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In ferromagnetic solids, a transverse voltage can be generated by a longitudinal temperature gradient even
in the absence of a magnetic field. This thermoelectric counterpart of the anomalous Hall effect is dubbed the
anomalous Nernst effect (ANE), and both of these effects are expected to scale with spontaneous magnetization.
Here, we report the observation of a giant ANE in a newly discovered magnetic Weyl semimetal Co3;Sn,S,
crystal. The Hall effect and the Nernst effect show sharp jumps at a threshold field and exhibit a clear hysteresis

loop below the Curie temperature T¢.. The anomalous Nernst signal, S%, peaks at a maximum value of ~5 V/K,

which is comparable to the largest seen in previous magnetic materials and seriously violates the conventional
scale relation in conventional ferromagnets. Moreover, the anomalous transverse thermoelectric conductivity o,
reaches about ~10 A/K m at 70 K, the largest in known semimetals. These results together with ﬁrst-principlés
calculation provide strong evidence that the giant ANE originated from the nontrivial Berry curvature near the

chiral Weyl points, which are very close to the Fermi level in this compound.
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I. INTRODUCTION

The Nernst effect, i.e., the transverse electric field gener-
ated by a longitudinal thermal gradient in the presence of a
magnetic field, has triggered renewed attention in condensed-
matter physics since the discovery of a pseudogap phase in
cuprates [1,2]. Since that time, the large Nernst effect has
been observed in correlated electron systems [3-5], conven-
tional semimetals [6], as well as metallic ferromagnets [7-9].
Consequently, a number of novel ground states [3] and exotic
electronic orders [5,10,11] can be identified by measuring the
Nernst effect. For some ferromagnetic metals, in particular,
the Nernst signal was observed below T, even in the absence
of an external magnetic field [7-9]. This phenomenon, known
as the anomalous Nernst effect (ANE), is observed to be
proportional to the magnetization, geometrically connected to
the Berry curvature of Bloch bands at the Fermi energy [12].
In spite of many efforts, the maximum value of the ANE in
ferromagnets is limited to below ~1 uV /K [13].

In recent years, topological Dirac/Weyl semimetal ma-
terials have been theoretically predicted and experimentally
discovered. The electronic structures of these materials have
topologically robust [14-18] and symmetry-protected bulk
energy bands that linearly intersect at some special points (the
Dirac points) or symmetry axis near the Fermi level [19,20].

“ccao@hznu.edu.cn
Tdaijh@hznu.edu.cn
tyklee @hznu.edu.cn

2475-9953/2020/4(2)/024202(7)

024202-1

Breaking spatial inversion symmetry or time-reversal symme-
try (TRS) can split a Dirac point into a pair of the Weyl points
with opposite chiralities. The chiral Weyl points are then the
source or the sink of Berry curvature (k) [21], meaning that
the Berry curvature is singular at these points [22]. Dozens of
Dirac/Weyl semimetals have been investigated [23-30], and
several phenomena such as the large magnetoresistivity (MR)
[30] and ultrahigh mobility [24] have been observed. How-
ever, the defining properties of such topological semimetals,
including the Fermi arc in surface states and chiral anomaly
in charge transports, are not easy to identify experimentally.
So far, angle-resolved photoemission spectroscopy (ARPES)
measurements have been established as direct evidence of
the Fermi arc in the TaAs family [31,32], while a possible
indirect signature of the chiral anomaly is associated with the
negative longitudinal MR as investigated in several relevant
materials [27,33,34]. However, it is difficult to rule out some
extrinsic factors such as the current jetting effect and crystal
inhomogeneity [35].

Quite interestingly, two kinds of transverse transport
properties—the anomalous Hall effect (AHE) and the ANE—
can help to probe the topological nature of charge carriers
in magnetic Weyl semimetals (MWSs). This is because both
the AHE and the ANE are mainly contributed from the
intrinsic magnetic field and are thus deemed as strong proof
of the finite Berry curvature originating from the separated
Weyl nodes [36]. Recently, the AHE [37,38] was observed
in a MWS Co3Sn;,S; compound with a kagome lattice. The
magnetic kagome lattice due to its unusual symmetry and
geometrical frustration usually provides an excellent platform

©2020 American Physical Society
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FIG. 1. Crystal structure, XRD diffraction, resistivity, and magnetization of Co3;Sn,S,. (a) The crystal structure of Cos;Sn,S,. (b) A
schematic diagram of the thermal-electrical measurements (Seebeck and Nernst effects). In this geometry, a temperature gradient V, T produces
a transverse thermoelectric voltage Vj, in a magnetic field. (c) The XRD patterns at room temperature and a photograph of the single crystal.
(d) The EDX spectroscopy of single crystal. (¢) Temperature dependence of longitudinal electric resistivity (left), p,., and thermopower (right),
Syx, of the Co3Sn,S; sample under zero field and 9 T. (f) Temperature dependence of magnetization with the zero-field-cooling (ZFC) and
field-cooling (FC) modes at B = 0.1 T. The inset shows the saturated magnetization vs fields at 5 K.

for exotic topological states such as spin liquids and magnetic
skyrmions, and for various anomalous transports. Such a
feature is actually not observed in other topological magnetic
semimetals, such as Co,MnGa [39] and Mn3Sn [40], which
exhibit the AHE and the ANE. Thus, it is highly desirable
to investigate the ANE, the thermoelectric counterpart of the
AHE, in the rare ferromagnetic Weyl semimetal Co3Sn,S,,
and then reveal the origin of the anomalous transport behav-
iors, which also remain to be clarified in the various MWS
systems. In addition, unlike the Hall effect where the normal
contribution in a metal is always finite, the Nernst effect
generally vanishes in ordinary metals due to the Sondheimer
cancellation [41], implying that the anomalous contribution
may become very prominent. Another noticeable fact is that
a large AHE does not necessarily imply a large ANE. This
is because the AHE is contributed from the sum of Berry
curvatures of all occupied bands, while the ANE is governed
by the Berry curvature close to the Fermi level [12,42]. Thus,
studying the ANE is necessary to confirm the Berry curvature
contribution and in turn to verify the intrinsic Weyl state in
Weyl semimetals.

In this paper, we systematically study the ANE in the mag-
netic Weyl semimetal Co3Sn;S,. We find that the anomalous
Nernst signal (ANS) reaches a maximum value of ~5 uV/K
at 70 K, yielding a giant anomalous transverse thermoelectri-
cal conductivity (ATTC) of ~10 A/K m, much larger than
those of known ferromagnetic metals. The observed giant
ANS is largely beyond the conventional scale relation in
ferromagnets. Our experimental studies together with first-
principles calculation also provide helpful insights into the
intrinsic Weyl state and the correlation between AHE and
ANE.

II. EXPERIMENTAL DETAILS

Large single crystals of Co3Sn,S, with the minimeter size
were grown through the Bridgman technique, as reported

in the literature [43]. The crystal x-ray diffraction patterns
were performed using a D/MaxrA diffractometer with Cu K«
radiation at 300 K, which determines the crystal orientations.
Only the (001) Bragg peaks [Fig. 1(c)] are clearly observed,
demonstrating that the exposed surface is an ab plane. A
picture of a 3.5 x 3 x 0.2 mm? single crystal is shown in
the inset of Fig. 1(c), showing the hexagonal platelike shape.
The composition of the crystals was confirmed by energy-
dispersive x-ray (EDX) spectroscopy in Fig. 1(d), showing
that the ratio of Co, Sn, and S in our samples is very close
to 3 :2:2.Co3Sn,S; crystallizes in a rhombohedral structure
with the space group of R3m, and consists of a quasi-two-
dimensional Co3Sn layer sandwiched between sulfur atoms.
Co atoms form a kagome lattice with corner-sharing triangles
of Co atoms in the CoSn-layer, and the kagome lattices in
different layers are stacked along the c-axis with a corner-
sharing octahedra [Fig. 1(a)].

The measuring crystals are polished and then cut into a
bar shape. The (magneto)resistivity and Hall coefficient mea-
surements were performed using the standard four-terminal
method in a commercial Quantum Design PPMS-9 system.
The magnetization measurements were done using a com-
mercial SQUID magnetometer. The thermoelectric effects
including thermopower and the Nernst effect were performed
with a one-heater—two-thermometers technique in a physical
property measurement system (PPMS) with a high-vacuum
environment. All transport experiments are performed using
two kinds of measuring configurations, as shown in Fig. 1(b):
The longitudinal measurements involve the resistivity and
the thermopower, where the electric voltage is parallel to
electrical current or heat flow. The corresponding physical
quantities are marked with the subscript xx, and the transverse
measurements include the Hall effect and the Nernst effect,
where the electric voltage is normal to the electrical current
or the thermal gradient. Correspondingly, the physical param-
eters are marked with the subscript yx. To fully understand
the experimental results, we also performed the ab initio

024202-2



GIANT ANOMALOUS NERNST EFFECT IN THE MAGNETIC ...

PHYSICAL REVIEW MATERIALS 4, 024202 (2020)

(b) ! ! 110

-,, (MQ cm)”

(A/K m)

FIG. 2. Field dependence of transport coefficients at several tem-
peratures as B || c-axis L . (a) Hall resistivity p,, vs magnetic fields.
(b) The Hall conductivity —oy,, extracted from p,, and py. (c) The
Nernst signal —S,, as a function of magnetic field. (d) Transverse
thermoelectric conductivity —a,,, extracted from oy, Oy, Sk, and
S, The hysteretic behavior is clearly observed at low temperatures.

calculations using density-functional theory [see the supple-
mentary information (SI) I [44]].

For the thermoelectric effect measurements, two Chromel-
constantan (type E) thermocouples were employed to mea-
sure the temperature gradient generated by a small heater
chip, and thermal contacts were accomplished via gold wires.
The distance of the thermometers (L,) is ~2 mm in our
measurements. With the increase in sample temperature, the
temperature gradient increases correspondingly by increasing
the current of resistivity heater. In the Nernst effect measure-
ments, a slight misalignment of the voltage contacts can give
rise to an extra contribution associated with the longitudinal
signals (i.e., thermopower S,,). However, the Nernst effect
is generally field-odd while the thermopower is field-even,
therefore such a contribution can be canceled by reversing the
direction of the magnetic field during measurements.

. E,
Here, we remark that the Nernst signal S, = Ty =
;%2— can be obtained from the observed transverse voltage

difference (Vyx), the temperature difference (67°), and the
ratio of 2—: where L, is the distance of transverse volt-
age contacts. In addition, in our manuscript these physical
quantities—p}, /oy, i, and a, —represent the anomalous
Hall resistivity/conductivity (AHR/AHC), the anomalous
Nernst signal (ANS), and the anomalous transverse thermo-
electric conductivity (ATTC), respectively, where the super-
script A stands for “anomalous.” pf, oy’i, S;‘x, and oz;‘X can be

obtained by extrapolating the high-field part of py, oy, Sy,
and «, back to zero field, respectively, as shown in Fig. 2.

III. RESULTS AND DISCUSSION

Co3Sn,S, shows a magnetic moment of ~0.33up/Co
along the c-axis with a Néel temperature of about 175 K
[Fig. 1(f)]. The FC and ZFC curves overlap each other very
well at 0.1 T, implying that the magnetic domains have been
arranged along the c-axis by small external fields. A clear hys-

teresis loop with a saturated magnetization M; of 0.335/Co
at 5 K is observed in the inset of Fig. 1(f), in agreement
with the theoretical prediction [37,38]. The temperature de-
pendence of longitudinal resistivity p,, and the thermopower
S,x of Co3Sn;, S, are shown in Fig. 1(e). Overall, the resistivity
shows a metallic behavior in the whole temperature region
with an unexpected kink associated with a ferromagnetic tran-
sition (FM) at about 7, = 175 K, similar to the previous report
[43]. Applying a magnetic field up to 9 T, the resistivity does
not change too much at high temperature but starts to decrease
below 200 K. The kink in p,,(T") near 7. broadens and be-
comes very smooth under 9 T, as seen in the literature [37,38].
The zero-field thermopower, S,., is negative and shows a
strong temperature dependence in the measuring temperature
range. Upon cooling the temperature from 300 K, it decreases
linearly and then shows a similar kink near 7, similar to that
previously reported in the polycrystal [45]. The applied mag-
netic field (9 T) seriously suppresses the kink at around 7, but
does not affect the S,, in magnitude in the other temperature
regions, consistent with the behavior of resistivity.

Figures 2(a) and 2(c) display the Hall resistivity p,, and
the Nernst signal —S,, versus the applied magnetic fields
B | ¢ LI at several representative temperatures below 7.
Pyx(B) significantly exhibits a steep rectangular hysteretic
jump at low fields, and then becomes almost flat at higher
fields, consistent with the typical ones for ferromagnets. Its
magnitude is comparable to the previous results [37,38]. As
the temperature rises, the coercive field gradually decreases
and then vanishes until the Curie temperature. Similarly, the
significant S),(B) (here the Nernst effect caused by vortex
motion is positive) also shows hysteretic jumps at different
temperatures and then becomes a constant at high fields, as
shown in Fig. 2(c). A maximum value of S}, about 5 uV/K
is observed at 70 K, which is over one order of magnitude
larger than those in typical materials such as Mn3Sn [46],
the pure metal Fe [47], CuCr,Se4_,Br, [8], and the single
crystal Fe3O4 [9]. Upon further warming the temperature, the
S, starts to decrease and finally approaches zero as T > T..
Note that both the Hall resistivity and the Nernst signal show
nearly the same field dependence similar to the magnetization
curve (see the SI, Fig. S1 [44]), implying that the contribution
of the anomalous Hall and Nernst effects dominates and the
normal contribution (proportional to B) is negligibly small at
low fields.

The field dependence of the Hall conductivity —o,, and
the transverse thermoelectric conductivity —o,, at several
representative temperatures are shown in Figs. 2(b) and 2(d).
oy, and oy, can be evaluated using the formulas oy, = —py,/
(Pyzx + p,%x) and Oy = (pxxSyx - py)chx)/(pfx + ng) [47]
(here pxx = pyy and Sy, = Sy, see SI Fig. S6 [44]). Overall,
both oy, and a,, curves show a similar rectangular hysteretic
jump at low fields, corresponding to the data of Hall resistivity
and the Nernst signal, respectively. The derived |oy,| reaches
~1270 (Qcm)~! at low temperatures, which is very close
to the previous report [1130 (2 cm)~!'] in the same system
[37,38]. Surprisingly, the obtained || is found to be very
large, reaching approximately 10 A/K m at 70 K. This value
is one or two orders of magnitude larger than typical ferro-
magnets such as Mn3Sn, which has «, ~ 0.01-1 A/K m [see
Fig. 4(c) and SI Fig. S3 [44]].
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FIG. 3. Temperature dependence of transport coefficients in
Co3Sn,S,. (a) Temperature dependence of the anomalous Hall con-
ductivity —o2 and Hall resistivity p at zero magnetic field. (b) —
as a functlon of o, in the main panel The inset shows the tem-
perature dependence of the Hall angle (|07 /o) at zero magnetic
field. (c) Temperature dependence of the anomalous Nernst signal
Séy. The inset shows the Nernst angle [0y = S,./S..| as a function of
temperature. (d) Temperature dependence of the |oz;‘x /T|. The inset
shows the transverse thermoelectric conductivity oy, vs temperature.

The temperature dependence of the anomalous Hall re-
sistivity (AHR) p;‘x, and the anomalous Hall conductivity

(AHC), —o7), are illustrated in Fig. 3(a). ,o shows a strong
temperature dependence below 7, and it peaks at a maxi-
mum value of 21 ©Q cm around 140 K, while o yx is almost
temperature-independent below 100 K. Such a feature was
observed in pure materials such as Fe, Co, Ni, and Gd, where
this effect is ascribed to the intrinsic Berry phase [7]. We plot

yx as a function of o,, in the main panel of Fig. 3(b). — yx
is Weakly dependent on oy, in the low-temperature regime
(<100 K), similar to the case in Fe,Ni pure metals [7] (see
Fig. S3 in the SI). A large anomalous Hall angle |O')‘3r/0’|
reaches a maximum value about 15% at 150 K and gradually
decreases to 6.3% at 5 K [shown in the inset of Fig. 3(b)].
The large Hall angle in Co3Sn,S; is close to the value of 16%
in GdPtBi, a typical field-induced Weyl semimetal [48], and is
larger than those of the noncollinear antiferromagnetic Mn3Sn
(3.2%) [40] and Mn3Ge (5%) [46].

The anomalous Nernst signal (ANS) —S‘y“x as a function of
temperature in Fig. 3(c) is displayed. —S;‘X depends strongly
on temperature, rapidly increases below 7, and then peaks
at around 70 K, half of the peak temperature of p;‘x in

Fig. 3(a). Similar to the large Hall angle, large S;‘,‘X can be

verified by the Nernst angle 6y = |S§‘X/SM| in the inset of
Fig. 3(c). The value reaches 17% at 70 K, which is comparable
with the previous findings in the Co,MnGa system [39,49],
a FM semimetal. Correspondingly, the temperature depen—
dence of |aA | is mapped in the inset of Fig. 3(d), and |a |
rapidly increases below 200 K, showing a maximum value of
~11 A/K m at 50 K, followed by a monotonous decrease to
low temperatures. Such a large o/ is one or two orders of
magnitude larger than other ferromagnets, which usually show
af, ~0.01-1 A/K m [see Fig. 4(c)]. Note that o, roughly
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FIG. 4. The ANE of Co3;Sn,S, in theoretical calculations,
Mnj;Sn, and ferromagnets in experimental results. (a) Temperature
dependence of the theoretically calculated AHC and TTC at a
fixed Fermi level. (b) Magnetization dependence of the sponta-
neous Nernst effect for FM metals, Mn;Sn and Co3;Sn;S,. (c) The
transverse thermoelectric conductivity (TTC) || vs the various
ferromagnets, Mn3Sn and Co3Sn,S;. (d) |y, /T| vs the various
ferromagnets, Mn3;Sn and Co3;Sn,S,. All those ANE results are
obtained for various ferromagnets below their Curie temperatures.
(More details of Fig. 4 can be seen in the SI [44].)

obeys the linear T-dependence at low temperatures, while it
closely follows the relation o« T In(T') at a temperature regime
from 70 to 175 K as shown in the main panel of Fig. 3(d). A
similar feature has been reported in a Co,MnGa system [39],
but evidence of the Lifshitz transition at finite temperature was
not observed in our sample.

To understand the large intrinsic AHC and ATTC, as well
as their temperature dependence, we have performed first-
principles calculations. Assuming the magnetic moment is
along the z-direction, the calculation yields a total magnetic
moment of 1up per unit cell, or 0.33up/Co. The inclusion
of spin-orbit coupling (SOC) lifts the twofold degeneracy
along a nodal ring around the L point, leaving only two Weyl
points (see SI Fig. S4 [44]). These results are in good agree-
ment with previous calculations [37,38]. We then fitted the
first-principles results to the 62-orbital tight-binding model
considering Co 3d, Sn 5s, Sn 5p, S 2s, and S 2p orbitals
using the Wannier projection method [50]. oy and ozyx are then
evaluated using a semiclassical approach [42]:

4 e’ [ dk
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A e / dk
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rx Th ) 2n3

(&nk — W) fuk + kpT In[1 + e PEnimi],
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where €2, is the Berry curvature along the z-direction, and
Jfuk = f(&nx) is the Fermi distribution function with the band
index n and the wave vector k. ¢, and 8 denote the band
energy and 1/kgT. The second formula can be transformed to
a more symmetric form: a;‘x =—= %anz(k)gnk, where
gk = furIn frr + (1 — fur) In(1 — f,1). At zero temperature,
Jux becomes a step function, thus g, = 0 and a;‘x is always 0

at 0 K, while 07} depends on the summation of Berry curvature

of all occupied bands, which yields a{,} = 1230 S/cm for a
pristine compound.

The temperature dependence may be further understood by
dividing the whole temperature range into two parts. At low
temperatures when the ferromagnetic phase is robust, we can
ignore the temperature dependence of the band structure. Thus
the temperature dependence is completely due to the Fermi-
Dirac distribution f;;. However, since the DFT band structure
usually overestimates the bandwidth, and f,; only depends on
the ratio between the state energy and temperature, we renor-
malized our band energies using the ratio Yexp/Vea = 3.55,
where y denotes the electron specific-heat coefficient, yexp is
obtained from experiment (see SI Fig. S2 [44]), and y,, is the
value derived from the DFT density of states. The resulting
o}f}c and afx bear a remarkable resemblance to the experimental
results. Overall, the ATTC linearly increases at low tempera-
ture and shows a peak at about 70 K that is also observed in
the experiment. The theoretical maximum a‘y“x ~35A/Km
is somewhat smaller than the experimental value, possibly
due to effects beyond the current considerations, including
the temperature dependence of the magnetic moments (see SI
Fig. S5 [44]). Nevertheless the ANE should share a common
origin related to the Berry curvature effect with the AHE as
the Nernst signal does not follow the conventional scaling
relation [see Fig. 4(b)] either. Moreover, the ATTC depends
sensitively on the contribution of the Berry curvature when
the Weyl points are very close to the Fermi energy. Therefore,
the observed large values of ATTC, as well as the same char-
acteristic T-dependence of oe;‘x in experiment and calculation,
are all beyond the conventional mechanism for the ANE in
ferromagnets and can be deemed as the main contribution of
Berry curvature associated with the emerging Weyl points in
the present system. At high temperatures close to the FM to
PM phase transition, the previous assumption no longer holds,
and the temperature dependence will be dominated by the
Berry curvature change due to a phase transition. This leads
to the sudden drop of the AHE, as well as the disappearance
of the ANE. Of course, both the skew scatter and the side jump
contribution to the ANE have been suggested before [51,52].
Here, the skew scatter is expected to appear in the extremely
pure sample with very high conductivity (10° S/cm), thus
it is simply ruled out in our sample. The side jump is hard
to distinguish due to the independence of the quasiparticle
scattering rate, but its contribution to the ANE is found to be
small in some ferromagnets [52]. Thus, the extrinsic scatter
contribution may play a minor role in the ANE in our case.

Further declaring such a large ATTC in Co3Sn, S, different
from the conventional ferromagnets, we compare in Fig. 4(b)
the significant difference between the giant ANE in Co3Sn;S,,
Mn;Sn, and in ferromagnets. We plot the absolute value of
the ANE as functions of the magnetization with a logarithmic

scale for various ferromagnetic metals, Mn3;Sn and Co3Sn,S,.
The ANE in ferromagnets is known to be roughly proportional
to the magnetization M, |S§‘x| = |QsloM, where |Q;| is the
anomalous Nernst coefficient. It can be seen that almost all
ferromagnetic metals follow this relation, and their anomalous
Nernst signal Sfx becomes larger with increasing magnetiza-
tion. The shaded region covers all of the data points for ferro-
magnets. According to the above scaling relation, the expected
Sﬁ‘x value for Co3Sn,S; at 70 K is about 0.006-0.2 'V /K. The

observed Sfx is far away from this trend and more than one or
two orders of magnitude larger than what would be expected
based on the scaling relation, indicating that the anomalous
Nernst signal in Co3Sn, S, arises from a different mechanism
than the ANE in conventional ferromagnets. Note that another
exception for the antiferromagnetic Mn3Sn observed strongly
violates this scaling, which is ascribed to the enhanced Berry
curvature at the Fermi energy [40]. Correspondingly, the
intrinsic transverse thermoelectric conductivity |a;‘xl is close
to 10.6 A/K m for Co3Sn,S,, the largest value compared to
the other ferromagnets and semimetals as shown in Fig. 4(c).
Based on the Mott relation =+ = —”23];52 [%]M, oy /T is
proportional to the energy derivative of the AHE. Below T,
the ferromagnetic transition induces the modification of the
band structures at the Fermi level, leading to a sharp decrease
of carrier density at a temperature regime. Thus, ozfx /T still
shows the largest values compared to the other conventional
ferromagnets and semimetals [see Fig. 4(d)]. However, the
more complicated physics is hard to understand based on
our present experimental data. More measurements should be
performed to investigate this issue, such as ARPES.

IV. CONCLUSION

In summary, we report an observation of the giant ANE and
large intrinsic transverse thermoelectric conductivity in the
magnetic Weyl semimetal Co3Sn,S,. The Nernst signal S,
reaches ~5 uV/K at 70 K, much larger than those of known
ferromagnetic metals. Furthermore, the a;‘x ~ 10 A/Km is
over one or two orders of magnitude larger than those of other
ferromagnets where oz;,‘x = 0.01-1 A/K m. Our experimental
results together with the first-principles calculations indicate
that the giant ANE in Co3Sn;S; can be ascribed to the
enhanced contribution from the Berry curvature very close to
the Fermi level in this compound. Our experimental results
also highlight the complementary roles of the ANE and the
AHE in revealing the intrinsic Weyl states in magnetic Weyl
semimetals.
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