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Planar Hall effect in the type-II Weyl semimetal Td-MoTe2
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Topological Weyl semimetals (WSMs), a new quantum state of matter, provide the realization of relativistic
Weyl fermions in solid-state physics. The appearance of the Weyl nodes will demonstrate novel transport
phenomena related to the chiral anomaly. Theoretical prediction hints that the giant planar Hall effect (PHE)
can be induced by the chiral anomaly in the WSMs. In this work, we performed PHE measurements to probe
chiral charge in type-II WSM Td -MoTe2. Robust transverse voltage can be acquired when the magnetic field and
electric current is coplanar. Subsequently, the amplitude of intrinsic PHE increased sharply at T = 50 K with
the decreasing temperature. The increasing trend in the temperature dependence is attributed to coupling effect
between the chiral charge and the electric one, which drives the system into intermediate-coupling states at higher
field. Our work confirms that the PHE measurement is a practical transport tool to probe chiral charge pumping
effect in the WSMs systems.
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The discovery of the topological Weyl semimetals (WSMs)
has sparked enormous research interests recently since it pro-
vides the realization of the Weyl fermions in condensed-matter
physics [1,2]. The WSMs can be classified into two types: In
the type-I WSMs, the linear nondegenerate bands cross at the
Weyl points (WPs), leading to a pointlike Fermi surface (FS) if
the chemical potential is tuned to the energy of WPs; however,
the type-II WSMs break the Lorentz symmetry, and the hole
and electron pockets, which form the WPs [1,2], overlap over
a range of energies, leaving a finite density of states at the
chemical potential [3–5]. Above all, one of the most distinct
properties of WSMs is the existence of nonconservation of
chiral charge induced by parallel electric and magnetic fields.
In this situation, the generation of the electric current or
the negative magnetoresistance (MR) can be realized in the
presence of parallel electric and magnetic fields [6,7]. It also
connects the transport feature in solid-state physics with the
physics of relativistic fermions. Recently, the planar Hall effect
(PHE)–the giant transverse voltage can be demonstrated in
the case of coplanar electric and magnetic fields (E·B =
EB cos θ, θ �= 0, π/2)–was initially observed in ferromag-
netic materials and has been predicted to be another fingerprint
feature of the chiral charge in topological semimetals (TSMs)
[8,9]. When the separated Weyl nodes are subjected to the
electric field E and magnetic field B, the key feature is that
the chiral current is pumped between the nondegenerate points
and the current is along the magnetic field, which leads to the
anisotropy of the magnetotransport driven by chiral anomaly.
The off-diagonal part of the resistivity represents the PHE
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based on the chiral current and is mainly caused by the chiral
anomaly and the Lorentz force [8–12]. It is a macroscopic man-
ifestation of the quantum anomaly in relativistic field theory of
chiral fermions. Theoretically, the PHE in nonmagnetic TSMs
can be attributed to the nontrivial Berry curvature and chiral
anomaly. Experimentally, the PHE has been observed in several
Dirac semimetals such as Cd3As2 and ZrTe5, which provides
a direct relationship between the physics of topological nature
and the transport properties [10–12].

Among the type-II WSMs, Td -MoTe2 is a typical exam-
ple. MoTe2 crystallizes in several different polytypes: the
semiconducting 2H phase, the centrosymmetric 1T ′ phase,
and the noncentrosymmetric Td phase [13–15]. The semi-
conducting 2H structure has been studied extensively for
electronic and optoelectronic device applications [13]. For the
metallic 1T ′ and Td structures, when the 1T ′ phase is cooled
it undergoes a structural transition at 240 K to become Td

phase [16]. Moreover, many interesting properties such as
extremely large magnetoresistance and superconductivity have
been demonstrated in Td -MoTe2 [17–19]. Another fascinating
feature of Td -MoTe2 is the existence of topological Weyl
node. Theoretical works reported that the observed electron
and holes pockets touch each other at eight WPs, in which
some of the WPs located in the vicinity of the Fermi level
while the other type is far from the Fermi level [20,21].
Angle-resolved photoemission spectroscopy and scanning tun-
neling microscopy/spectroscopy (STM/STS) provided direct
evidence of topological Fermi arc at the boundary of elec-
tron and holes pockets and the existence of surface state
[3–5,22]. While spectroscopy measurements have identified
the character of WPs in Td -MoTe2, evidence extracted from the
transport experiments for the existence of chiral fermions has
been lacking currently [7,22–25]. Moreover, the interference
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FIG. 1. (a) The magnetoresistance of Td -MoTe2 with H ‖ c and I ‖ a, measured at 0.35 K; (b) Shubnikov–de Haas oscillations component
dMR/dH as a function of inverse magnetic field. Data are normalized and shifted for clarity; (c) the FFT spectra; and (d) Landau level index
n plotted against 1/H for the α pocket, and the pink (blue) open symbol indicate integer (half integer) index (the peak (valley) of dMR/dH ).
The inset shows the intercept lying between ±1/8, which is a strong piece of evidence for a nontrivial Berry phase.

of the trivial crossing bands and the large energy separation
between the WPs prevents us from observing the negative
MR effect in Td -MoTe2 [20,21]. Another tool to determine
the chiral anomaly in Td -MoTe2 is really needed. In this work,
we demonstrate the observation of the chiral-anomaly-induced
PHE in Td -MoTe2 single crystal. At first, the nontrivial Berry
phase was obtained from the Shubnikov–de Haas oscillation
result. After subtracting the MR components originating from
the experimental misalignments, we tracked the signature
of chiral anomaly–the obtained PHE resistance displays an
∼ cos θ sin θ dependence, which is consistent with the theo-
retical prediction. We also present that the band reconstruction,
emerging at T = 50 K, strengthens the coupling between the
trivial electric and chiral charge and amplifies the PHE at
lower temperature. The different coupling states induced by
FS reconstruction have also been discussed. Our conclusions
not only pave a way to further recognize the exotic features
of chiral anomaly in Td -MoTe2, but also shed light on the
discovery of chiral charge in other systems.

1T ′-MoTe2 single crystals were grown by the flux method
using Te as solvent. The crystal growth recipe is followed from
the reported paper. The experimental and calculated details can
be found in the Supplemental Material [26].

Whereas both the theoretical prediction and spectroscopy
measurements indicate the existence of Weyl nodes in

Td -MoTe2, measurement of quantum oscillations is a very
powerful way to probe the nontrivial Berry phase acquired
by the WSMs [27]. Thus we present the field dependence of
MR for Td -MoTe2 at T = 0.35 K in Fig. 1(a). A magnetic
field was applied from 0 T up to 33 T. After subtracting the
background by using polynomial fits, clear oscillation patterns
are presented in Fig. 1(b). According to the Lifshitz-Onsager
quantization rule, the Landau index n is linearly dependent
on 1/H : h̄Sn/2πeH = n−γ + δ; here γ is the Onsager
phase factor which is related to the Barry phase through
γ = 1/2 − φB/2π and the value of δ changes from 0 for a
quasi-two-dimensional cylindrical FS to ±1/8 for a corrugated
FS [27,28]. For a conventional metal with trivial parabolic
dispersion, the Berry phase φB = 0, hence γ = 1/2. However,
for a system with linear band dispersion, the nontrivial Berry
phase φB = π that makes γ = 0. The fast Fourier transform
(FFT) pattern is similar with the reported one [29]. We assign
the peak positions as the Landau integer indices and the valley
positions as the half indices. Figure 1(d) shows the linear
extrapolation of 1/H versus the integer n plot, in which
γ−δ locates between 0 ± 1/8. Here, the zero Onsager phase
corresponds to a nontrivial Berry phase, which provides strong
evidence for the existence of Weyl fermions in Td -MoTe2.

We now proceed to explore the chiral-anomaly-induced
giant PHE and other intriguing electronic properties of this
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FIG. 2. (a) and (b) Schematic illustrations for the usual and planar Hall measurement configurations. (c) and (d) The planar Hall resistance
with H = ±8.5 T at T = 10 and 200 K, respectively. (e) and (f) The average planar Hall resistance at T = 10 K and 200 K, respectively. Open
symbols are the experimental data while red lines are the fitting results. (g) and (h) The intrinsic planar Hall resistance at H = 8.5 T after
subtracting the misalignment components.

material. Figure 2(a) shows the schematic diagram of a usual
Hall experimental setup, in which the magnetic field H always
lies perpendicular to the sample plane. However, in our PHE
measurement setup shown in Fig. 2(b), the voltage and the
current are same with the case of usual Hall configuration while
H is applied and rotated in the sample plane with an angle θ

to the current direction. Figures 2(c) and 2(d) illustrate the
angular dependence of the planar Hall resistance of Td -MoTe2

with H = ±8.5 T, at T = 10 and 200 K, respectively. Due to
the misalignment of our setup, the magnetic field could not
be strictly coplanar with our sample plane, leaving a perpen-
dicular component �H⊥ of the field. Thus the obtained Hall
resistance is the sum of normal Hall resistance and planar one.
Fortunately, the normal Hall resistance is antisymmetric under
the opposite magnetic field while the planar Hall resistance is
generated by the topological chiral-anomaly term and does
not follow the antisymmetry rule under the opposite field
[8,9]. As shown in Figs. 2(c) and 2(d), we can exclude the
interference of the normal Hall effect by calculating the average
data:

Rsym
xy = [Rxy (B ) + Rxy (−B )]/2. (1)

Figures 2(e) and 2(f) show the angle-dependent average Hall
resistance under H = 8.5 T at T = 10 and 200 K. However,
the average data could not strictly follow the theoretical model
[8,9]:

ρPHE
xy = −�ρchiral sin θ cos θ, (2)

where �ρchiral = ρ⊥ − ρ‖ gives the anisotropy in resistivity
due to the chiral anomaly. ρ⊥ and ρ‖ represent the resistivity
for magnetic fields applied perpendicular and parallel to the
current direction. Although we have subtracted the normal Hall
resistance, the Hall configuration misalignment will induce
a small component of the in-plane anisotropic magnetoresis-
tance (AMR) and longitudinal offset. As the theoretical works
indicated, the AMR displays cos2θ tendency [11,12]. Thus we
can fit the data by considering the small contribution of AMR
[8,9]:

Rsym
xy = −a sin θ cos θ + b cos2θ + c, (3)

where the first part represents the intrinsic PHE and the second
and third parts are attributed to the misalignment of the Hall
configuration. By using Eq. (3), we can fit the average planar
Hall resistance well and display the fitting results in Figs. 2(e)
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FIG. 3. (a) and (b) The extracted intrinsic planar Hall resistance versus θ at H = 8.5 T under various temperatures. (c) The amplitude of
PHE versus temperature at H = 8.5 T. (d) ρxx and dρxx/dT as a function of temperature.

and 2(f). As shown in Figs. 2(g) and 2(h), the intrinsic PHE
can be plotted as

RPHE
xy = −a sin θ cos θ, (4)

where the parameter a, the amplitude of the PHE, was extracted
from the fitting results. Having identified the accuracy of
our modified fitting model, we subsequently investigate the
evolution of amplitude of intrinsic PHE in Td -MoTe2 with
decreasing temperature. We measured the angular dependence
of planar Hall resistance at various temperatures under H =
±8.5 T. After fitting the average Hall resistance by using
our modified model (the angular dependence of average Hall
resistance and fitting results were shown in Supplemental
Material Fig. S1), we presented the intrinsic PHE curves at
various temperatures in Figs. 3(a) and 3(b). The PHE curves
demonstrate a monotonic decrease behavior with the increas-
ing temperature, which is similar to the cases in some Dirac
semimetals and WSMs [10,11]. The amplitudes of PHE versus
temperature are shown in Fig. 3(c), where a remarkable upturn
of the PHE amplitude occurs near ∼50 K. This turning point
temperature was reminiscent of the change in the electronic
structure around ∼50 K [17]. The previous magnetotransport
study demonstrated significant change in the carrier ratio and
the thermopower measurement indicated the change of the
density of state around ∼50 K [17,29–32]. Moreover, as shown
in Fig. 3(d), the ρxx (T ) curve shows abnormal behavior around
∼50 K while the dρxx (T )/dT curve shows a broad peak
near this temperature, which is corresponding to the possible
electronic structure changing in Td -MoTe2 [17,29].

The onset of anomaly in the PHE amplitudes motivates us
to further investigate the field dependence of PHE amplitudes.

We have demonstrated the angular dependence of the average
PHE under different magnetic field at T = 10, 60, and 100 K
in Figs. 4(a)–4(c). The amplitudes of PHE versus H at selected
temperatures are shown in Figs. 4(d)–4(f). It turns out that the
amplitudes of PHE do not behave as similar field dependence
above or below T = 50 K, at which the electronic structure
of Td -MoTe2 undergoes transition and the amplitudes start to
increase significantly. As shown in Figs. 4(d)–4(f), the ampli-
tudes of PHE follow a quadratic field dependence behavior at
T = 60 and 100 K. As indicated in the theoretical work, for the
weak magnetic-field limit (La � Lc ), the amplitude of PHE
follows the relationship [8,9]

RPHE
xy ∝ (Lc/La )2 sin θ cos θ, (5)

where La = D/�B represents the magnetic-field-induced
length scale with D the diffusion coefficient and � the transport
coefficient. Lc = (Dτc )1/2 is the chiral charge diffusion length
with τc the scattering time of chiral charge. To be noteworthy,
this field-induced length scale 1/La quantifies the strength
of the chiral-anomaly-induced coupling between the trivial
electric and chiral charge. Significant change occurs when the
temperature decreases below T = 50 K. As shown in Fig. 4(d)
the fitting curves according to the quadratic law ∼H 2 could not
match the experiment result. However, it can be divided into
two parts: for low fields (H � 4 T), the amplitudes depend on
H 2; at higher field (H � 4 T), the amplitudes show linear vari-
ation with field. Indeed, theoretical prediction demonstrated
that, in the strong magnetic-field regime La < Lx < L2

c/La

(Lx is the sample length), the amplitudes of PHE follow the
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FIG. 4. (a) The extracted intrinsic planar Hall resistance versus θ at T = 10 K under various fields. (b) The extracted intrinsic planar Hall
resistance versus θ at T = 60 K under various fields. (c) The extracted intrinsic planar Hall resistance versus θ at T = 100 K under various
fields. (d) Magnetic-field dependence of the amplitudes of PHE at T = 10 K. This can be divided into two regions. The pink and blue lines
represent the fitting curves follow quadratic (H � 4 T) and linear (H � 4 T) dependence, respectively. (d) and (e) Magnetic-field dependence
of the amplitudes of PHE at T = 60 and 100 K. The pink lines represent the fitting curves follow quadratic dependence.

relationship [8,9,12]:

RPHE
xy ∝ La/Lx sinθ cos θ. (6)

Thus we try to extract the possible origin of the different
variation law at the temperatures below/above ∼50 K. There
is no structural transition reported at T = 50 K for Td -MoTe2.
Note that 1/La describes the coupling strength between the
trivial electric and chiral charge. Our previous works indicated
the topology of the electron pockets is nearly unchanged
while the Fermi level will slightly cross the flat holes band
as the temperature decreases below ∼50 K. According to
the usual Hall resistivity measurements, the density of holes
changes significantly around T ∼ 50 K [32]. Mass anisotropy
also shows a sudden upturn around this temperature. The STS
dI/dV spectra (proportional to the density of states) demon-
strated that the electronic structure of Td -MoTe2 may not be
sensitive to the applied magnetic field at low temperatures
[32]. More recently, theoretical works indicated even a small
difference of the lattice constant will change the topology of
the FS and surface Fermi arc [20,21]. In particular, the flat holes
band, lying slightly above the Fermi level, is susceptible to the
tuning parameter [17,32]. As the temperature decreases, the

chemical potential will slightly move downward and then sig-
nificantly changes the holes pockets and carrier concentration.
The temperature-induced reconstruction of the FS is indeed
observed, mainly originating from the holes pockets [17,29].
Meanwhile, all kinds of unusual transport phenomena occur-
ring at the FS evolution temperature point have also been re-
ported. The abnormal Te-Mo coordinate structure at lower tem-
perature has been detected through the temperature-dependent
STM measurements [32]. The temperature-dependent spin
photocurrent, ratio of electron and holes concentration, and
the thermoelectric power also demonstrated anomalies at T =
50 K [17,29–32]. Therefore, we could conclude that the FS
reconstruction at T = 50 K, where the trivial electric charge
abruptly enhanced, starts to catalyze the strong coupling
between the trivial electric and nontrivial chiral charge [17,30].
The FS evolution along with the enhanced carrier density
may be fruitful for the coupling effect. The temperature-
dependent amplitude of PHE not only reflects the change
of the coupling strength with decreasing temperature but
also reveals the possible electronic structure transition in this
system [8,9]. Besides the drastic enhancement of the amplitude
of PHE below the electronic structure evolution temperature,
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this electronic reconstruction also drives the system into
intermediate-coupling state with the help of higher magnetic
field (4 T � H � 8.5 T) at T = 10 K while the system still lies
in the weak-coupling state in H � 8.5 T at T = 60 and 100 K.
Thus the electronic reconstruction also plays a crucial role in
the amplification of the chiral charge feature.

In summary, we observe pronounced signature of nontriv-
ial Berry-curvature-induced PHE in type-II WSM candidate
Td -MoTe2. The PHE observed in nonmagnetic Td -MoTe2 is
much stronger and has opposite sign to the case in ferro-
magnetic metals, which is induced by spin-orbit interactions.
This chiral-charge-induced transverse conductance is robust
and still visible at T = 200 K. In particular, we demonstrated
temperature-induced variation of the amplitudes of PHE.
We showed that an abrupt upturn occurs at T = 50 K, in
which FS reconstruction strengthens the coupling between
the electric and chiral charge. Due to the FS reconstruction-
induced amplification effect, Td -MoTe2 can be driven into

intermediate-coupling state in higher magnetic field at T =
10 K. Therefore, our work provides another transport tool to
determine chiral fermions in Td -MoTe2. Due to the numerous
transport anomalies that emerge at T = 50 K in this system,
manipulation of this system through external high pressure
or internal chemical pressure could give a comprehensive
understanding of their strong-coupling state.
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