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We studied the nonreciprocal transport of layered MoTe,, which undergoes a structural transition from cen-
trosymmetric to the noncentrosymetric polar phase. Careful inspections of the temperature-dependent resistance
showed an occurrence of additional phase transition at around 7* = 50 K inside the noncentrosymmetric polar
phase. We found that the nonreciprocal signal emerges below 7*, associated with the filling of the hole pocket.
The present result suggests that the mechanism of the nonreciprocal transport is significantly distinct from that
in simple polar semiconductors but is highly sensitive to the small hole pocket buried in the major carriers in

semimetals.
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Broken inversion symmetry in two-dimensional van der
Waals crystals plays crucial roles in their emergent optical and
transport properties. So far, symmetry breaking along the in-
plane direction of two-dimensional crystals has been focused
on in many studies. For example, semiconducting monolayer
transition-metal dichalcogenides (TMDs) such as MoS, and
WSe, have characteristic valley-related optical and transport
properties originating from the noncentrosymmetric threefold
rotational symmetry [1]. Another example is mono- or few-
layer WTe, [2,3], where only one mirror plane remains and
thus the nonlinear anomalous Hall effect appears reflecting
this in-plane low symmetry. Recently, the reduction of the
in-plane symmetry was found to occur by the formation of
van der Waals heterointerfaces, associated with characteristic
nonlinear responses [4,5].

As well as in-plane symmetry of two-dimensional van
der Waals nanostructures, the out-of-plane inversion sym-
metry breaking caused by the unique crystal structure or
stacking sequence of two-dimensional materials are also at-
tracting much attention in recent days. In bilayer hexagonal
boron nitride or TMDs [6,7], stacking-dependent out-of-plane
electric polarization has been reported. In these materials,
ferroelectricity is caused by the artificially engineered stack-
ing. Remarkably, several polytypes of TMDs such as 3R or
T, structures naturally host the out-of-plane polarity [8,9].
Especially, T;—MoTe, shows a reversible thermally driven
phase transition between centrosymmetric 1T’ phase and non-
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centrosymmetric T; phase [10-13], providing an ideal ma-
terial platform for studying the polarity-dependent emergent
properties.

With decreasing the temperature, sliding of two-
dimensional layers and displacement of Te atoms cause
the modulation of the unit cell and resultant symmetry
change, leading to the phase transition from centrosymmetric
1T’ to polar T, structure [Fig. 1(a)]. To detect the effect of
out-of-plane polarization in layered materials, observation
of the out-of-plane electric or optoelectric properties are
widely used [14,15]. However, such measurements could be
affected by extrinsic effects such as interfacial scattering and
effect of the device asymmetry. In contrast, bulk rectification
effect (second-harmonic magnetotransport) [16-19] will
provide the detailed information of exotic electronic structure
originating from out-of-plane polarization via in-plane
transport measurement, thus being suitable for detecting the
effect of symmetry breaking in the present system.

In this Letter, we studied the first- and second-harmonic
transport in noncentrosymmetric phase of MoTe,. We found
an anomalous behavior in temperature (7) dependences of the
first-harmonic resistivity and its temperature derivative around
T =50 K, implying the occurrence of an additional phase
transition in low-temperature noncentrosymmetric phase of
MoTe,, which has been considered as the Weyl semimetal-
lic phase. Importantly, nonreciprocal transport (i.e., nonlinear
longitudinal and transverse magnetotransport) appears only
below this transition temperature (7* = 50 K) and becomes
negligibly small above T*, although MoTe, should have
the polar crystal symmetry above and below 7*. We also
found that this phase transition is accompanied by the
carrier compensation driven by the emerging hole pocket,
which indicates that nonreciprocal transport is largely en-
hanced by the scattering process between electrons and holes
in the low-temperature phase. The present results indicate
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FIG. 1. (a) Schematic crystal structure of 1T~ (right) and Ty-
(left) MoTe,. Boxes with dashed line indicate the unit cell. 1T’
phase is centrosymmetric and T, phase has a noncentrosymmet-
ric crystal structure with an out-of-plane polarity. (b) Longitudinal
first-harmonic resistivity oy, as a function of temperature 7' for
sample 1 (bulk with # ~ 30 um). Inset shows the magnification of
o, around T = 50 K. (c) Temperature derivative of oy, (dpg. /dT)
for sample 1. White and black triangles indicate peak positions
in cooling and heating scan, respectively, which correspond to
the noncentrosymmetric-to-centrosymmetric phase transition. Green
and orange triangles exhibit the peak and dip positions in cooling
and heating scan, respectively, which imply another phase transition
inside the noncentrosymmetric phase. In (b) and (c), we scanned
temperature by 1 K/min.

that nonlinear transport is a highly sensitive probe of elec-
tronic structure and charge dynamics of noncentrosymmetric
semimetals.

Single crystals of 1T'—MoTe, were synthesized via
a chemical vapor transport technique (see Supplemental
Material [20]). The obtained 1T'—MoTe, single crystals were
exfoliated into thin flakes using the Scotch tape method, and
the flakes were transferred onto a Si — SiO, substrate. The
thickness of the exfoliated flakes was measured by using
atomic force microscopy. A Hall bar configuration was fab-
ricated on the flakes with Au (150-nm)/Ti (9-nm) electrodes.
For the bulk sample, on the other hand, we once exfoliate
the bulk by using Scotch tape to obtain the fresh surface and

deposited Au (100-nm)/Ti (10-nm) electrodes defined by the
stencil.

Then, we measured the first- and second-harmonic electric
transport by a standard lock-in technique (see Supplemental
Material [20]), in both bulk (~ millimetersize) and ex-
foliated flake samples (micrometer size) of single-crystal
MoTe;. By using micrometer-size devices, we can obtain the
monodomain sample and high current density, which is advan-
tageous for investigating the second-order nonlinear transport
properties reflecting the out-of-plane polarization. In fact,
the typical domain size of MoTe; is estimated to be around
100 pm [21] and bulk (millimeter-size) sample with Hall bar
configuration did not show the discernible second-harmonic
response probably due to the multidomain and small current
density (see Supplemental Material [20]). Also, we can deter-
mine the crystal orientation of bulk and exfoliated thin flakes
by their shape [22,23]. In the following, we mainly focus on
the devices with the current along the a direction (Mo-Mo
zigzag chains), unless stated otherwise. It is noted that the
second-harmonic transport reflecting the out-of-plane polarity
similarly appears whether in-plane current direction is parallel
to the a or b axis.

First, we focus on the first-harmonic (linear) resistivity
in bulk MoTe, with the thickness ¢ ~ 30 um (sample 1).
Figure 1(b) shows the first-harmonic resistivity (p§,.) as a
function of temperature. The value of residual resistivity ra-
tio (RRR) in sample 1 is 42, which is consistent with the
previous studies [24,25]. Around T = 250K, we observed
the kinks and hysteresis loop indicating the first-order phase
transition. Interestingly, the hysteresis does not close below
250 K in Fig. 1(b) but continues down to around 7* = 50K,
as shown in the inset of Fig. 1(b). When the hysteresis loop
closes near 7%, we found a resistance anomaly and resultant
slight difference between cooling and heating scans above T*.
Figure 1(c) shows the temperature derivative of p$. (d p./dT).
In addition to the peak structures around 7 = 250 K (black
and white triangles), we can see the peak (dip) structure in
the cooling (heating) scan around 7* = 50 K, as shown by a
green (orange) triangle. The observed anomaly in p¢, and its
temperature derivative in a bulk sample implies the existence
of additional phase transition inside the noncentrosymmetric
phase of MoTe;.

This behavior of the first-harmonic resistivity is also ob-
served in exfoliated flake samples. Figure 2(a) shows pg
normalized by that at 7 = 300 K, as a function of temperature
T in samples 2, 3, 4, and 5 together with bulk sample 1. Here,
samples 2, 3, 4, and 5 are exfoliated flakes with ¢ = 140,
125, 52, and 4.5 nm, respectively. Resistivity of exfoliated
flake samples also show a hysteresis around 7' = 250 K. In
thin samples, the hysteresis loop around the structural phase
transition around 7 = 250 K becomes broader due to the
thinning effect [12], but the loop is more clearly seen down
to 50 K. We can still see the clear anomaly of p2, [Figs. 2(b)
and 2(c)] and resultant obvious peak and dip structures in
dps/dT [Figs. 2(d) and 2(e)], similarly to the bulk sam-
ple. This anomaly is observed in all samples measured (see
Supplemental Material [20]). Importantly, the cooling scan
shows a peak, whereas the heating scan exhibits a dip struc-
ture of d p{/dT. This hysteretic behavior is distinct from the
typical behavior of the first-order phase transition, indicating
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FIG. 2. (a) Longitudinal first-harmonic resistivity pg. normalized by that at T = 300 K, as a function of T in sample 1 (black, bulk with
t ~ 30 um), 2 (red, t = 140 nm), 3 (yellow, t = 125nm), 4 (green, t = 52nm), and 5 (blue, r = 4.5 nm). Each curve is shifted vertically by 0.2
for clarity. (b), (c) Longitudinal first-harmonic resistivity p¢. as a function of temperature in samples 3 [(b), 7 = 125nm] and 4 [(c), = 52 nm].
(d), (e) Temperature derivative of pf, (dpg. /dT) in samples 3 (d) and 4 (e). Green and orange triangles show the peak and dip positions in
down and up scans, respectively. In (a)—(e), we scanned temperature by 1 K/min.

different structural or electronic states between the cooling
and heating processes above T*. Recently, the intermediate
phase between the 1T’ phase and (ordered) T, phase has been
discussed [26,27]. In this intermediate state, the 1T’ and Ty
structures are mixed, showing both the 1T’ and T, nature.
The hysteretic behavior in and d p{./dT might come from the
transition between mixed 1T’ /T, phase and ordered T, phase.
It should be noted that both mixed 1T’/T, phase and ordered
T, phase are noncentrosymmetric and nonreciprocal transport
is expected to occur in terms of symmetry.

Next, we measured the nonlinear transport, which is a
sensitive probe of the crystal and electronic structure. In polar
systems, nonlinear voltages (V> and Vyz‘") are generally ex-
pected when applied current is perpendicular (configuration
A) and parallel (configuration B) to the magnetic field as
shown in Figs. 3(a) and 3(b), respectively. Figures 3(c) and
3(d) show the second-harmonic longitudinal resistivity ,ofj;’
and transverse resistivity pyZ;" as a function of magnetic field B
in configuration A (red/light blue) and B (pink/blue), respec-
tively, at 7 = 2 K in sample 3. In configuration A (B), finite
B-linear pZ¥ (p2) is observed, with indiscernible signals in
the other direction. These results are consistent with the above
symmetry argument in polar phase.

To investigate the relationship between the nonlinear
transport and the phase transition in low-temperature phase
discussed above, we measured the temperature dependence of
the second-harmonic resistivity. Figure 4(a) shows pyz)’c" (left)

and o2 (right) as a function of T. pyz;" becomes negligibly

small above 70 K, which is much lower than the temperature
of noncentrosymmetric-to-centrosymmetric phase transition
(around 200 K in 100-nm-thickness flakes estimated by
Raman shift [12]). Instead, this onset temperature of the
second-harmonic resistances is close to 7*. This behavior is
distinct from the nonlinear magnetotransport in WTe, [17],
where nonlinear signals show the temperature-induced sign
reversal reflecting the shape of Fermi surface, and persist up
to the room temperature. We also notice the hysteresis in
0%®, which might imply the first-order nature of the phase
transition at 7*.

We now consider the origin of nonreciprocal transport ob-
served only in low-temperature region of noncentrosymmetric
phase. According to the recent studies, possible additional
phase transition in low temperature phase (~ 60 K) has been
discussed in Raman measurement [28] and also captured as a
dramatic change in several physical properties such as magne-
toresistance, (planar) Hall resistance, circular photogalvanic
effect, and heat capacity [29-35]. Especially, it is known that
Hall resistivity shows the abrupt change around this tem-
perature region [29,30]. Figure 4(b) shows the temperature
dependence of pf, at B=28 T in sample 3 (¢t = 131 nm),
which has almost the same thickness as sample 5. It shows
the increase around 7* = 50K similarly to previous studies
[29,30]. Since it is well known that MoTe, is a semimetal with
both electrons and holes, we extracted electron and hole car-
rier densities from pf vs B and py; vs B curves by alternately
fitting them with two-carrier model [36,37] (see Supplemental
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FIG. 3. (a), (b) Schematic images of two different measurement
configurations for observing nonlinear transport. In polar crystals,
second-harmonic longitudinal (transverse) voltage V2 (V2?) is ex-
pected to appear when applied magnetic field B is per}iendicular
(parallel) to the applied current /. (¢) Second-harmonic longitudinal
resistivity p2* as a function of in-plane B perpendicular (red) or
parallel (pink) to /. The applied current was 4.5 mA. (d) Second-
harmonic transverse resistivity p2® as a function of in-plane B
perpendicular (light blue) or parallel (blue) to 1. The applied current
was 4.5 mA. p2* and p2® are antisymmetrized as a function of B
(see Supplemental Material [20]).

Material [20]). oy, and py; are written as
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respectively. Here, n;, (n.) and uy, (1.) are the carrier density
and the mobility of holes (electrons), respectively. Figure 4(c)
depicts n;, and n, as a function of temperature. With decreas-
ing the temperature, n, does not change so much, showing
the slight decrease. In contrast, n;, drastically changes and
shows the rapid increase around 7* = 50K, which results
in the carrier compensation below 40 K. According to the
previous study, this behavior can be understood as the growth
of hole pocket around the I' point in the low-temperature
region [Fig. 4(d)], which is not directly related to the Weyl
point [29,38,39]. We assume that this change in carrier
densities is closely related to the phase transition between
mixed 1T'/T,; phase and ordered T, phase mentioned above.
Figures 4(a)—4(c) indicate that the nonreciprocal transport
and the development of the hole pocket occur nearly at the
transition temperature found, 7*. In other words, the nonre-
ciprocal transport increases along with the increase of hole
carrier density with lowering temperature. To clearly see this

situation, we plot pyz;" and p2 as a function of ny, [Fig. 4(e)].
It seems that the transition from mixed 1T’/T, phase to or-
dered T, phase [Fig. 4(f)] directly causes the emergence of
nonreciprocal transport. However, the sudden emergence of
nonreciprocal signals around 7 = 50 K cannot be explained
just by this transition because nonlinear signals should appear
even in the mixed phase in which inversion symmetry is bro-
ken. Thus, we believe that the electronic structure change (i.e.,
increase in hole density) associated with that transition plays
a crucial role in the emergence of nonreciprocal transport in
MoTe,.

In the previous study of bulk polar semiconductor BiTeBr,
the deformation of Rashba-type spin-splitting band under the
in-plane magnetic field causes the nonlinear transport [16]. In
this case, the nonlinear signals increase with decreasing the
carrier density since the effect of band deformation becomes
dominant in the bottom of the conduction band. In contrast,
the second-order nonlinear transport of MoTe; increases in
accord with the development of the hole pocket. This trend
is opposite from that in BiTeBr, implying a distinct origin
of the nonreciprocal transport in multicarrier semimetals. In
semimetals, electrons and holes are coexisting, and scattering
process between them may contribute to the nonreciprocal
transport. There is a possibility that this scattering process
between carriers in the different Fermi surfaces is more sen-
sitive to the symmetry breaking than that in one simple Fermi
surface. If this is the case, nonreciprocal transport can be
a powerful probe of small Fermi pocket buried in the large
Fermi surface of majority carriers and related Lifshitz tran-
sition, which is normally difficult to estimate by the linear
transport coefficient. Although theoretical explanation of the
above scenario and quantitative discussion of the observed
nonreciprocal transport remains to be further pursued in the
future, the present results provide an insight into multicarrier
effect on the nonreciprocal transport, offering a direction of
the nonlinear transport studies.

In summary, we investigated the first- and second-
harmonic resistivity in MoTe,. We found the anomaly in
the first-harmonic resistivity and its temperature derivative
around 7* = 50K, implying the additional phase transition in
polar-phase MoTe,. At the lowest temperature, we observed
the nonlinear longitudinal and transverse magnetoresistivity,
which is fully consistent with the polar symmetry. With in-
creasing the temperature, the nonreciprocal signals disappear
at 7*, which is much lower than the well-established tem-
perature of noncentrosymmetric-to-centrosymmetric phase
transition. The appearance of the nonreciprocal signals seems
to be accompanied by the development of hole carrier pocket,
which is associated with the transition between mixed 1T’ /T,
phase and ordered T, phase. We suppose that the scattering
in developed hole pocket below T* might be a key ingre-
dient of the nonreciprocal transport in Weyl semimetallic
Ts—MoTe,. The present results indicate that nonreciprocal
transport can be a powerful probe of a phase transition in
semimetals.
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FIG. 4. (a) Second-harmonic resistivity (p?*, left) and first-harmonic longitudinal resistivity (p®, right) in sample 3 at / = 0.05 mA.
Longitudinal (p2¢, red and pink circles) and transverse (,o‘x , blue and light blue squares) second-harmonic resistivities are measured at B = 8 T.
Longitudinal first-harmonic resistivity (p{,, dashed black line) is measured at B = 0 T. Error bars indicate the uncertainty of the signals
estimated from magnetic field dependence of the second-harmonic signals at each temperature. (b) Transverse first-harmonic resistivity (Hall
resistivity, py;) at / = 0.05mA and B = 8T, extracted from py;, vs B curves at each temperature. The pj; vs B curves were measured in the
heating process. (c) Electron density #n, (light blue down-pointing triangles) and hole density 7, (pink up-pointing triangles) extracted from the
two-carrier model fitting of o, vs B curves at each temperature. Error bars indicate the uncertainty of the carrier densities obtained from the
fitting results of p¢, vs B and p)‘;’x vs B curves at each temperature. (d) Schematic image of the band structure in noncentrosymmetric phase of
MoTe,. With decreasing the temperature across T*, hole pocket develops causing the carrier compensation. (e) o> vs hole density n;,. Red
circles and blue squares indicate p>* and p)x s respectlvely Both p?* and p “ increase in accordance with the development of the hole pocket.
(f) Schematics of ordered T, phase and mixed 1T’/T, phase. At low temperature below 7*, the entire crystal becomes T, structure, and this
phase is called ordered T, phase. However, between ordered T, phase and 1T’ phase, there is an intermediate state, where T, and 1T’ structures
are mixed. This phase is called mixed 1T’/T, phase. Phase boundary between the ordered T, phase and mixed 1T’/T, phase might be 7*. This

transition might cause the hysteretic behavior in resistance and might be associated with the increase in the hole density around 7*.
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