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Transition metal dichalcogenides, featuring layered structures, have aroused enormous interest as a platform
for novel physical phenomena and a wide range of potential applications. Among them, special interest has
been placed upon W'Te; and MoTes, which exhibit non-trivial topology both in single layer and bulk as well
as pressure induced or enhanced superconductivity. We study another distorted 1T material NbTe; through
systematic electrical transport measurements. Intrinsic superconductivity with onset transition temperature
(TS™°%) up to 0.72 K is detected where the upper critical field (H.) shows unconventional quasi-linear behavior,
indicating spin-orbit coupling induced p-wave paring. Furthermore, a general model is proposed to fit the angle-
dependent magnetoresistance, which reveals the Fermi surface anisotropy of NbTes. Finally, non-saturating linear

magnetoresistance up to 50 T is observed and attributed to the quantum limit transport.

PACS: 74.20.Rp, 74.70.Ad, 74.25.F—, 71.18.+y

Transition metal dichalcogenides (TMDs) are a
group of materials with chemical composition MX,
(M is a transition metal and X=S, Se, Te), which
have aroused great research interest recently. An
important feature of TMDs is that many of them
are of layered structures,!'! where layers are stacked
together by relatively weak van der Waals interac-
tion, enabling applications ranging from nanoelec-
tronics to nanophotonics.”) More importantly, a va-
riety of novel physical phenomena such as charge
density wave (CDW),I’! Ising superconductivity,*”]
non-trivial band topology!®~* and potential topolog-
ical superconductivityl”) have also been observed in
TMDs.

Among layered TMDs, distorted 1T type materials
are of particular significance. In a single layer, the 1T
structure is typically unstable and will undergo spon-
taneous structural distortion to form period doubling
of metal chains.[] The resultant single-layer structure
may be 1T’ or 1T”. In the 1T’ structure, such pe-
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riod doubling is expected to lower the metal d orbital
below chalcogenide p orbital, leading to band inver-
sion and quantum spin hall insulator (QSHI) state."]
The distorted layers can stack in either orthorhom-
bic (Td phase) or monoclinic fashion (1T’ and 1T”
phase).['") As in Td-MoTe, and WTes, orthorhombic
AB stacking results in non-trivial topology in the bulk
materials, as identified by the type-I Weyl semimetal
phase.[’]. On the other hand, monoclinic stacking of
1T” layers, which may also host novel physical prop-
erties, has been rarely studied in theory and experi-
ment.

NbTey is a typical material of monoclinic 1T”
structure,l"'!] where quasi-1D triple metal chains are
formed, different from the double chains in WTes.
Experimental studies on NbTes electronic structure
have revealed that its lattice distortion arises from
the Fermi surface (FS) nesting and electron-phonon
coupling.l'?) More recently, NbTe, was proposed as
a candidate of semimetal with topological protected
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band crossing!'?! and signatures of linear dispersion
band have been observed.l'!] In such a topological
semimetal, the search for superconductivity (SC) is of
great significance. Magnetic susceptibility measure-
ment has shown that NbTey is an intrinsic supercon-
ductor with lower critical field (H¢) less than 0.5 Oe
at 0.40 K.I'"l However, transport measurement on SC
in NbTey; has been rarely reported, so that charac-
teristics of the SC and its relation to topology are
unavailable.

In this Letter, we report a systematic electrical
transport study on SC and electronic structures of
the 1T” monoclinic TMD material NbTe,. High qual-
ity single crystals of NbTey are prepared by chemi-
cal vapor transport technique, whose chemical com-
position and crystal quality are checked by energy
dispersive x-ray spectroscopy (EDS), x-ray diffraction
(XRD) and high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM).
Intrinsic SC is clearly observed with 72" around
0.72 K, higher than that in Td-MoTe,.['") The temper-
ature dependence of H. shows unconventional quasi-
linear behavior, indicating contribution from spin-
orbit coupling (SOC) induced p-wave paring. The FS
of NbTe, is analyzed by magnetotransport measure-
ment. We propose a new model to explain the ob-
served angle-dependent magnetoresistance, which im-
proves the fitting to the experimental data compared
with the traditional formula. Moreover, a linear mag-
netoresistance persisting up to 50 T is detected, which
is consistent with the previous results up to 9 T} and
may originate from quantum limit transport.

In our experiment, high-quality NbTey single
crystal was grown by chemical vapor transport
technique.l'®) Nb and Te powders were mixed at a sto-
ichiometric ratio and sealed in an evacuated tube after
pressurization. The mixture was then heated to 520°C
and kept for 92 hours. After slowly cooling down to
room temperature, the obtained substance was rigor-
ously shaken and sealed with iodine in another tube.
The tube was then placed coaxially in a multi-zone
furnace. The growth temperature and reaction tem-
perature were respectively set to 850°C and 920°C and
crystal was grown for 9 days. On slowly cooling to
room temperature, large and shiny crystals were ob-
tained (inset of Fig.1(c)). The atomic ratio of pre-
pared crystal was checked by EDS to be exact 1:2. The
layered structure of NbTes was studied by HAADF-
STEM, where parallel atomic layers and lattice distor-
tion within layer are clearly visible (Fig. 1(a)). Single
crystal character of our sample is further checked by
XRD of (001) crystalline plane (Fig.1(b)). These re-
sults confirm that we have prepared high-quality 1T
NbTe, single crystal.

Electrical transport measurement was performed
in a physical property measurement system (PPMS-
16 T) made by Quantum Design company with stan-
dard four/six-probe configuration. The current is ap-
plied in ab plane and magnetic field is always per-
pendicular to the current. Resistivity p of NbTeqy

as a function of temperature T from 400K to 2K
is shown in Fig.1(c). The resistivity decreases with
the decrease of temperature and saturates to around
0.05 mQ-cm below 5K, which is a typical metallic be-
havior and is similar to other TMD materials such as
WTe,!'" 1% and IrTes.['") The residual resistivity ratio

defined as RRR =2 2‘?2%{}){) is around 7.8. In our mea-

sured temperature range, the 1T”-Td structural phase
transition as observed in MoTes!'"! is not detected. As
a result, NbTe, serves as a unique platform to study
distorted 1T structure properties in lower symmetry
monoclinic phases.
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Fig. 1. Characterization and p-T behavior of NbTez. (a)
The HAADF-STEM image of NbTez viewed from [010]
direction, where the scale bar represents 5nm. Inset is
the enlarged view of the HAADF image overlaid with the
atomistic model. Blue balls: Nb; green balls: Te; scale
bar: 1nm. (b) XRD of (00l) surface of single crystal
NbTez. Labels assign peaks to the corresponding crys-
talline surfaces. (c) Resistivity as a function of tempera-
ture of NbTes down to 2 K. Red and black curves indicate
the data obtained during cooling and heating process. No
signal of structural phase transition is observed. Inset is
an optical picture of the NbTey sample, where the scale
bar represents 0.5 mm. (d) SC transition in p—T behavior.
Labels indicate zero and onset transition temperature.

SC in WTe, appears only wunder high
pressure.l' 18] We observed intrinsic SC in NbTe,
with 79%%¢" varying around 0.3K to 0.72K among
different samples. SC transition at zero field is shown
in Fig.1(d). Resistivity starts to drop sharply at
onset critical temperature 0.72K and reaches zero
resistivity within experimental resolution at 0.64 K.
The resistivity drop can be suppressed by magnetic
field, as shown in Figs.2(a), 2(b), 2(d) and 2(e),
which further signals SC transition. Magnetotrans-
port measurements were carried out with magnetic
field applied perpendicular and parallel to the NbTe,
layer. We define upper critical field H. as the mag-
netic field when resistivity reaches half of its normal
value, and its relation to temperature is shown in
Fig.2(c) and 2(f). For perpendicular magnetic field,
the measured H.—T behavior is well captured by the
model for spin-triple p-wave superconductors!?’:2!]
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and deviates from the weak-coupling Werthamer—
Helfand-Hohenberg (WHH) formula at the dirty
limitl*?] (Fig.2(c)). Zero-temperature critical field
estimated by the polar p-wave model is 295 Oe. For
the parallel magnetic field, H.—T exhibits a more
linear behavior and shows higher zero temperature
critical field than that expected from the polar p-
wave model (Fig. 2(f)). In this case, the orbital limit-
ing field Ho, = 0.69(—dH./dT)7, is around 600 Oe,
which is clearly smaller than the experimental zero-
temperature critical field H,| and consequently in-

dicates that the SOC cannot be neglected.l”” SC in
NbTe; shows clear anisotropy, since measured H, is
over twice that of the out-of-plane value H. |, which is
expected for a layered superconductor.?*?’! Accord-
ing to the proposed scaling approach to anisotropic
superconductors, effective magnetic field is introduced
by H = H(cos®0 + v 2sin?6)2, where § = 0° cor-
responds to out-of-plane direction and + is the mass
anisotropy.l””?%! By this analysis, v is estimated by
the ratio between parallel and perpendicular zero
temperature critical field H,/H.1 to be around 2.48.
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Fig.2. Magnetotransport properties in superconducting NbTes.
magnetic field at various temperatures.

(b) The p-T curves under various perpendicular magnetic fields.

(a) Resistivity as a function of perpendicular

(©)

Critical perpendicular magnetic field as a function of temperature for NbTes. Red and blue curves are the WHH
and polar p-wave fits to the data, respectively. (d)—(f) Results for parallel magnetic field. Black curve in (f) is linear

fitting.
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Fig. 3. SC in NbTez under hydrostatic pressure. (a) The
R-T behavior of NbTea under various hydrostatic pres-
sures. Inset is the zoom-in SC transition. (b) The relation
between T, and hydrostatic pressure. Tc = 0 indicates no
SC observed.

It is also of interest whether the superconducting

temperature of the superconducting NbTe, can be en-
hanced by pressure, as observed from WTep!'”"'% and
MoTe,.['"] We performed transport measurements of
NbTe, single crystals under hydrostatic pressure up
to 2.1 GPa for the two samples (S3 and S4 in Fig. 3).
The resistance R of S3 as a function of T' under various
pressures is shown in Fig.3(a). The sample resistiv-
ity decreases with the increase of hydrostatic pressure.
However, the SC transition temperature T is simulta-
neously suppressed (inset in Fig. 3(a)). At 2.1 GPa, no
sign of SC transition is observed in S3. The relation
between T, and hydrostatic pressure is summarized in
Fig.3(b). Over the same pressure range, T, increases
dramatically in Td-MoTes, which is discovered to be
related to the suppression of 1T’-Td structural phase
transition.['"] Nevertheless, this transition is absent
in NbTes. In WTey, SC only occurs at much higher
pressure (around 10 GPa)!'") when the Fermi surface
of WTey is remarkably reconstructed. As a result,
although hydrostatic pressure seems to be unfavor-
able for observed SC in NbTes, higher pressure is still
highly desired to see if another superconducting state
can be induced.
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Fig.4. Magnetoresistance of NbTez. (a) MR as a func-
tion of perpendicular magnetic field at various tempera-
tures. Inset is the first order derivative dMR/dT, which
shows a transition from linear to saturation with increas-
ing magnetic field, indicating a quadratic to linear tran-
sition of MR-B behavior. (b) MR as a function of per-
pendicular magnetic field up to 50 T measured in a pulsed
magnet. The yellow line is the power law fitting to the
data at 1.5K. (¢) MR as a function of magnetic field di-
rection  at 2K and B = 2, 5, 10 T. Here 8 = 0° is the
out-of-plane direction and 6 = 90° the in-plane direction.
Solid curves are fitting to the data with the anisotropic
mass model. (d) Fitting to the data in (c) with the tradi-
tional | cos 6| model.

Magnetotransport measurements above T, pro-
vide intriguing insight into the electronic structure
of NbTe,. Figure 4(a) shows the longitudinal mag-
netoresistance (MR = % x 100%) measured
at various temperatures. The MR exhibits a non-
saturating behavior and is suppressed by tempera-
ture. The first order derivative of MR as a func-
tion of B (inset of Fig.4(a)) is linear at low field
and tends to saturation with the increase of magnetic
field, which indicates a transition from quadratic to
linear dependence.!'**"] To uncover the origin of the
novel linear magnetoresistance behavior, the informa-
tion of NbTey Fermi surface is necessary. Thus, we
carried out angle-dependent magnetoresistance mea-
surements. When the magnetic field is rotated from
out-of-plane (6 = 0°) to in-plane direction (§ = 90°),
the MR shows a monotonic decreasing behavior. Fig-
ures 4(c) and 4(d) show the angle-dependent MR at
different magnetic fields. This behavior is reminis-
cent of what has been observed in other quasi-2D
compounds”®?°! and topological insulators,l*’] which
was typically fitted with a | cos | model. The model
was motivated by the consideration that for 2D or
quasi-2D FS, the transport behavior will mainly re-
spond to the magnitude of out-of-plane component of
the magnetic field (B|cosf|). However, the argument
fails to take into account of the fact that the vari-
ation amplitude of MR with 6 also depends on B.
The fitting formula used in aforementioned references
is actually f(B)|cos6|, where the explicit form and

physical picture of amplitude function f(B) are un-
clear. Moreover, |cos@| fitting forms a sharp dip at
0 = 90° and 270° and thus cannot fit the experimen-
tal data well. In order to overcome the limitation of
the |cos @] model, we propose a more general fitting
formula based on the anisotropy of 3D FS.[?!]

As has been proposed for 3D anisotropic F'S, lon-
gitudinal magnetoresistance follows the scaling be-
havior similar to that of anisotropic superconduc-
tor, MR(0, B) = MR(gyB), where g9 = (cos?6 +
7~ 2sin? #)1/2.°11 Considering the power rule of MR
revealed in Fig. 4(a), we suppose a phenomenological
model MR(6, B) = A(g¢B)® + C (A and C are con-
stants), which combines the angular and field depen-
dence. The model turns out to fit our experimen-
tal data better than the traditional |cos| formula
(solid lines in Fig. 4(c) and Fig. 4(d)). The fitting gives
a=1.96,1.74 and 1.69 for B = 2, 5 and 10T, respec-
tively. Indeed, the MR follows a quadratic law around
B = 2T and the power decreases gradually with the
increase of magnetic field (inset of Fig.4(a)). The
mass anisotropy -y obtained by fitting lies between 1.73
and 3.51, which exhibits a large fitting error whereas
is consistent with the v value (2.48) obtained by anal-
ysis of anisotropic SC. The value is also comparable
to that of WTey.[*!] The fitting at 10 T does not per-
fectly reproduce experimental data, which may origi-
nate from the variation of power « over the range of
effective magnetic field g9 B. Our analysis shows that
the transport behavior of NbTey is dominated by an
anisotropic 3D FS for magnetic field below 10T. We
remark that the traditional |cos @] model corresponds
to the @« = 1 and v — oo case in our model. In this
case, the sample should lie in linear magnetoresistance
region and have a very high anisotropy, which is not
suitable for our experimental condition.

Hall resistivity as a function of magnetic field at
various temperatures is shown in Fig.5(a). The lin-
ear behavior up to 15 T after antisymmetrization indi-
cates a single hole pocket. Carrier density is calculated
from linear fitting by n = 1/Ryge (e is the elemen-
tary charge and Ry the Hall coefficient) as shown in
Fig.5(b). At 2K, n =~ 8 x 10** cm™3, corresponding
to a rather large F'S and is responsible for the metallic
behavior of NbTe;. The low temperature mobility of
S2 is around 120 cm?/(V-s). The broadening of Lan-
dau levels thus smears out quantum oscillation since
wer = uB < 1.7

We then turn to analyze the origin of non-
saturating magnetoresistance in NbTe,. Considering
the large FS revealed by our analysis, it is natural
to suspect the non-saturating magnetoresistance orig-
inate from an open FS. However, careful theoretical
consideration suggests that MR from open FS will
exhibit H?/3 dependence for uncompensated metals
(with unequal density of electrons and holes).[***!] In
order to examine this possibility, we perform magne-
toresistance measurement up to 50T in pulsed mag-
netic field at Wuhan National High Magnetic Field
Center. As shown in Fig.4(b), the magnetoresis-
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tance remains unsaturated over the whole measured
range. By fitting to a power formula (yellow curve
in Fig.4(b)) MR = AB®, we obtain o &~ 1.1 for the
MR at 1.5 K with the magnetic field larger than 30 T.
The result obviously deviates from the open F'S model.
Two alternative explanations may be quantum limit
transport or disorder effect. Quantum limit trans-
port requires n < (22)3/2,%9 which is not fulfilled
for the large pocket discussed above. If another small
pocket can reach the quantum limit and dominate over
the large pocket in conductance, quantum linear mag-
netoresistance can also occur.l””] On the other hand,
the disorder induced linear magnetoresistance, as the
case in doped AgsSe and AgyTe,[*”5% is unlikely to be
the explanation because the linear magnetoresistance
in NbTes is strongly suppressed with the increase of
temperature, which is different from the typical behav-
ior of disorder induced linear magnetoresistance.*>:7]
Also, the high quality of our sample does not seem to
permit strong disorder or inhomogeneity. As a result,
quantum limit transport is the possible explanation
for the observed linear and non-saturating magnetore-
sistance up to 50T in NbTe,.

(b) S7

[ I 1 1 1 1
0 50 100 150 200 250
T (K)

Fig. 5. Hall signal and carrier density of NbTes. (a) Hall
resistivity as a function of magnetic field at various tem-
peratures. (b) Carrier density as a function of temperature
obtained by linear fitting of (a).

Finally, we discuss the relation between SC and
FS structures in NbTe,. Since a large 3D anisotropic
FS is revealed by transport measurement, whose mass
anisotropy -~y is similar to that of SC, SC at the tem-
perature lower than 0.72K is likely to originate from
Cooper pairing in the same pocket. The measured
single band quasi-linear H.—T behavior indicates that
strong SOC gives rise to a p-wave pairing contribution
to the SC state in NbTes. However, besides a large
hole pocket, ultrahigh magnetic field measurements
suggest that a small pocket may also exist. In anal-
ogy to MoTes[”'9) and WTes,!'" %] with appropriate
FS engineering, a multi-band SC phase may emerge
in NbTey with potential non-trivial topology.

In conclusion, by performing transport measure-
ments on high-quality NbTes crystals, we have ob-
served intrinsic SC with 72" up to 0.72K. The
temperature dependence of H. implies the contribu-
tion from the p-wave paring induced by SOC. The
electronic structure of NbTe, is revealed by magne-
totransport measurement. Based on anisotropic FS
and power law of MR, we propose a phenomenolog-

ical model to fit our angle-dependent magnetoresis-
tance results. Ultrahigh magnetic field measurements
show linear magnetoresistance up to 50 T. Its quantum
limit origin suggests the existence of a small Fermi
pocket. In comparison to MoTe, and WTes, our work
indicates that a potential multi-band superconducting
state in NbTey could be achieved by modulating FS
such as applying higher pressure or doping the sample.
This work calls on further calculation and experimen-
tal investigations on the novel electronic properties of
1T” TMD materials.

We gratefully acknowledge Gatan for the technique
assistance. The authors acknowledge Electron Mi-
croscopy Laboratory in Peking University for use of
the Cs corrected electron microscope.
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