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Weyl semimetals host a variety of exotic effects that have no counterpart in conventional materials, such
as the chiral anomaly and magnetic monopole in momentum space. These effects give rise to unusual
transport properties, including a negative magnetoresistance and a planar Hall effect, etc. Here, we report a
new type of Hall and magnetoresistance effect in a magnetic Weyl semimetal. Unlike antisymmetric (with
respect to either magnetic field or magnetization) Hall and symmetric magnetoresistance in conventional
materials, the discovered magnetoresistance and Hall effect are antisymmetric in both magnetic field and
magnetization. We show that the Berry curvature, the tilt of the Weyl node, and the chiral anomaly
synergically produce these phenomena. Our results reveal a unique property of Weyl semimetals with
broken time reversal symmetry.
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Electrical resistivity is one of the most basic properties of
condensed matter and hence is extensively used as a
characterization tool. It can be represented by a second-
rank tensor ρij in linear response. Under a magnetic field B,
the Onsager reciprocity relations require ρijðBÞ ¼ ρjið−BÞ
[1]. Consequently, the diagonal elements ρiiðBÞ, magneto-
resistance (MR), is symmetric in B. The off-diagonal
elements (i ≠ j) can be divided into two components based
on the symmetry under exchange of two coordinates, i.e.,
the symmetric one ρij ¼ ρji and the antisymmetric one
ρij ¼ −ρji. Applying the Onsager reciprocity relations to
them yields ρijðBÞ ¼ ρijð−BÞ for the symmetric one, and
ρijðBÞ ¼ −ρijð−BÞ for the antisymmetric one. The former
is anisotropic magnetoresistance, although it is sometimes
called the planar Hall effect [2]. It takes place in magnetic
materials and was recently found inWeyl semimetals due to
the chiral anomaly [2–6]. The latter is the Hall effect. In the
case of the magnetic field being the time reversal symmetry
(TRS) breaking field, deflection of carriers by the Lorentz

force gives rise to the ordinary Hall effect (OHE). In the
case of the exchange field being the TRS breaking field, the
anomalous Hall effect (AHE) arises, which is antisymmet-
ric in magnetization M, ρijðMÞ ¼ −ρijð−MÞ [7]. AHE is
the result of Berry curvature in the band structure, which
acts on carriers as a fictitious magnetic field in momentum
space [8]. This difference in symmetry is routinely utilized
to separate contributions from MR and Hall resistance.
When there are more than one TRS breaking fields, the

Onsager reciprocity relations still hold provided that one
reverses all of these fields [9]. Consequently, the common
symmetry of the resistivity tensor elements will be altered.
However, this phenomenon has rarely been observed [10].
Recently, there have been predictions on how Weyl
semimetals may realize a resistivity of such symmetries
[11–19]. Cortijo proposed as a candidate TRS breaking
Weyl semimetals with band-bending terms [11]. Others
suggested that the tilted Weyl semimetals can introduce this
effect, too [12–18]. Whereas most studies were focused on
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band structure anisotropies, Xiao et al. studied the effect of
intrascattering of Bloch electrons augmented by the Berry
curvature, magnetic moment, and shift vector [19]. They
found that the unusual TRS breaking field symmetry may
appear in many systems, as the crystal symmetry require-
ment is less stringent than the widely observed AHE.
In this work, we report experimental observation of a

resistivity tensor with aforementioned symmetries in a
magnetic Weyl semimetal Co3Sn2S2. A prominent Hall
effect antisymmetric in both B andM is observed. The field
angular dependence indicates that this effect is dependent
on the out-of-plane magnetization and the in-plane field,
which normally does not contribute to the Hall effect. In
addition, the MR is also antisymmetric in magnetization
and field. These observations can be understood in terms of
tilted Weyl nodes in combination with the chirality, chiral
anomaly, and broken time reversal symmetry.
Co3Sn2S2 single crystals were grown by the chemical

vapor transport method using pre-synthesized polycrystal-
line ingot as the starting material and elemental iodine as
the transport agent, in a temperature gradient of about 850
to 830 °C. The crystal structure was confirmed by the x-ray
diffraction method. The crystals have smooth and shiny
surfaces and usually hexagonal facets in size of 1–2 mm.
They were sanded and polished to a thickness of 60 μm for
electrical measurements. Electrical contacts were made by
silver paste. Four-probe electrical measurements were
carried out using a low frequency lock-in method. The
current was along the x axis, as indicated in the inset of
Fig. 1(a). A typical current of 1 mA was used. The
dependence of the resistance on the amplitude of current
up to 5 mA was checked to make sure that there was no
nonlinearity, nor appreciable heating. Samples were

mounted on a motorized rotator stage with a resolution
better than 0.02°. Two samples were successfully measured
and show nearly identical behaviors. Data for sample B04
are presented in the main text. Data for sample B01 can be
found in Supplemental Material [20].
Co3Sn2S2 is the first experimentally confirmed magnetic

Weyl semimetal and thereafter has attracted significant
attention [21–34]. Its lattice has a rhombohedral structure
belonging to the space group R3̄m. Owing to the threefold
rotational symmetry along the z axis, it features three pairs
of Weyl nodes in the bulk and the nontrivial surface states,
Fermi arcs, on the surface [25,26]. The separation between
two Weyl nodes in a pair is relatively large, giving rise to a
strong anomalous Hall effect [21,22,35]. Our samples
exhibit characteristics of Co3Sn2S2 consistent with pre-
vious reports, shown in Supplemental Material [20]. The
temperature dependent resistivity indicates a Curie temper-
ature of 175 K, below which a large AHE appears. The
maximum Hall conductivity is about 1200 S cm−1.
When the magnetic field is along the z axis (B⊥),
the Hall effect consists of both OHE and AHE,
ρyx ¼ ρOHEyx þ ρAHEyx , seen in Fig. 1(a). Following the gen-
eral treatment for Co3Sn2S2 [21,30,32,34,36], the AHE is
taken as a constant, ρAHEyx ¼ ρyxðB ¼ 0Þ, while the field
dependence of ρyx above the coercive field Bc is regarded
as the OHE component. A constant AHE is justified by
the fact that the magnetization of Co3Sn2S2 saturates
above Bc at temperatures well below the Curie temperature
[22,23,36,37]. In contrast to some reports, in which ρOHEyx is
nonlinear in B [21,34], the OHE of our samples is linear in
B, that is, ρOHEyx ¼ R0B, where R0 ¼ 0.63 μΩ cm=T is the
OHE coefficient. A single band conduction suggested by
the linearity makes our analysis more straightforward.
As expected, the OHE is antisymmetric in B and the

AHE is antisymmetric in M. However, when the magnetic
field is tilted by θ degrees away from the z axis toward the x
axis, ρyx obviously deviates from a pure antisymmetric
behavior. For instance, at θ ¼ 80°, the overall slope of
ρyxðBÞ is negative for positive M, while it is positive for
negative M. This difference in slope is illustrated better in
Fig. 1(b) where ρ0, defined as ρyxðBÞ − ρAHEyx , is plotted
below Bc. If one further removes the OHE component by
ρ0 − R0B⊥, where R0 ¼ 0.63 μΩ cm=T and B⊥ ¼ B cos θ,
one will notice that not only the remaining Hall resistivity is
linear and antisymmetric in B, the slope simply reverses
sign while maintaining its amplitude whenM is reversed. In
other words, this extra Hall, denoted as ρχyx, is antisym-
metric in both B and M,

ρχyxðM;BÞ¼−ρχyxðM;−BÞ¼−ρχyxð−M;BÞ¼ρχyxð−M;−BÞ:
ð1Þ

Since it emerges when B is tilted away from the z axis, it is
reasonable to assume that it depends on the in-plane field
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FIG. 1. Chirality-dependent in-plane Hall effect at T ¼ 20 K.
(a) Hall resistivity for magnetic field at θ ¼ 0° and 80°. The inset
depicts the direction of current and the magnetic field. (b) Hall
resistivity below Bc after subtracting AHE. The difference
between these two lines is inconsistent with OHE, implying
an extra Hall resistivity. (c) Hall resistivity after subtracting OHE
and AHE, denoted as ρχyx. It is linear and antisymmetric in the
magnetic field and changes its sign when the magnetization
reverses polarity. The antisymmetry also suggests that symmetric
magnetoresistance due to contact misalignment is negligible.
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Bk. Moreover, due to the strong magnetic anisotropy in
Co3Sn2S2, M aligns closely to the z axis [21,36,37].
Considering the observed linear field dependence, we
tentatively propose ρχyx ∝ MzBk.
The Hall nature (antisymmetric in B) of ρχyx is apparent

below Bc, where Mz remains unchanged. However,
above Bc, where Mz switches polarity, ρχyxðMz; BkÞ ¼
ρχyxð−Mz;−BkÞ appears B symmetric, disguising its Hall
nature. To obtain ρχyxðMz; BkÞ in the whole field range with
the same Mz, we measure the Hall resistance at �θ. Such
geometries allow one to switch the polarity of the parallel
field without altering Mz. It is obvious that ρ

χ
yx ¼ ½ρ0ðθÞ −

ρ0ð−θÞ�=2 and ρOHEyx ¼ ½ρ0ðθÞ þ ρ0ð−θÞ�=2. We obtain ρ0yx
by ρ0yxðθÞ ¼ ρyxðθÞ − ρAHEyx ðθÞ, where ρAHEyx ðθÞ takes a value
of the zero field AHE. Although the actual ρAHEyx ðθÞ is likely
dependent on B when the field is not along the z axis, the
estimation of ρχyx will not be affected, because ρAHEyx ðθÞ ¼
ρAHEyx ð−θÞ and they are canceled by antisymmetrizing. This
field dependence goes into ρOHEyx , which will be discussed
later. Moreover, the antisymmetrizing method is effective in
removing magnetoresistance component resulting from
inevitable contact misalignment, as the magnetoresistance
at �θ are equal when the field is in the xz plane, seeing the
analysis of ρxx. Figure 2 illustrates the two Hall compo-
nents extracted for θ ¼ �50° (data for other angles can be
found in Supplemental Material [20]). Both show a linear
dependence at low fields. The angular dependence of the

Hall coefficient follows a cosine function, consistent with
ρOHEyx ¼ R0B⊥, which verifies our method of decomposing
two Hall components. In addition, the angular dependence
of the low field slope of ρχyx satisfies a sine function,
supporting the assumption of ρχyx ∝ Bk. This unconven-
tional Hall effect is significant, as its amplitude,
0.21 μΩ cm=T, amounts to one-third of the OHE.
Both ρOHEyx and ρχyx deviate from linearity at high fields.

To understand it, one needs to note that a large in-plane
field can slightly tilt M away from the z axis, despite the
strong magnetic anisotropy in Co3Sn2S2 [21,36,37]. The
resultant reduction ofMz leads to a decrease of ρAHEyx , which
was, however, taken as a constant when extracting ρOHEyx .
Consequently, this procedure underestimates ρOHEyx , which
explains the suppression of ρOHEyx at high fields. If ρχyx is
indeed proportional toMz as we assume, similar depression
of ρχyx would be anticipated. This is exactly what we
observe in experiment, which supports that ρχyx depends
on Mz. The same set of measurements were carried out
when the magnetic field was tilted in the yz plane (see
Supplemental Material [20]). In stark contrast, ρχyx ≈ 0.
Therefore, the expression for ρχyx can be narrowed down
to ρχyx ∝ MzBx.
We now turn to the diagonal element of the resistivity

tensor, ρxx. Under a perpendicular field, ρxx exhibits a small
positive MR. A jump appears at Bc, likely due to the AHE
contribution introduced by contact misalignment. It is
manually offset in the following data analysis. When the
field is tilted by �70° toward the y axis, ρxx displays a
striking difference between two tilt angles, as seen in Fig. 3.
For θ ¼ −70°, MR is positive, while it turns negative for
θ ¼ 70°. What is even more intriguing is that MR displays a
Hall-like behavior (B antisymmetric) at low fields beforeM
is reversed at Bc. The slope reverses sign when Mz is
reversed, just like ρχyx. Although contact misalignment may
introduce a component of ρyx, the Hall-like behavior of ρxx
cannot come from ρχyx, as ρ

χ
yx only appears when the field in

the xz plane and is approximately zero when the field is in
the yz plane. Thus, we validate a MR that is antisymmetric
in both Bk and Mz, ρ

χ
xx ∝ MzBk. Above Bc, where Mz

switches sign, ρχxx looks symmetric in B, making its Hall-
like field dependence less obvious. The same procedure
used for ρχyx is performed to extract ρχxx and the conventional
MR symmetric in B for the whole field range, i.e., ρχxx ¼
½ρxxðθÞ − ρxxð−θÞ�=2 and ρsymxx ¼ ½ρxxðθÞ þ ρxxð−θÞ�=2.
Again, any contribution from OHE and AHE due to contact
misalignment will be removed from ρχxx by antisymmetriz-
ing. The conventional MR traces as a function of the
perpendicular field B⊥ at different θ collapse onto a single
one with a B2 dependence, which again verifies our method
and suggests that this MR is determined by B⊥. ρχxx looks
nearly identical to ρχyx. A good scaling of data at different θ
is achieved when it is plotted against Bk, as shown in
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FIG. 2. Extraction of the chirality-dependent Hall effect at T ¼
20 K for magnetic field in the xz plane. (a) Hall resistivity after
subtracting AHE at θ ¼ �50°. To remove overlapped data
between �Bc, the data between −9 to 0 T are plotted for
sweeping up, while the data between 0 to 9 T are plotted for
sweeping down. The inset depicts the magnetic field direction.
When the angle is changed from positive to negative (þθ to −θ),
the in-plane magnetic field is reversed (þBk to −Bk) while the
magnetization keeps its sign, resulting in ρχyx in the opposite field
without altering OHE and AHE. (b),(c) The extracted OHE and
ρχyx, respectively. Both show a linear dependence at low fields.
(d) Angular dependence of the Hall coefficient of OHE. The solid
line is a fit to cos θ. (e) Angular dependence of the Hall
coefficient of ρχyx. The solid line is a fit to sin θ.
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Fig. 3(f). Similar to ρχyx, a suppression at high fields can be
explained by tilting of the magnetization, indicating
ρχxx ∝ Mz. When the field is tilted in the xz plane, ρχxx is
essentially zero (seen in Supplemental Material [20]). On
the basis of these results, we conclude that ρχxx ∝ MzBy.
Having established the field and magnetization depend-

ence of ρχyx and ρχxx, we map out their field angular
dependence by measuring the Hall resistance and MR as
a function of the tilt angle at B ¼ 9 T, shown in Fig. 4. ρyx
exhibits a clear asymmetry when B is rotated in the xz
plane, while it is rather symmetric when B is in the yz
plane. After extraction of ρχyx, the dependence of its sign on
Bx andMz is well illustrated in the polar plot, in agreement
with Eq. (1). In contrast, ρxx displays the opposite behavior.
It is symmetric when B is rotated in the xz plane, while
it becomes asymmetric when B is in the yz plane.
Consequently, ρχxx emerges when the field is in the yz
plane. Nevertheless, the similarity between ρχyx and ρχxx
strongly suggests the same origin. It is worth reiterating that
these effects are truly B antisymmetric. The reason that the
angular dependence of these two contributions shows a π
periodicity (B symmetric), is because M switches polarity
with B above the coercive field. Experimentally, the
B-antisymmetric behavior due to these effects cannot be
directly observed in nonmagnetic materials or soft magnets,
but only in magnets with spontaneous magnetization.
In Weyl semimetals subject to parallel electric and

magnetic fields, the chiral anomaly arises, leading to a
B2 negative magnetoresistance [38,39] and a planar Hall

effect [2–6]. In condensed matter systems, the Weyl node is
allowed to tilt, breaking the Lorentz invariance. In fact,
tilting is much more likely than not in real materials. In
TRS breaking Weyl semimetals, where the inversion
symmetry is present, Weyl cones with different chiralities
tilt to the opposite direction, producing currents that depend
antisymmetrically and linearly on magnetic field [12–17].
The detailed explanation can be found in Supplemental
Material [20], while for a more thorough picture and
derivation, we refer readers to those theoretical works
[12–17]. Three additional currents driven by the electric
field E are introduced. They stem from the anomalous
velocity ðvk ·ΩkÞB due to the Berry curvature, the chiral
chemical potential ðB · EÞðvk ·ΩkÞ generated by the chiral
anomaly and the Berry curvature correction to the phase
space volume ½1þ ðe=ℏÞðB ·ΩkÞ�−1. Here, vk and Ωk are
the group velocity and the Berry curvature, respectively.
The first current is directed along the magnetic field,
j ∝ ðE · R̂ÞB. The second one is along the direction of
the tilt axis R̂, j ∝ ðE · BÞR̂. The third one can contribute to
a current along the electric field, j ∝ ðB · R̂ÞE [16].
In a general configuration of ðE;B; R̂Þ, the first two

currents can be at an arbitrary angle with the electric field,
contributing to both ρχxx and ρχyx. For simplicity, let us
consider a special case inwhichB,E, and R̂ are coplanar and
E⊥R̂. When B is perpendicular to R̂, a transverse current of
j ∝ ðE · BÞR̂ appears, giving rise to ρχyx, while the longi-
tudinal current is zero.WhenB is parallel to R̂, a longitudinal
current of j ∝ ðB · R̂ÞE appears, giving rise to ρχxx, while the
transverse current is zero. The currents reverse sign when
two Weyl nodes with opposite chirality flip their chiralities,
which happens when the magnetization is reversed [40].
Although these theoretical studies predict corrections
to the conductivity Δσ, the corresponding corrections to
the resistivity Δρ are proportional to Δσ when
ρxx ≫ ρyx, i.e., Δσyx ¼ ðΔρyx=ρ2xx þ ρ2yxÞ ≈ Δρyx=ρ2xx
and Δσxx ¼ ðΔρxx=ρ2xx þ ρ2yxÞ ≈ Δρxx=ρ2xx. In Co3Sn2S2,
ρxx ≈ 100 μΩ cm ≫ ρyx ≈ 10 μΩ cm. Therefore, our field
dependent resistivity tensor is in excellent agreement with
above predictions, implying that the tilt axis is along the y
axis. However, there would be three tilt axes in Co3Sn2S2
linked by the C3z symmetry. Their contributions compete.
To fully understand our experiment, calculations of the
chiral current for general magnetic field directions based on
the actual band structure of Co3Sn2S2 is required. The
picture of the chiral current is further corroborated by
measurements with the current along the y axis. In the
configuration of EkykR̂, it has been observed that ρχxy
occurs when Bkx, corresponding to j ∝ ðE · R̂ÞB, while
ρχyy emerges when Bky, where all three currents may
contribute [41].
In summary, we discover a chirality-dependent Hall

effect and magnetoresistance that are antisymmetric in
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FIG. 3. Antisymmetric linear MR at T ¼ 20 K for magnetic
field in the yz plane. (a) MR at θ ¼ 0° and �70°. The jump at Bc
is most likely induced by AHE due to non-ideal voltage contacts.
(b) Close-up of MR below the coercive field. Solid and dashed
lines represent the positive and negative magnetization, respec-
tively. The slope depends on the polarity of magnetization. (c),(d)
Extracted ordinary and chirality-dependent MR, respectively.
(e) Ordinary MR as a function of the perpendicular magnetic
field B⊥. (f) Chirality-dependent MR as a function of the in-plane
magnetic field Bk.
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both the magnetic field and magnetization in a TRS broken
Weyl semimetal Co3Sn2S2. These effects originate from the
interplay of the Berry curvature, the tilt of Weyl nodes and
the chiral anomaly. Our work unveils an unusual property
of magnetic Weyl semimetals and provides an example of
antisymmetric linear magnetoresistance.
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FIG. 4. Angular dependence of the chirality-dependent resistivity tensor for B ¼ 9 T in the xz and yz planes. (a) ρyx with field in the xz
plane. The discontinuities are caused by the sudden flip of the magnetization across the parallel position (θ ¼ �90°). The difference
between two discontinuities is a manifest of ρχyx. (b) ρ

χ
yx extracted from (a) in polar coordinates. Red and blue represent positive and

negative values, respectively. The polarity of Bx andMz is labeled for four quadrants, highlighting the antisymmetric relations indicated
by Eq. (1). (c) ρxy with field in the yz plane. No substantial asymmetry observed. (d) ρχyx extracted from (c) in polar coordinates.
Compared with the case of Bkxz, it is significantly suppressed. (e) ρxx for Bkxz. (f) ρχxx obtained from (e). It is essentially zero except for
the spikes at θ ¼ �90°, which is an artifact due to the discontinuities. (g) ρxx for Bkyz. The asymmetry and the difference between two
discontinuities are evidence. The resistivity value is different from that in (e) as two different electrodes were used due to failure of an
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