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We study systematically the negative magnetoresistance (MR) effect in WTe,, flakes with different thicknesses
and doping concentrations. The negative MR is sensitive to the relative orientation between electrical-/magnetic-field and
crystallographic orientation of WTe,.Ly. The analysis proves that the negative MR originates from chiral anomaly and
is anisotropic. Maximum entropy mobility spectrum is used to analyze the electron and hole concentrations in the flake
samples. It is found that the negative MR observed in WTe,., flakes with low doping concentration is small, and the high
doping concentration is large. The doping-induced disorder obviously inhibits the positive MR, so the negative MR can
be more easily observed. In a word, we introduce disorder to suppress positive MR by doping, and successfully obtain
the negative MR in WTey ., flakes with different thicknesses and doping concentrations, which indicates that the chiral

anomaly effect in WTe, is robust.
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1. Introduction

The discovery of Dirac/Weyl semimetals has triggered ex-
perimental exploration of novel quantum phenomena. The-
oretically, the Weyl fermion with well-defined chirality will
spontaneously transform into the opposite chirality when a
magnetic field (B) is applied parallel to an electric field (E),
and an additional current will be generated in this process,
so that negative magnetoresistance (MR, MR = % X
This state of chi-
ral charge imbalance is called chiral anomaly. Since neg-

100%) can be observed in the transport.

ative MR 1is related to the pumping of chiral charge be-
tween the two branches, it is considered as an important fea-
ture of the existence of chiral anomaly.!!®! Thus far, nega-
tive MR phenomenon has been observed in various topologi-
cal semimetals, including Na3Bi,[7’8] CdgAsz,[g’lo] ZrTe5,[“]
TaAs,[12] WTe,.!3-1] Dye to the difference of point-like
Fermi surface (type-I) and tilted Weyl cones (type-1I), the
transport properties of these two types of Dirac/Weyl semimet-
als are also significantly different.!'”-!8] For example, the
negative MR caused by chiral anomaly can be observed in
type-I Dirac/Weyl semimetals in any direction,['”! while the
chiral anomaly in the type-II Dirac/Weyl semimetals shows
anisotropic, and negative MR can be observed only in a spe-

cific direction in the reciprocal space.!!”]

Corresponding author. E-mail: rfdou@bnu.edu.cn
fCorresponding author. E-mail: jcnie@bnu.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acb423

Transitional metal chalcogenide WTe; is the first candi-
date for type-II Weyl semimetal, and there are many experi-
ments about the negative MR phenomenon related to the chi-
ral anomaly.!'>15-1¢] However, due to the large positive MR,
the negative MR was only reported in specific samples with a
finite thickness (7 nm—15 nm){3! or in bulk with specific elec-
tron doping (such as WTej o crystals).['3] Recently, Hiroaki
Ishizuka and Naoto nagaosa!?’! theoretically inferred that even
if the Fermi level is far away from the Weyl point in the semi-
classical limit, the contribution of chiral anomaly to longitu-
dinal MR will not disappear. Using the Boltzmann theory, the
electric current associated with chiral anomaly can be written
in the following form:

Jano = ’L'C]4 Z/

where 7 is the relaxation time, ¢ is the charge of the particle, E

Wka E Wka]s(ska_#)a (1)

is the electric field, u is the chemical potential, ¢, k, and &
are band, momentum, and the energy of the state, respectively;
Wia = bra X
and group velocity). When a magnetic field B is applied along

(vgo X B) (byg, and vy are the Berry curvature

the unit vector eg, the J,p, in the unit vector direction is

Ak
_ 4
Jano - €E = Tq E;/ (27,[ 3

(e Wia) 8(&a — 1), (2)
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where E = | E|. Since the berry curvature induced by the Weyl
nodes is non-zero, byy # 0 (i.e., Wy, # 0), the induced elec-
tric current in the direction of the electric field always con-
tributes to the conductivity, i.e., the longitudinal MR is always
negative. The above theoretical derivation shows that even if
we move the Weyl point away from the Fermi level by dop-
ing or other means, the contribution of different Weyl nodes to
the conductivity still exists, and the negative MR phenomenon
can be observed in the transport. If the large positive MR
is suppressed by doping, the negative MR should not be ob-
served only in flakes with finite thickness or specific doping
concentration.?"]

In this paper, positive MR is suppressed by doping, neg-
ative MR was observed in the WTey, flakes with different
thicknesses and doping concentrations. It is found that nega-
tive MR induced by chiral anomaly can only be observed in
b-axis direction in all flakes, while the positive MR is shown
in other directions, proving that the chiral anomaly in WTe; is
anisotropic. The observation of negative MR in WTe,. o flakes
with different thicknesses and doping concentrations shows
that the chiral anomaly effect in WTe; is robust.

2. Experiments

WTe,1, flakes with different thicknesses and dop-
ing concentrations were exfoliated from the single crystal
WTe,. o (purchased from Nanjing MKNANO Tech. Co.,
Ltd.). X-ray diffraction (XRD, Shimadzu XRD-600, Japan)
measurements (Fig. 1(a)) shows that the single crystal has a
stable Ty phase. The chemical composition of WTe,. flakes
was confirmed by energy dispersive x-ray spectroscopy (EDS)
analysis. As shown in Fig. 1(b) and the inset, we performed
EDS analysis on the three micro-regions in each sample, and
selected flakes with uniform component distribution as ex-
perimental flake samples. The flakes used in the experiment
are WTej 42 (210 nm), WTe; 6; (200 nm), WTe; g5 (190 nm),
WTej.93 (150 nm), and WTe; 13 (90 nm), respectively. Since
chiral anomaly in WTe, 1, flakes may be anisotropic, we need
to determine the crystal orientation of the flakes before prepar-
ing the electrodes. Here, we use the method of polarized Ra-
man spectra, which judges the crystal orientation through the
periodic change of the Raman spectrum with the polarization
angle. Figure 1(c) shows the non-polarized Raman spectra of
a typical single crystal sample, and figure 1(d) is the polarized
Raman spectra of the flake (the value of P3 peak and P5 peak
changes periodically with the polarization angle). According
to the research results of Kong et al.,?!! the intensity of peak
P3 is the weakest in the direction of b axis, and the intensity
of the P5 peak is the strongest; while in the a-axis direction,
it is just the opposite. In this way, we can use the intensity
difference between the P3 and P5 peaks to determine the crys-

tal orientation in WTep1 . The red arrow marked in Fig. 1(b)
is the b-axis direction obtained by analyzing the Raman mea-
surement results.

After determining the crystal orientation, a double-cross-
pattern electrode was fabricated, as shown in Fig. 1(b), so that
we can simultaneously study whether there is negative MR ef-
fect in the a-axis, b-axis, and 45° directions in the same sam-
ple. The transport properties were measured by a physical
property measurement system (9 T PPMS, Quantum Design)
from 2 K to 300 K in a magnetic field of up to 9 T.
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Fig. 1. Characterization of WTe,4 4: (a) XRD pattern of the crystal struc-
ture, (b) scanning electron microscopy (SEM) image of the WTe,. o, flake
with Cr/Au (5/100 nm) electrodes. Scale bar: 6 um. The inset shows the
crystal structure of WTe;. (c) The non-polarized Raman spectra of a typ-
ical single crystal sample. (d) The polarized Raman spectra of the flake.

3. Results and discussion

We study the negative MR effect of five WTe,. flakes
with different thicknesses and doping concentrations. It was
found that the five flake samples all show negative MR effect in
the b-axis direction when the electric field parallel to the mag-
netic field, which is due to the chiral anomaly and is well con-
sistent with the previous observation.!'*!6! Figure 2(a) shows
the negative MR of five flake samples at 2 K, the inset shows
a schematic of the measurement configuration. It can be seen
that the flakes with the highest electron doping concentration,
that is, the WTe; 45 flake, has the largest negative MR, which
can reach —15.86%. As the doping concentration decreases,
the negative MR gradually decreases, and the negative MR in
the WTej g3 flake is —4.96%. The negative MR can also be
observed in the hole-doped WTe; 13 flake. Figure 2(b) shows
that negative MR of WTe 93 flake gradually decreases with
the increase of temperature when the electric field and mag-
netic field remain parallel, and can still be observed at 70 K.
It is can be seen that the positive MR appears at low temper-
ature and small magnetic field in most of the flake samples
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(WTey 61, WTe; g5, WTej .93, and WTey 13), implying a signal
of weak anti-localization. In the WTe 4o flake, no weak anti-
localization phenomenon was observed, we cannot rule out
that weak anti-localization can be observed at lower temper-
atures as this phenomenon will disappears with the increase
of temperature. Figure 2(c) presents the longitudinal MR of
the WTe; o3 flake along the a axis, b axis, and 45°, the elec-
tric field and magnetic field are also strictly parallel along
these three directions during measurement. Negative MR phe-
nomenon is observed only along the b axis, but not along the
a axis. In the direction of 45°, the longitudinal MR tends to
decrease obviously under high magnetic field, and there may
be a competition between negative MR and positive MR.

(®)

-9 -6 -3 0 3 6 9
B(T)

Fig. 2. Negative MR in WTe;,. ¢, the electric field and magnetic field re-
main parallel during the measurements. (a) The longitudinal negative MR
in the b-axis direction of five flake samples with different doping concen-
trations (WTe 42, WTey 61, WTej g5, WTej 93, and WTe; 1) at 2 K. The
inset shows a schematic diagram of the measurement configuration. (b)
Temperature dependence of the negative MR in WTej 93 flake. (c) Lon-
gitudinal MR along the a-axis, b-axis, and 45° directions in the WTe| o3
flake. The inset shows the illustration of the measurement direction. (d)
An enlarged view of negative MR in panel (b) near zero magnetic field.

When analyzing negative MR, we first need to exclude
other sources other than chiral anomaly, such as current jetting
effect, magnetic effect, and the weak localization effect.[?>~27]
Since WTe, is non-magnetic, the magnetic effect can be elim-
inated first. The weak localization effect also causes a nega-
tive MR when the electric field is perpendicular to the in-plane
magnetic field, thus the negative MR is not caused by the weak
localization effect.?’] Current jetting effect generally occurs
in materials with high mobility (e.g., TaP),[*?! while our flake
materials have low mobility and weak current jetting effect,
and will not lead to negative MR effect. Based on the above
analysis, we believe that the negative MR effect observed in
the WTe, . o flakes is caused by the chiral anomaly.

Next we measured the dependence of the negative MR
along the b-axis on the angle (6) between the electric field and
the magnetic field. Figure 3(a) shows the measurement results

of the WTe, g5 flake, the negative MR decreases rapidly with
increase of 0 and almost disappears when 6 = 2°. The con-
ductivity induced by the chiral anomaly can be analyzed by

semi-classical equations?®]
0 (B) = (14 CwB?) - owaL + O, 3
OwAL = Op + a\/E, “@

where Cy is a positive parameter that originates from the chi-
ral anomaly when the electric field parallel to the magnetic
field, op is conductivity under zero magnetic field, owar is
a parameter from the anti-localization effect and oy is from
Fermi surface. When 0 T < B < 4 T, equation (3) is used to
fit the negative MR curves at 2 K. We can see that the exper-
imental data can be well fitted (Fig. 3(b)). The inset shows
the parameter Cy extracted from the fitting data, Cy is 0.022
when 6 = 0°, and close to 0 when 8 = 2°. Cw is sensitive to
the change of 8, which further confirms that the negative MR
in WTej. o flakes is induced by the chiral anomaly.
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Fig. 3. (a) The dependence of the negative MR on the angle 6 between
the electric field and the magnetic field in the WTe, g5 flake. The inset is
a schematic diagram of the measurement configuration. (b) The curves
of conductivity with magnetic field at different 6 and the fitting curves
using Eq. (3). The inset shows the 6 dependence of Cyw, obtained from
the fitting data.

The above results show that the doping concentration of
the flakes has a great influence on the negative MR. Doping
has an important effect in this experiment, which can produce
disorder in the flake samples, thereby suppressing the larger
positive MR and making the negative MR effect easier to ob-
serve. Here, we use the maximum entropy mobility spectrum
(MEMS)29-301 to analyze the electron and hole concentrations
(ne, np) in the WTey 1, flakes. MEMS introduces the princi-

ple of maximum entropy[3!!

into the mobility (u) spectrum,
and transforms the magnetic field dependence of conductivity
tensor (Oyy, Oy) into the mobility dependence of the electri-
cal conductivity density function (s(it)) (related to the elec-
trical conductivity tensor). Figure 4(a) shows the normalized
MEMS at 2 K for the five flake samples. The results of MEMS
analysis are summarized in Table 1. It is can be seen that the
doping concentration in WTe; 4, flake is the largest, the e /ny
ratio is 1.22. The n./ny ratio of the WTej o3 flake, which is
close to the stoichiometric ratio, is 1.06. The ne /ny, ratio in the
hole-doped WTe, g flake is 0.80. Lv er al.!">! calculated that

the position of Weyl point in the stoichiometric WTe, is about
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60 meV above the Fermi surface, slight electron doping can
adjust the position of the Weyl point to be close to the Fermi
level, which is more conducive to the observation of negative
MR. Thus, we can observe negative MR in low electron doped
flake samples (WTe g4, WTej 93). For the flake samples with
high doping concentration (WTe; 42, WTe| ¢1), the Weyl point
is relatively far from the Fermi level, a negative MR can still be
observed, which may be related to the suppression of positive
MR by doping.
Table 1. Thickness, negative MR, negative MR per unit thickness (nm),

and ne /ny, ratio of five WTea. 4 flake samples with different thicknesses
and doping concentrations (2 K).

Thickness  Negative Negative MR per .
Samples o ne /ny, ratio
(nm) MR unit thickness (nm)
WTe; 42 210 —15.86% —0.076% 1.22
WTe 61 200 —11.50% —0.058% 1.12
WTe, gs 190 —6.10% —0.032% 1.09
WTe; 93 150 —4.96% —0.033% 1.06
WTe; 18 90 —1.65% —0.018% 0.80
1.0} (a)
=
2 0.8
32 — WTey 15
QE 0.6 — WTe, g3
T8 — WTe, g
% Z 04} — WTei
g g WTe, 49
5° 02
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u (10* em? Vst u (10* em?V—Ls™h)
0.10  (b) o— 16} (c) o
3 S
22 0.08 14
i’ = Q/ Out-of-plane
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Fig. 4. (a) Normalized MEMS at 2 K of the five flake samples. The peaks
at negative and positive mobility represent the electron and hole, respectively.
(b) Positive MR per unit thickness (in unit nm) of the five flake samples under
9 T at 2 K when the electric field perpendicular to the in-plane magnetic field.
(c) Positive MR per unit thickness (in unit nm) of the five flake samples under
9 T at 2 K when the electric field perpendicular to the out-of-plane magnetic
field.

Then, we discuss the suppression effect of doping on the
large positive MR in WTey1. Since the large positive MR
can conceal the signal of negative MR when the electrical field
is not rigorously parallel to magnetic field, and the thickness
of the flake samples is positively correlated with the MR, 3]
therefore, we calculated the positive MR per unit thickness (in
unit nm) to exclude the effect of flake thickness.

In the experiment, it is difficult to separate the positive
MR from the negative MR direction when the electric field
and magnetic field are parallel, so we measured the positive

MR in other configurations. Figure 4(b) shows the positive

MR per unit thickness of the five flake samples under 9 T at
2 K, when the electric field is perpendicular to the in-plane
magnetic field. When the electric field is perpendicular to
the out-of-plane magnetic field, the positive MR effect is the
strongest. 1331 Figure 4(c) shows the positive MR per unit thick-
ness under 9 T at 2 K when the electric field is perpendicular
to the out-of-plane magnetic field. We can see that the positive
MR of the flakes with higher doping concentration (WTeq 42,
WTe, ¢1) is significantly suppressed, so the observed negative
MR is relatively large. While the positive MR is less inhib-
ited in the flakes with lower doping concentration (WTej 34,
WTej .03, WTe,.13), and the negative MR is relatively low. Ac-

30,341 samples with higher dop-

cording to the previous studies,
ing concentration in WTe, introduce more disorder, while the
sample purity has a great influence on the large positive MR.
Therefore, positive MR can be suppressed and negative MR
can be observed more easily for flakes with more disorder. For
the hole-doped flake (WTe; 15), the Weyl point is relatively far
from the Fermi level, but the disorder caused by doping also
inhibits the positive MR, so a small negative MR can also be
observed.

The negative MR can be observed in flakes with various
doping concentrations, which can be attributed to two reasons.
First, the chiral anomaly in Weyl semimetal is robust, that is,
when the Weyl point is far away from the Fermi level, the
negative MR induced by the chiral anomaly can still be ob-
served in transport, which is consistent with the theoretical
prediction mentioned above. Second, the large and positive
MR is considered to be related to electron—hole compensation
in WTe;, Te or W vacancies may act as disorder and suppress
the charge compensation in the WTe, 1, film, so it is easier
to measure negative MR effect for flakes with more doping.
We observed the negative MR in WTe,, flakes with different
thicknesses and doping concentrations, which indicates that
the chiral anomaly effect in WTe; is robust.

4. Conclusion

We observed the negative MR in five WTe; . o flakes with
different thicknesses and doping concentrations, and found
that the negative MR was sensitive to the angle between the
electric field and magnetic field, and also the crystal orien-
tation of the flake samples. The results of MEMS analysis
show that the negative MR of the flakes with high doping
concentration is larger than that of low doping concentration
flakes. We successfully introduced disorder into the flake to
suppress the positive MR. In a word, negative MR is observed
in WTe,, flakes with different thicknesses and doping con-
centrations, indicating that there is a robust chiral anomaly ef-
fect in WTe,, which may provide a prospect for the future use
of chiral fermions in electronic applications.
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