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ABSTRACT

Besides the negative longitudinal magnetoresistance (MR), planar Hall effect (PHE) is a newly emerging experimental tool to test the chiral
anomaly or nontrivial Berry curvature in Weyl semimetals (WSMs). However, the origins of PHE in various systems are not fully distinguished
and understood. Here we perform a systematic study on the PHE and anisotropic MR (AMR) of T;-MoTe;, a type-II WSM. Although the
PHE and AMR curves can be well fitted by the theoretical formulas, we demonstrate that the anisotropic resistivity arises from the orbital
MR (OMR), instead of the negative MR as expected in the chiral anomaly effect. In contrast, the positive MR indicates that the large OMR
dominates over the chiral anomaly effect. This explains why it is difficult to measure negative MR in type-II WSMs. We argue that the
measured PHE can be related with the chiral anomaly only when the negative MR is simultaneously observed.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5094231

I. INTRODUCTION

Weyl fermions in condensed matter systems represent the lin-
early dispersing low-energy excitations that obey a two-component
Dirac equation.’ Different from the type-1 Weyl semimetals (WSMs,
materials hosting Weyl fermions) which have standard Weyl points
with a point-like Fermi surface, the type-II WSMs possess tilted
Weyl points, arising at the contact of electron and hole pockets.”
The orthorhombic phase (T,;) of layered transition metal dichalco-
genides WTe; and MoTe; are theoretically predicted as the potential
candidates for the type-Il WSMs.”” Signatures of Fermi arcs, the sur-
face state of WSMs, have been indeed observed in the angle-resolved
photoemission spectroscopy (ARPES) measurements for WTe,"”
and MoTe,.””

In transport experiments, WSMs are usually featured for the
negative longitudinal magnetoresistance (NLMR) induced by chiral
anomaly,”’ which refers to the non-conservation of chiral charge
around the Weyl nodes when the applied electric and magnetic

fields are non-orthogonal (E-B # 0). The experimental measure-
ment of NLMR is very critical, and especially for type-II WSMs,
the NLMR can only be observed along specific crystalline direc-
tions and in samples with appropriate chemical potential (see
Refs. 10 and 11 for the NLMR in WTe,). Within our knowledge
scope, so far, the NLMR has not been reported for MoTe,. In the
pure Weyl physics, the NLMR will induce non-zero off-diagonal
components under the SO (3) rotation transformation, further lead-
ing to a planar Hall effect (PHE).'>"” The chiral anomaly induced
PHE (pyx) and related anisotropic magnetoresistance (AMR, pxx) can
be expressed as'’

Pyx = —Apcmml sin O cos 0, (1)

e = P — Apchiml COSZ 9, (2)

where 6 is the angle of B with respect to current (I), Ap™" = p, — P
is the chiral anomaly induced anisotropic resistivity, p, and py are
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the resistivity corresponding to B 1 I and B || I, respectively. Note
that the chiral anomaly based NLMR and PHE are the same thing.
All the effects that occur in the NLMR measurements will affect the
PHE.

Since the theoretical proposals suggest that the chiral anomaly
in topological semimetals can induce a PHE,'”" the PHE has
been widely used to investigate the chiral anomaly in topological
semimetals and candidates.”* > However, the origins of PHE in
various systems are not fully distinguished and understood. More
seriously, the observation of PHE is directly claimed equivalent to
chiral anomaly in several researches,”””" without careful analysis
about the origin of anisotropic resistivity. This suggests a misuse
of such a measurement technique. Actually, PHE usually has other
origins in various systems, including anisotropic magnetic scatter-
ing,”>” topological surface state,”* and orbital magnetoresistance
(OMR)."* To clarify these confusions, it is necessary to test the PHE
in a material that lacks the chiral anomaly induced NLMR. MoTe,,
a confirmed WSM, is such a material.

In this paper, we perform a systematic study on the PHE
and AMR of T;-MoTe,, in which the NLMR induced by chiral
anomaly is not observed. Although the PHE and AMR curves can
be well fitted by the theoretical formulas, we demonstrate that the
anisotropic resistivity Ap arises from the OMR that increases the p;
more quickly, instead of the reduced p| as expected in the chiral
anomaly effect, which is distinctly different from Ref. 20. In con-
trast, the positive LMR indicates that the large OMR dominates over
the chiral anomaly effect. This explains why it is difficult to measure
NLMR in type-II WSMs. We argue that the measured PHE can be
related with chiral anomaly only when the NLMR is simultaneously
observed.

Il. EXPERIMENTAL METHODS

T4-MoTe, single crystals were grown by a self-flux method
(Te). Powders of Mo (Alfa Aesar, 99.9%) and Te (Alfa Aesar,
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99.99%) were ground and placed into a quartz ampoule, then heated
up to 1373 K. The ampoule was cooled down to 1223 K at a
rate of 2 K/h. The excess Te flux was removed by centrifugation.
Finally, long flake-like crystals were obtained [inset of Fig. 1(a)].
The crystal structure and phase purity were checked by single crys-
tal X-ray diffraction (XRD) on a Rigaku-TTR3 X-ray diffractometer
using Cu Ka radiation. The single crystals are exfoliated into a thin
plate to perform the transport measurements, with dimensions of
4x0.5%0.2 mm”. All the electrical measurements were taken on a
Quantum Design PPMS.

lll. RESULTS AND DISCUSSION

Figure 1(a) presents the single crystal XRD pattern taken
at room temperature, which is consistent with the 17’ phase of
MoTe,.”” Only the (001) peaks are detected, suggesting that the nat-
urally cleaved surface is the ab plane. Such a distorted octahedral
phase will transit to an orthorhombic T; phase at low temperature.
This transition shows a signature in the resistivity measurement
as a function of temperature, where a kink is observed at about
250 K [Fig. 1(5)].° A relatively large residual resistivity ratio, i.e.,
RRR = % = 156, is further indicative of the high quality of the
sample.

In order to obtain the carrier mobility and density, the (reg-
ular) Hall effect and magnetoresistance (MR) are measured on the
ab plane, with the magnetic field applied along the ¢ axis [inset of
Fig. 1(c)]. As shown in Fig. 1(c), the linear magnetic field depen-
dence of pyy suggests a nearly electron-hole compensated situation.””
Figure 1(d) shows the MR curve taken at 2 K, as well as the power law
fit. The resultant component of n=1.87 is consistent with the nearly
compensated situation (n=2 for perfect compensation). Assuming

#e = ny, in a two-band model,”’ the MR ratio W is equal to

Uelt »B%, where n. (n;) and pe (up) are the carrier density and mobility
for electrons (holes), respectively. Using this formula to fit the MR

(b)

z

FIG. 1. (a) Single crystal XRD pattern taken at room temper-
ature. Inset: image of as-grown single crystals. Red arrows
indicate the crystalline axes. (b) p as a function of tem-
perature taken at zero magnetic field, showing a first order

phase transition at ~250 K. (c) Regular Hall resistivity py,
taken at 2 K in a magnetic field up to 14 T. Inset: the
configuration of B and / for Hall effect and MR measure-
ments. (d) MR ratio taken at 2 K in a magnetic field up to
14 T. Red solid curve represents the power law fit using
the formula MR = aB". Inset: MR and the fitting curve using
MR = (unB).
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curve yields a geometric-mean mobility um = |/pept=5300 cm?/Vs
[inset of Fig. 1(d)]. This value is not as ultrahigh as in CdsAs;
(~10° cm?/Vs)* or TaAs (~10° cm?/Vs),” but almost that of Na3Bi
and GdPtBi (3000 and 2000 cm*/Vs at 2 K, respectively).'” Such a
relatively low mobility will lead to a large onset field B, (inversely
proportional to mobility) of current jetting. The B, of Na3Bi and
GdPtBi can reach as high as 30 T.'° Therefore, the current jet-
ting is unlikely to be observed in the following PHE measure-
ments for MoTe; (not more than 14 T). This is different from the
case in TaP which has an ultrahigh mobility and enhanced current
jetting.w

The measurement geometry of PHE and AMR is illustrated in
Fig. 2(a). The standard four-probe technique is adopted to measure
the LMR (p.x) along the a axis, together with two Hall contacts to
measure the planar Hall resistivity (p,x). Magnetic field is applied
within the ab plane and rotates around the ¢ axis, with an angle 0
relative to I. Two types of misalignment may exist in actual exper-
imental set-up.'” Type I is that the magnetic field does not always
perfectly lie in the sample plane. Type II is the possible nonsym-
metrical Hall contacts that will induce a small LMR (even function
of 6) in the measured p,,. Figure 2(b) shows the raw data of the
angle-dependent py, taken at 2 K and 5 T. We can see a slight mis-
match between the Hall data taken at 6 and 6 + m. That is, for
the magnetic fields B and -B, the major part of p,, is even and
the minor part is odd. The odd-in-B part satisfies the antisymme-
try requirement of a true Hall effect, which is ascribed to the type-I
misalignment, while the even-in-B part violates the antisymmetry
property and is hence a pseudo Hall effect. To eliminate the regu-
lar Hall resistivity, we average the data of 6 and 6 + 7. The resultant
curve pffE shows an odd function feature in 6 [Fig. 2(c)], suggesting
that the type-II misalignment is negligible in our measurements."”

scitation.org/journal/adv

The angular dependence of pf,’fE has a period of 7 and reaches
its maximums at 71/4 and 37/4, both of which are consistent with
the PHE. Using Eq. (1) to fit the experimental data results in an
anisotropic resistivity Ap = 2.28 uQ cm. This value is compara-
ble with that of ZrTes'* and WTe,,"” but smaller than that of
GdPtBi,""'° Nas;Bi'® and TaP."” Figure 2(d) presents the angular
dependence of px, taken at 2 K and 5 T. The type-I misalignment
may induce a normal MR component in the measured py.. However,
this effect can be also neglected if we note that the resultant Ap from
the AMR curve (2.15 uf2 cm) is consistent with the Ap obtained from
the PHE curve. The slight difference between them should arise from
the sample dimensions used in the resistivity calculations.

The PHE measurements are further performed at different
magnetic fields and temperatures, to test the magnetic field and tem-
perature dependence of Ap. Figure 3(a) shows the angular depen-
dence of p,, taken at 2 K and various magnetic fields. The fittings
to Eq. (1) give a series of Ap for various B. As shown in Fig. 3(c),
the magnetic field dependence of Ap can be fitted to the power
law with an exponent 1.5. In addition to magnetic field, tempera-
ture is another factor to influence the Ap, via changing the mobility.
The relationship between mobility and the Ap will be discussed in
the next section. Figure 3(b) presents the angular dependence of
pyx taken at different temperatures and 14 T. The fitting results are
plotted in Fig. 3(d), showing a remarkably decrease as temperature
increases.

The anisotropic resistivity Ap can be also revealed by the angu-
lar dependence measurement of longitudinal resistivity py, viz., the
AMR. Figure 4(a) shows the angle-dependent py taken at 2 K and
various magnetic fields. As magnetic field increases, the amplitude of
Pxx rises quickly. The fittings using Eq. (2) result in a list of Ap, which
can be further fitted to the power law curve (Ap o B [Fig. 4(c)].
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FIG. 3. Angular dependence of p}i™® (a) taken at 2 K and
various magnetic fields and (b) taken at various tempera-
tures and 14 T. Red solid curves represent the fits to Eq. (1).
(c) Magnetic field dependence of Ap, obtained from the fits

in (a). Solid curve is a power law fit. (d) Ap as a function of
temperature, obtained from the fits in (b).
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We note that the values of Ap and the exponent obtained from the
fitting are consistent with those in Fig. 3(c), again confirming the
validity of our measurements and analyses.

To unveil the origin of Ap that increases with B, the measured
p1 and py are extracted from the py curves in Fig. 4(a). As seen in
the inset of Fig. 4(c), the p, and p; both increase as B increases.

However, their behaviors are different. With the increasing B, the
py rises rapidly (p, ~ B“*), while the py increases in a moder-
ate way. Some important information could be retrieved from the
inset figure. First, the natural extensions of p, and pj intersect at
one point on the y axis, i.e., py, the py at zero magnetic field. This
value is consistent with the pg,-T measurement in Fig. 1(b). Second,

(a) '

T
raw data
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FIG. 4. (a) Raw data of the angle-dependent py taken at
2 K and different magnetic fields. (b) Angular dependence
of pix — pu taken at different temperatures and 14 T. Red
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the p) shows a positive dependence on B, meaning that the LMR is
positive. This is contrary to the expectation of an NLMR induced
by the chiral anomaly. Although it is not concluded that the chiral
anomaly does not exist in MoTe;, it at least suggests that the chiral
anomaly is dominated over by another factor that induces a pos-
itive LMR. Third, the main contribution of the increased Ap (=p,
— p) comes from the rapid increase of p,, instead of the decrease
of pj. We know that a nonzero Ap can always produce a PHE
curve, as is shown in Fig. 3(a). Therefore, the observation of PHE
curves does not necessarily prove the existence of chiral anomaly.
In this case, the PHE curves are associated with the excessively
increased p; .

Since the B-dependence of p, and pj is far away from the
quadratic dependence (n=1.87 in this case, see Fig. 1(d)), their
increase with B is unlikely attributed to the addition of a normal
MR due to the type-I misalignment. Taking account of the asym-
metric Fermi surface of MoTe,, the increase should arise from the
OMR.” As suggested in Ref. 31, the OMR can significantly enhance
the anisotropic conductivity Ao (=0 - 0.), and the B-dependence
of Ao is completely the same with the chiral anomaly induced PHE.
Therefore, it is difficult to distinguish the origin of the Ap measured
in PHE, unless the B-dependence of p, and pj is also provided.
As shown in the inset of Fig. 4(c), the OMR is highly anisotropic,
increasing quickly for p, but slowly for p;. Hence, the existence
of a large anisotropic OMR is the origin of PHE. Actually in the
pure Weyl physics, the p; should be a constant, i.e., pp. The increase
of Ap™ is mainly contributed by the decrease of py» namely, the
NLMR. For most cases, the NLMR is very small, because the py of
semimetals is usually small. For the present case, assuming that the
chiral anomaly indeed exists and reduces the pj to zero at a certain
magnetic field, the largest contribution to Ap is py (~1.5 u2 cm).
However, this value is not sufficient to account for the large increase
of Ap (~8.9 uQ cm at 14 T). The signature of chiral anomaly is fully
covered by the OMR. This may explain why it is difficult to measure
NLMR in MoTe;.

We note that the authors of Ref. 20 connect the PHE in MoTe,
with its chiral anomaly. However, we will see it is inappropri-
ate, based on our additional data and analyses. Figure 4(b) shows
the temperature dependence of pxx — p, taken at various temper-
atures and 14 T. Consistent with the results in Fig. 3(d), the Ap
is greatly reduced when temperature increases [Fig. 4(d)]. The p,
and py, presented in the inset of Fig. 4(d), both increase with T
(as in Fig. 1(b)), while their difference becomes smaller at a high
T. That is, the enhanced thermal fluctuation reduces the resistivity
anisotropy, even in the presence of an external magnetic field. The
relationship between temperature (i.e., mobility) and the Ap can be

understood in the two-band model, where p;, = [ HZ—’;BZ]_I
h

and py = [0+ 0] 0c = neep. and oy, = npeyy, are the elec-
tron and hole conductivity, respectively. For high B, we can deduce
2 ZBZ

that Ap ~ a:&’:#
a large Ap. This is a natural result, given that MoTe; is a typical
XMR (extremely large MR) material. The increasing temperature
will reduce the mobility and Ap. Conversely, the high mobility at
low temperatures will naturally give rise to a resistivity plateau, as
observed in Ref. 20, which is actually the rediscovery of the XMR.”

A related question is the B-dependence at different tempera-
tures. In Ref. 20, it is suggested that the power exponent approaches

O
1+u2B?
=116

. Namely, the high mobility can solely induce

ARTICLE scitation.org/journall/adv

2 at high temperature and diverges from 2 at low temperature. This
is easy to understand in the framework of normal MR. Pippard has
demonstrated that the MR shows varying dependence for different
scales of w.T, i.e., ,uB.w The MR follows quadratic dependence in the
low limit of uB, and approaches saturation in the high limit of uB,
and runs linearly in the intermediate region. Since the low temper-
ature always indicates a larger mobility, the observation in Ref. 20
can be explained. Such an evolution should not involve with chiral
anomaly.

IV. CONCLUSIONS

In summary, the angular dependence of PHE and AMR is stud-
ied in detail for the type-II WSM T;-MoTe,. We demonstrate that
the anisotropic resistivity Ap arises from the OMR that increases the
p1 more quickly, instead of the reduced py as expected in the chiral
anomaly effect. In contrast, the positive LMR indicates that the large
OMR dominates over the chiral anomaly effect. This explains why
it is difficult to measure NLMR in type-II WSMs. We argue that the
measured PHE can be related with the chiral anomaly only when the
NLMR is simultaneously observed.
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