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Antisymmetric Seebeck Effect in a Tilted Weyl Semimetal
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Tilting the Weyl cone breaks the Lorentz invariance and enriches the Weyl physics. Here, we report the
observation of a magnetic-field-antisymmetric Seebeck effect in a tilted Weyl semimetal, Co3Sn,S,.
Moreover, it is found that the Seebeck effect and the Nernst effect are antisymmetric in both the in-plane
magnetic field and the magnetization. We attribute these exotic effects to the one-dimensional chiral
anomaly and phase space correction due to the Berry curvature. The observation is further reproduced by a
theoretical calculation, taking into account the orbital magnetization.
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Since Weyl fermions were first predicted in high-energy
particle physics over 90 years ago, their experimental
confirmation has remained elusive until they were recently
discovered as emergent quasiparticles in low-energy con-
densed matter systems [1-7]. The discovery has immedi-
ately led to intensive research activities [8,9]. In sharp
contrast to Weyl fermions in free space, Weyl quasiparticles
in condensed matter systems are not constrained by the
Lorentz invariance. Breaking of this symmetry can be
attained simply by a tilt of the Weyl cone, which is not
uncommon in real crystals with discrete symmetries. It was
then realized that a tilt can give rise to many unusual effects
that are impossible for Weyl fermions in free space [10-34].
For instance, tilted Weyl semimetals can be used to
simulate black holes [10] and curved spacetime [13—15].
It may allow a unique mixed axial-torsional anomaly to be
detected [15]. Tilts of the Weyl spectra enable generation of
a photocurrent that is forbidden in an ideal two-dimensional
Dirac spectrum [17-20]. Tilts can also induce a flat band in
disorder-driven non-Hermitian Weyl semimetals [22].
Nguyen et al. proposed that tilts could induce drastically
different transport phenomena and lead to easy tuning of
valley filtering and beam splitting [23]. Unusual quantum
transport effects have also been predicted in tilted Weyl
semimetals [25-31]. Despite a large body of theoretical
work, experimental studies on tilted Weyl semimetals are
relatively few.

Most of these effects are closely related to the Berry
curvature of the Bloch band. In electrical transport, the
major effect of the Berry curvature, in the presence of an
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electric field, manifests as an anomalous velocity in
electron dynamics. However, this mechanism is not appli-
cable when the electric field is absent, for instance, in the
case of thermoelectric transport. It was found that, in
order to understand Berry-curvature-related thermoelectric
effects, one has to consider the correction to orbital
magnetization due to the Berry curvature [35]. As a result,
thermoelectric measurements can be a distinctive tool for
investigation of the Berry physics. Indeed, several unique
effects in Weyl semimetals were uncovered in thermoelec-
tric studies [36-38].

CosSn,S, is a time reversal symmetry broken Weyl
semimetal [39-41]. It hosts three pairs of Weyl cones,
which are linked by the C3; symmetry. An earlier study has
suggested that Weyl cones are tilted [33]. One pair of cones
are tilted along the y axis. In this work, we study the
thermoelectric effect of Co3Sn,S, and reveal a highly
unusual thermoelectric transport phenomenon related to
the tilt of the Weyl cone. In particular, the Seebeck
coefficient displays a magnetic-field-antisymmetric contri-
bution, resembling the symmetry of the Nernst effect.
Moreover, the Seebeck coefficient and the Nernst signal
are also antisymmetric in magnetization. It is shown that
these phenomena originate from the one-dimensional chiral
anomaly and phase space correction due to the Berry
curvature, which is corroborated by our theoretical calcu-
lation including the orbital magnetization.

Co;3Sn,S, crystals were grown by a flux method. The
typical size is about 3 mm x 3 mm x 1 mm. The crystals
were polished to a bar shape for transport measurements.

© 2022 American Physical Society
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The sample presented in this work has a geometry of
~3500 pm x 700 ym x 70 pm. To carry out thermoelectric
measurements, one end of the sample was attached to a
resistive heater using silver paste while the other end to a
copper block, serving as a heat sink. Two Type-E thermo-
couples were stuck to the sample to measure the temper-
ature difference [see the inset of Fig. 1(a) for the
measurement setup and Fig. 1(d) for a schematic diagram].
The temperature gradient was always along the x axis (the
[100] direction). The linear dependence of the longitudinal
thermoelectric signal V. on the temperature difference AT
was verified, as shown in Fig. 1(e). A typical current of
1.5-2 mA was used, generating a temperature difference of
0.6-1.1 K.

The sample exhibits transport properties similar to
previous results [33,42,43], shown in Figs. 1(a)-1(c). A
clear kink in the temperature dependent resistivity
[Fig. 1(a)] indicates a ferromagnetic phase transition at
T.~ 175 K [39]. The normalized longitudinal resistivity
pNom - and Seebeck coefficient SYO™ at 7 = 20 K are
shown in Fig. 1(b) as a function of the magnetic field B.
Py displays a parabolic dependence on the magnetic field.
On the other hand, S, displays a negative and almost linear
dependence on B. This behavior is attributed to the
magnon-drag effect [44,45], in which magnons flow
against the temperature gradient and interacts with elec-
trons, resulting in a thermoelectric voltage. Below the Curie

temperature, both the anomalous Hall effect and the
anomalous Nernst effect can be seen, manifested as a jump
at the coercive field B,., as shown in Fig. 1(c). The Hall
resistivity p,, above B, is more or less linear in the field.
From the slope of the linear dependence, we obtain the
ordinary Hall effect coefficient Ry = 0.61 pQ - cm/T and
a corresponding carrier density of 1.0 x 10?! cm™.

Systematic measurements on the magnetic field
dependence of the thermoelectric effect at different field
directions were carried out. Figure 2 shows the data at
T =20 K. When B is along the z axis, a negative and
B-linear Seebeck coefficient is observed. When the
magnetic field is rotated from the z axis to the y axis
by an angle of 6, depicted in the inset of Fig. 2(b), S,, at
46 and —6 begin to diverge. The difference increases
with 6, seen in Fig. 2(a). At &6, the perpendicular fields
B, = Bcos0 are the same, while the in-plane fields B =
Bsin@ have the same amplitude, but opposite signs.
Therefore, the difference seemingly arises from B and
depends on its polarity (antisymmetric). Let us tentatively
postulate that S,, can be divided into two parts,
See = S%(B,) + S4(By), in which S9 depends only
on the perpendicular field, while %, antisymmetrically
depends on the in-plane field. Taking into account the
possible dependence on magnetization M, S,, at £6 can
be expressed as
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Basic transport properties of Co3Sn,S, crystal and thermoelectric measurement setup. (a) Temperature dependence of

longitudinal resistivity. A kink is observed at the Curie temperature 7, = 175 K. The inset is an optical image of the thermoelectric
measurement setup. The scale bar is 1 mm. (b) Normalized longitudinal resistivity p,, (black) and Seebeck coefficient S,, (red) as a
function of the perpendicular magnetic field at 7 = 20 K. The positive parabolic MR implies a dominant classic mechanism, while a
negative and almost linear Seebeck may be attributed to the magnon-drag effect. (c) Anomalous Hall effect (black) and anomalous
Nernst effect (red) at T = 20 K. (d) Diagram of thermoelectric measurement setup. Two thermocouples are attached at the edge of the
sample. (e) Longitudinal thermoelectric signal V,, as a function of the temperature difference AT. A linear dependence verifies the

validation of our thermoelectric measurements.
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FIG.2. B-and M-antisymmetric Seebeck coefficient when B_Lx. (a) S,, as a function of the magnetic field at different angles. Data are
shifted for clarity. Traces at +-6 diverge with increasing field and angle. The inset shows the field dependence of S, at @ = 70° at the low
field region. Below B, the slope of the linear dependence shows opposite sign for +-M. (b) S, as a function of B, at different angles. The
inset depicts the measurement setup and the angle definition. (c) S%, as a function of B - For positive (solid line) and negative (dashed
line) magnetization, the slopes display opposite signs. (d) Angular dependence of S, at B = 8 T. There exists a pronounced asymmetry
with respect to 6 = 0. Because of contact misalignment, there is a component of S,,. Since S, is nearly symmetric in € when B L x, as
seen in Fig. S7 [46], it does not affect the extracted S%,. It is evident that S%, in (e) is very close to that in Fig. S7(e) [46], which is
extracted after removing the S,. (e) %, versus 6. S%, is obtained by 6 antisymmetrizing the data in (d). Open circles are experimental

data and the solid lines are best fits to sin é.

{ Su(+0.£B) = S2.(+M, £B,) + S%(£M.£B))
Su(=0.£B) = SO (M, +B,) + S(£M. F B)).

Here we only consider regions in which M aligns with B, i.e.,
sweeps from a high field to zero. Consequently, SO.(M, B.)
and S%.(M,B)) can be obtained by symmetrizing and
antisymmetrizing the data at +6, ie., SQ(£M,B,) =
[See(+6.£B) + S, (0. £B)]/2 and  S5.(*xM.B)) =
(S (4+0, £B) — S,.(=0, £B)]/2. In Fig. 2(b), we plot S,
as a function of B,. All data at different angles collapse onto
a single curve and are independent of M, which further
confirms that SO, is only determined by B, and verifies the
validity of our decomposing method. S%, as a function of B
at different angles are illustrated in Fig. 2(c). All traces
are scaled onto two curves, one for +M and the other
for —M. The two slopes are of opposite sign, indicating
Six(M,B)) = =S5 (—M, B|). The excellent scaling of both
§9. and S%, strongly supports our postulation. Therefore, it
can be concluded that S%, is antisymmetric in both B and M,

S4 (M, B)) = =S4 (=M, B)) = —S%(M, —B))
— §%.(~M,—B)). (2)

In fact, this symmetry can also be directly seen at large 6,
where the out-of-plane field is strongly suppressed. In the

inset of Fig. 2(a), S, at @ = 70°is zoomed in at the low field
region. Below B, where M remains unchanged, S, is linear
and antisymmetric in B and the slope is reversed with M.

Having revealed the dependence of S%.on M and B > We
carry out the angular dependence measurement at B = 8 T.
At this field, the magnetization is well saturated and
mostly along the z axis because of the strong magnetic
crystalline anisotropy [39,54]. The magnetic structure is of
a single domain, unless 0 is very close to £90°. When the
magnetic field is rotated in the yz plane (B_L%), S,, displays
a clear asymmetry with respect to & =0, as shown in
Fig. 2(d). The broken symmetry originates from the in-
plane field induced S%,. Similarly, the angular dependence
of 8% is obtained by € antisymmetrizing S,.(0) as
§% =[Sy (+0, B) — S.(—0, B)]/2. The resultant %, can
be well fit to a sine function in the region of
—90° < 6 < +90°, where M aligns with the +z axis, which
confirms that only the in-plane component of the field
contributes to S%,. S% reverses its sign as M flips at
6 = +90°. In contrast, when B_LJ, S%. is much smaller (see
Fig. S6 in the Supplemental Material [46]), suggesting that
S%x only depends on B,.

Although the unusual Sk, emerges only when B_LX, a
nearly identical behavior appears in the Nernst signal S,
when B is rotated in the xz plane (B_LJ), as shown in the
inset of Fig. 3(b). As @ increases, a marked difference
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FIG. 3.

By (T)

B- and M-antisymmetric Nernst effect when B_L . (a) Field dependence of Nernst signals at different angles. Data are shifted

for clarity. Traces at =0 diverge with increasing field and angle. (b) S?x versus B, at different angles. The inset depicts the rotation angle.
(c) S% versus B |- The slope of the field dependence changes sign with M. (d) Angular dependence of S, at B =8 T. There exists a
pronounced asymmetry with respect to @ = 0. Because of the contact misalignment, there is a slight component of S,,. Moreover, it is
nearly symmetric in @ when B_Ly, as seen in Fig. S6 [46]. Therefore, it does not affect the extracted S)f,x. (e) Sfé x Versus 6. S’y(.x is obtained
by 6 antisymmetrizing the data in (d). Open circles are experimental data and the solid lines are best fits to sin 6.

between +6 and —6 develops. Following the preceding
analysis and #-(anti)symmetrizing procedure, we decom-
pose Sy, into three parts, S;.*x, S_S’x, and Sfx. The additional
term S;*x denotes the anomalous Nernst effect, which is
assumed to be a constant, as the magnetization of Co3Sn, S,
stays almost unchanged above B, at 20 K [43]. The
extracted Sg,)x at different field angles are plotted as a
function of B, in Fig. 3(b). All traces overlap, indicating
that Sg’x depends solely on B.. S%, at different 6 collapse
onto a single curve, when they are plotted against B|. Just
like % when B_L%, here S%, is linear in B and reverses its
sign as M, switches polarity. Again, the perfect scaling of
SSX and S%, validates our method of decomposing Sy The
angular dependence of S, also exhibits a substantial
asymmetry [Fig. 3(d)], from which a significant %, is
extracted. It follows a sine dependence, indicating that only
the in-plane component of the field contributes. In addition,
no significant §%, was observed when B_L% (see Fig. S7 in
the Supplemental Material [46]), so it can be concluded that
§%. only depends on B,.

Our main experimental observations can be summarized
as an additional Seebeck signal when B_LX(VT) and an
additional Nernst signal when B_LJy. Both signals are
antisymmetric in B and M. Similar electrical trans-
port effects have been investigated in a quasiclassical
Boltzmann framework [26-29]. Based on equations of
motion with Berry curvature effects, three B-linear currents
driven by an electric field E have been identified. They

originate from the Berry curvature induced anomalous
velocity (e/h)(vy - € )B, the chemical potential imbal-
ance (B-E)(vy -Qy) between Weyl nodes of opposite
chiralities, and the Berry curvature correction to the phase
space volume [1 + (e/7)(B - 2 )]~" [28,29]. Here, v, and
Q, denote the group velocity and the Berry curvature,
respectively. Without a tilt, the integrals of these terms over
the Fermi surface vanish. They are nonzero only when
Weyl cones of opposite chiralities tilt to opposite directions.
The first two terms are associated with a so-called one-
dimensional chiral anomaly [26]. These currents were
recently confirmed by experiments on Co;Sn,S, [33].

The B-linear terms in electrical transport result from the
Berry curvature, which goes into the equations of motion
via an anomalous velocity, (e/A)E x Q. However, this
velocity is absent in thermoelectric effects as the driving
force is a statistic force, VT, instead of a mechanical force
E in the case of electrical transport. It is not clear whether
these currents will appear in thermoelectric effects. It has
been shown that the correction to orbital magnetization due
to the Berry curvature needs to be considered in thermo-
electric effects [35]. In the presence of a temperature
gradient, the orbital magnetization gives rise to an extra
term in the current, which plays a similar role as the
anomalous velocity under electric field. Zyuzin has calcu-
lated the thermoelectric effect in tilted Weyl semimetals,
taken into account the orbital magnetic moment, and found
B-linear contributions similar to those in electrical con-
ductivity [26]. A calculation using the Mott relation yields
consistent results [30].
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Our observation can be qualitatively understood based
on these theories. Note that the Weyl nodes in Co3Sn, S, are
tilted in the y direction. When the in-plane component of B
is parallel to the x axis, it generates a difference in the
chemical potential between Weyl nodes of opposite chir-
alities, B - VT. This chiral chemical potential, combined
with a tilted Dirac dispersion, gives rise to a current along
the y axis, contributing to the Nernst effect. When the in-
plane component of B is parallel to the y axis, the phase
space correction term will give rise to a current along the
x axis, contributing to the Seebeck effect. When the
magnetization is reversed, Weyl nodes flip their chirality.
Hence, the current is reversed.

We perform a theoretical calculation based on the
semiclassical Boltzmann equation. We employ a two-band
Hamiltonian of the tilted Weyl semimetal and take into
account the Berry curvature correction and orbital mag-
netization. The detailed theoretical calculations can be
found in the Supplemental Material [46]. The parameters
for the band are taken from experimental studies [39]. The
key parameter, tilt of bands, is obtained by fitting our model
with the experimental results of the chirality dependent
Hall effect and the antisymmetric magnetoresistance [33].
After considering the C3 symmetry of CosSn,S,, the
calculated B-antisymmetric Seebeck and Nernst coefficient
are qualitatively consistent with our experimental results in
sign and magnitude. As the magnetization reverses, the
calculated thermoelectric coefficient changes its sign,
which also agrees with our experiments.

In conclusion, we have uncovered exotic Seebeck and
Nernst effects in a tilted Weyl semimetal. In particular, the
Seebeck effect is antisymmetric in the magnetic field. Both
the Seebeck effect and the Nernst effect are also antisym-
metric in magnetization. It is shown that these thermoelec-
tric phenomena arise from the tilting of Weyl cones.
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