT, value compared with the one above 1.2 GPa
is observed, and we speculate that the 17 phase with higher
T. just partially occupies the sample and its superconductivity
would be compromised with reduced SC gaps due to the
proximity effect by its neighboring normal-state 7; phase with
a substantial volume [49,50].

In order to characterize the temperature evolution of the
SC gaps, we take the contact S1@1 for example and plot the
temperature-dependent conductance curves G(V) in Figs. 4(a)
and 4(b) for SPCS at P =0.7 GPa and P = 2.0 GPa, re-
spectively. With increased temperatures, the double peaks
gradually get smeared into a broad zero-bias peak, and finally
disappear at their respective 7.. As shown by the red solid

144506-3



DONGTING ZHANG et al.

PHYSICAL REVIEW B 109, 144506 (2024)

(a) S1@1
0.75 GPa
251 0.3K
0.6 K|
Fl M
S 20
> 12K
B -M
E 15K
=4
O
15 M
- 20K
23K
1.0 e e et
15 -10 -05 00 05 10 15 -1.0 -05 00 05 10
vV (mvV) vV (mV)
0.6
(c) S1@1 (d) s1@1
0.75 GPa| 08[ 2.0 GPa
< 045 06}
[¢]
£
< 0.4
0.2
0.2}

10 15 20 25 0 1 2 3 )
T(K) T (K)

00 05

FIG. 4. (a) and (b) Temperature dependence of the normalized
conductance curves Gy(V) for point contact S1@1 at 0.75 and
2.0 GPa, respectively, in comparison with the two-gap s-wave BTK
fitting curves (red lines), where the curves are vertically shifted for
clarity. (c) and (d) The extracted superconducting gaps Aj;) as a
function of temperature from (a) and (b), respectively.

lines in Figs. 4(a) and 4(b), the conductance curves G(V)
can be well described by the two-gap s-wave BTK fitting,
while the broad zero-bias peaks at high temperatures make it
difficult to reliably extract A; and A,. The obtained SC gaps
A1 and A; both follow a standard BCS temperature behavior
as in Figs. 4(c) and 4(d), respectively, and we stress that
the relation between a conventional multiband superconductor
and its topologically trivial band nature for the 17’'-MoTe,
deserves more careful investigations for future studies under
pressure.

As stated before, the local SC T, can be significantly en-
hanced for SPCS on MoTe, at ambient pressure. However,
such an effect is absent in most SPCS measurements under
hydrostatic pressure, where intrinsic SC in the 17'-MoTe,
has been probed instead, similar to the case of SPCS on
CsV3Sbs. We would argue that such a dramatic 7. enhance-
ment in MoTe, at ambient pressure might be ascribed to the

local strain effect from the point contact itself, rather than
due to its topologically nontrivial 7; phase [34,51]. A recent
biaxial-strain study on MoTe, reports that its 7, can also
be dramatically enhanced by fivefold, illustrating the strain
sensitivity of MoTe; [51]. Such a local strain can tune the band
structure and increase the carrier density near the Fermi level,
resulting in a 7, enhancement [52]. In only a few trials, the
local T. enhancement is still present for SPCS on MoTe, at
a low pressure as in Fig. S4 of SM [40], and the conductance
curves show an obvious double-peak feature with an enhanced
intensity below 0.5 GPa. However, a higher pressure would
smear the SC first with reduced 7, and then track the intrinsic
SC evolution under pressure. For comparison, the local 7,
for PCS on MoTe, can be enhanced nearly 50 times by the
sharp tip at ambient pressure and MoTe, seems to exhibit a
higher strain sensitivity than CsV3Sbs [28,29]. In such a case,
a pronounced excess current has already been observed under
low pressures as in Fig. S4(e) [40], evidencing a possible
emergence of the 17’ phase induced by the local strain. We
note that a uniaxial strain along the a axis is proposed to
facilitate the Ty to 17" structure transition in MoTe, [46,53].
Therefore, we speculate that the local strain induced by the
SPCS might be partially or completely eliminated under hy-
drostatic pressure, and how the strain and pressure tune the
MoTe, system deserve further experimental and theoretical
studies.

IV. SUMMARY

In conclusion, we have systematically studied the super-
conductivity of MoTe, under pressure by SPCS measurements
up to 2.5 GPa. The extrinsic T.-enhancement behavior at
ambient pressure from SPCS on MoTe, is absent under hy-
drostatic pressure, and an intrinsic SC is evidenced to emerge
in the topologically trivial 17’ phase. A two-gap s-wave BTK
model without a sign change can well fit the conductance
curves G(V') for MoTe; in the pressure range up to 2.5 GPa,
and the superconducting gaps follow a standard BCS tempera-
ture behavior, yielding 2A; /kgT, = 2.0-2.5 and 2A, /kgT, =
4.15-5.0 for 17’-MoTe; in the strong-coupling limit.
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