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Here we report the observation of pressure-induced superconductivity in type-II
Weyl semimetal (WSM) candidate NblrTes and the evolution of its Hall coefficient (Rx),
magnetoresistance (MR), and lattice with increasing pressure to ~ 63 GPa. These results
provide a significant opportunity to investigate the universal high-pressure behavior of
ternary WSMs, including the sister compound TalrTes that has been known through our
previous studies. We find that the pressure-tuned evolution from the WSM to the
superconducting (SC) state in these two compounds exhibit the same trend, i.e., a
pressure-induced SC state emerges from the matrix of the non-superconducting WSM
state at ~ 27 GPa, and then the WSM state and the SC state coexist up to 40 GPa. Above
this pressure, an identical high-pressure behavior, characterized by almost the same
value of Ry and MR in its normal state and the same value of 7¢ in its SC state, appears
in both compounds. Our results not only reveal the evolution from the WSM state to
the SC state, but also demonstrate that NblrTes and TalrTes can make the same
contribution to the normal and SC states that inhabit in the high-pressure phase,
although these two compounds have dramatically different band structure at ambient

pressure.



Weyl semimetals (WSMs) have recently attracted extensive attention in the field
of condensed matter physics and material science since Weyl fermions have not been
observed so far as a fundamental particle in high energy physics [1-5]. In condensed
matter physics, the Weyl semimetal is accepted as a topologically nontrivial metallic
phase, where Weyl fermions emerge as quasiparticles from linear crossing bands [1, 6,
7]. Two types of WSMs have been predicted theoretically [1, 8-11] and identified
experimentally [3, 12, 13]. The materials of MX (M = Ta, Nb and X = As, P) are
classified as type-1 WSMs, characterized by a point-like Fermi surface at the Weyl node.
While type-1I WSMs can be found in the transition-metal dichalcogenide family, which
includes the compounds of MTe: as well as MP2 (M=W, Mo) and the ternary variants
of MXTes (M =Ta, Nb; X =1Ir, Rh) [5, 11, 14-16]. The electronic structure of the WSMs
gives rise to fascinating phenomena in transport properties, such as a chiral anomaly in
the presence of parallel electric and magnetic fields leading to negative
magnetoresistance, a novel anomalous Hall response, surface-state quantum
oscillations and exotic superconductivity [17-24]. These properties of the WSMs
establish them as a new platform for exploring potential applications in nonlinear optics.

Similar to the lattice structure of TalrTes, NblrTes also crystallizes in an
orthorhombic (OR) unit cell with the Pmn2; space group and can be viewed as a cell-
doubling derivative [5, 15]. Theoretical calculations indicate that NblrTes has a more
complicated electronic structure (16 Weyl points in the Brillouin zone) [5] than

TalrTes (4 Weyl points in the Brillouin zone) [15, 25]. The presence of Weyl points in



NblrTes, accompanied by the common features of a large non-saturating MR effect,
have been supported experimentally [26]. Pressure is an important tuning parameter
that can be utilized to alter the lattice and corresponding electronic structures of a
material and therefore influence its electrical transport properties. It is our goal to gain
a deeper insight into the nature of Weyl semimetals and in particular to achieve a better
understanding of the connection between its nontrivial WSM and SC states. Compelling
examples of pressure-induced superconducting transition have been observed in the
type-Il WSM WTe2 [27, 28], Tu-MoTez and MoTe2xSx, [20, 29, 30]. As a ternary variant
of WTez, TalrTes has also displayed superconductivity at high pressures [31] and
surface superconductivity [32]. The high-pressure behavior of the new WSM NblrTe4
remains unknown, and the connection between the WSM and SC states in the ternary
WSMs as a function of lattice changes is an open question. In this work, we reveal the
evolution of pressure-induced superconductivity from the ambient pressure WSM state
in NblrTes and compare our results with those observed in TalrTea.

High-quality single crystals of NblrTes were grown by a Te flux method as
described in [26]. The scanning electron microscope (SEM) mapping and energy
dispersive spectrometer (EDS) analysis on the NblrTes single crystal were carried out
before high pressure experiments. The results of the SEM mapping show that the
constituent elements (Nb, Ir and Te) distribute homogeneously in the single crystal (see
Supplementary Material [33]). The EDS analysis shows that the stoichiometry of the
sample used for this study is Nbl: [r0.96: Te4.04 (see Supplementary Material [33]),

very close to the 1:1:4 stoichiometry. Figures la and 1b show the temperature (7)



dependence of the electrical resistance (R) measured in a NblrTes sample (S#1) under
pressures to 54.8 GPa within the temperature range of 1.5- 300 K. Over the pressure
range investigated, R(7) displays metallic behavior as observed at ambient pressure.
The details of the high-pressure measurements on the S#1 can be found in the
Supplementary Material [33]. The pressure for measurements was determined by the
ruby fluorescence method [34] and the shift of diamond Raman [35, 36]. Considering
the anisotropic transport property of the MIrTe4 (M=Ta and Nb), i.e. the resistance
along b axis (R») is much higher than that along a axis (R.) [37], in the studies on the
sample 2 (S#2), we not only ascertained the crystal orientation before loading the
sample into the high-pressure cell, but also adopted the standard-four-electrode method
for getting reliable data (see the geometry of standard-four-probe method in the
Supplementary Material [33]). The resistance measurements on the S#2 was performed
in a *He cryostat down to 0.35 K. A resistance drop with the transition temperature of
~0.69 K is found at 27.2 GPa (Fig.1c). Upon further compression, a zero-resistance
state is observed at pressures around 32.4 GPa (Fig. 1c), indicating a superconducting
transition. The transition temperature increases with pressure and reaches 1.94 K at 54.6
GPa. To further characterize whether the pressure-induced resistance drop is associated
with a superconducting transition, we applied a magnetic field along the inter planar
direction at 57 GPa. As shown in Fig. 1d, the transition shifts to lower temperatures
upon increasing the magnetic field, indicating that the observed resistance drop indeed
originates from a superconducting transition. We estimated the upper critical magnetic

field (H.2) for the superconducting phase of NblrTes by using the Werthamer-Helfand-



Hohenberg (WHH) formula [38]: Hc2VHH(0)=—0.693T.(dHc2/dT)r-1e, which yields an
upper critical field of about 1.2 T at 57 GPa (inset of Fig. 1d). We repeated the
measurements on a new sample (S#3) in the same experimental manner as that of the
sample 2 (S#2) and found that the pressure-induced superconducting transition in
NblrTes is reproducible (Fig. 1le and 1f, as well as Supplementary Material). The
superconducting transition starting at 28.1 GPa is observed and the superconductivity
prevails in the pressure range up to 62.8 GPa. The upper critical magnetic field (Hc:)
for the superconducting phase at 62.8 GPa is about 3T (see inset of Fig.1f), slightly
higher than that obtained at 57 GPa (Fig.1d).

To understand the connection between the superconductivity and the WSM state in
NblrTes, we performed high-pressure measurements of the Hall resistance (Rxy) by
sweeping the magnetic field (B), which is applied perpendicular to the ab-plane, from
0to 7 T at 10 K. As shown in Fig. 2a, Ry(B) is negative within the pressure range
investigated, indicating that electrons are the dominant charge carriers at the Fermi
surface. Upon increasing pressure, the slope of Ry (B) becomes smaller and approaches
zero at pressures above 40 GPa. These results suggest that the shrinkage of the lattice
by applying pressure likely adjusts the carrier density in these two materials, leading
to Ryw(B)=0 eventually.

The emergence of superconductivity in WSMs is closely associated with a
suppression of MR [27, 28, 31]. To reveal the connection between superconductivity
and positive MR effect in NblrTes, we carried out MR measurements on our sample at

10 K in the pressure range of 1.2 - 54.8 GPa. As shown in Fig. 2b, the ambient-pressure



NblrTes shows a positive MR (MR (% ) = 35% at 1.2 GPa, here MR (%) is determined
by [R(7T)-R(0T)]/R(0T)]*100%) which can be suppressed dramatically by pressure. In
the presence of superconductivity at ~27 GPa, the value of MR (%) is about 3.3 %.
The transport property of materials is usually influenced by the type of crystal
structure. To understand why the value of MR does not reach zero at the critical pressure
of superconducting transition, we performed high-pressure X-ray diffraction
measurements. As shown in Fig. 3, all diffraction peaks gradually shift to higher angles
upon increasing pressure, and the patterns can be indexed well with the orthorhombic
structure (Pmn2; space group) below 24.8 GPa. At 27.5 GPa, there are two new peaks
present (Fig. 3b, as indicated by stars). Although the intensity of these new peaks
becomes more pronounced with elevating pressure, we are unable to determine the
structure for this new phase through only two peaks. As a result, we define the new
phase as the high-pressure (HP) phase in this study. These results show that the HP
phase emerged from the matrix of the ambient-pressure (OR) phase and coexisted with
the OR phase in the pressure range of 27.5- 40.4 GPa is responsible for the non-zero
MR state and the presence of the superconducting state. When pressure is increased
above 40.4 GPa, we cannot index the peaks by the OR phase, implying that the OR
phase completely transforms to the HP phase at this pressure, where MR reaches zero.
In the sister compound TalrTes, the pressure-induced superconducting state is also
accompanied by a lattice distortion [31]. These results suggest that the structural change
from the OR phase to the HP phase are responsible for development of the

superconductivity in NblrTes. When pressure is higher than 40 GPa, the orthorhombic



phase that protects the WSM state converts to HP phase completely, thus the WSM state
no longer exist (Fig.3). Our results suggest that the topology of the WSM is likely not
beneficial for developing the superconductivity in the pressurized NblrTes and TalrTea.

We summarize our high-pressure experimental results in Fig.4. It is found that three
distinct regimes can be seen in the P-T diagram: the Weyl semimetal (WSM) state (on
the left), the mixed state of the WSM and SC states (in the middle), and the SC state
(on the right). In the left regime (below the critical pressure (Pcr), NblrTes remains in
the OR structure (Fig.3) and its ground state is a WSM. Within this pressure range, Ry
displays a slow variation (see Supplementary Material [33]) but MR shows a monotonic
decrease with increasing pressure (see Supplementary Material [33]). At P, a HP
phase emerges from the matrix of the OR phase, accompanied by the presence of
superconductivity. Concomitantly, the value of R starts to approach zero, and MR (%)
decreases to 3.3 % (see Supplementary Material [33]). In the middle of regime (27-40
GPa), a mixed state composed of the WSM state, characterized by the OR phase (Fig.3)
as well as positive MR (Fig.2b), and the SC state is observed. In the high-pressure
regime (40-57 GPa), MR (%) of NblrTes reaches zero and the OR-to-HP phase
transition finishes (Fig.2b and Fig.3), implying that the ground state becomes a pure SC
state.

To visualize the high-pressure behavior of these two materials, we compare the
data obtained from NblrTes and TalrTes (see black squares taken from Ref. 31) in Fig.4.
The critical pressure (Pc:) of the superconducting transition for NblrTes and TalrTes is

almost same. Although the sign of their ambient-pressure Ry is different, both of the Ry



change their trend when superconductivity appears (see Supplementary Material [33]).
Moreover, at the critical pressure (Pc2) and above, not only MR (%) of the two materials
reaches zero, but also their Ry and Te surprisingly merge into the almost same values
(see Supplementary Material [33]). These results suggest that, although NblrTes and
TalrTes possess dramatically different band structures at ambient pressure, the very
similar high-pressure behaviors of these two materials may be attributed to that pressure
assimilate their crystal and electronic structure. Our results support the previous
theoretical calculations on MIrTes (M=Ta and Nb) about that their topological band
structure can be remarkably modified by the volume shrinkage [25, 39]. Because Nb
and Ta have very similar ion radius but quite different mass (mnxv=93, while m.=181),
these features may empower them as a unique platform to “simulate isotope effect”, i.e.
the effect of mass change on phonon and corresponding 7, for understanding the
superconducting mechanism. Subsequently, a fundamental question is raised: what is
the key factor for determining the superconducting and normal states in these
pressurized WSMs? and does the superconductivity found in MIrTes (M=Nb and Ta)
can fall into the unconventional superconductivity category? Moreover, it is noteworthy
to ask the question about what the transport properties and the electronic state look like
at the boundary of the WSM and SC states when they coexist. All calls for further
investigators from theoretical and experimental sides.

In summary, we report the first observation of superconductivity in pressurized
type-II WSM candidate NblrTes, through the complementary measurements of high-

pressure resistance, Hall coefficient, magnetoresistance and synchrotron X-ray



diffraction. The pressure-induced superconductivity state with the transition
temperature (7¢) of ~0.69 K emerges from the matrix of WSM state at 27.2 GPa. The
WSM and superconducting (SC) states coexist in the pressure range of 27-40 GPa, then
apure SC state remains in the range of 40- 62.8 GPa. By comparing NblrTes and TalrTes,
we find a remarkably similar evolution process, from a WSM-OR phase to a SC-HP
phase, in these two compounds. Intriguingly, the values of Rx, MR (%) and T of
NblrTes and TalrTes seem the same at ~ 40 GPa and above. Our high-pressure results
not only reveal the universal connection among the lattice structure, superconductivity
and the band structure in these two WSMs but also demonstrate for the first time that
pressure can tune these two WSMs to have the nearly identical normal and
superconducting property. Such an unconventional behavior of superconductivity,
independence of the mass of Nb and Ta ions, discovered in this study is of great interest
and deserves investigations in the future.
Note added: Recently, a related work published in npj Quantum Materials 6, 55

(2021) was brought to our attention.
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Figure 1. Temperature-dependence of electrical resistance at different pressures and
magnetic fields. (a) and (b) The resistance as a function of temperature for the sample

1 (S#1) measured over the range of 1.5-300 K at different pressures. (c) and (e) The



resistance versus temperature for the sample 2 (S#2) and the sample 3 (S#3) measured
in the range of 0.35-4K at different pressures, showing the superconducting transition.
(d) and (f) Magnetic field dependence of the superconducting transition temperature
measured at 57 GPa and at 62.8 GPa for the S#2 and S#3, respectively. The insets of

Fig. 1d and 1f show the dependence of upper critical field.
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Figure 2. Results of Hall and magnetoresistance obtained from NblrTes. (a) Hall
resistance (Ryy) as a function of magnetic field at different pressures, displaying that
Ry (B) exhibits a slow change below 26.8 GPa, then increases above this pressure and
tends to zero upon further compression. (b) Magnetic field dependence of
magnetoresistance (MR(%) for pressures ranging from 1.2 GPa to 54.8 GPa (here
MR(%)=[R(7T)-R(0T)]/R(0T) x100%), showing that MR(%) decreases with increasing

pressure.
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Figure 3. (a) Schematic crystal structure of NblrTes. (b) X-ray diffraction patterns
collected at different pressures. In the range of 15-27 GPa, the sample remains OR
phase (see violet regime), while, in the range of 27.5-40.4 GPa, it hosts a mixed phase
composed of OR and HP phases (see the orange regime). Upon further compression,

the sample possesses a pure HP phase (see the cyan regime).
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Figure 4. Pressure —7. phase diagram with structure information for NblrTes. The data
of TalrTes (see black squares taken from Ref. 31) is included for comparison. WSM and

SC represent Weyl semimetal and superconducting states, respectively.



