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Motived by time-reversal symmetry breaking and giant anomalous Hall effect in kagome superconductor
AV;Sbs (A = Cs, K, Rb), we carried out the thermal transport measurements on CsV;Sbs. In addition to the
anomalous Hall effect, the anomalous Nernst effect and the anomalous thermal Hall effect emerge. Interestingly,
the longitudinal thermal conductivity «,, largely deviates from the electronic contribution obtained from the
longitudinal conductivity oy, by the Wiedemann-Franz law. In contrast, the thermal Hall conductivity «, is
roughly consistent with the Wiedemann-Franz law from electronic contribution. All these results indicate the
large phonon contribution in the longitudinal thermal conductivity. Moreover, the thermal Hall conductivity is
also slightly greater than the theoretical electronic contribution, indicating other charge neutral contributions.
More than that, the Nernst coefficient and Hall resistivity show the multiband behavior with possible additional

contribution from Berry curvature at the low fields.
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I. INTRODUCTION

The newly discovered kagome topological metal AV3;Sbs
(A = K, Rb, Cs) has been found to be the first quasi-
two-dimensional kagome superconductor, which becomes
another platform to investigate the interplay of topology,
electron correlation effects, and superconductivity [1-5].
However, whether this superconductor is unconventional ow-
ing to electron-electron correlation or conventional because
of electron-phonon coupling is still under debate. From the
unconventional side, both the V-shape tunneling density of
states [6] and the zero-temperature residual thermal conduc-
tivity [7] have been reported. And recent low-temperature
scanning tunneling microscopy (STM) resolved an unconven-
tional pair density wave [8]. In contrast, nuclear magnetic
resonance (NMR) measurements clearly reveal the spin sin-
glet nature and point to a conventional s-wave superconductor
from the Hebel-Slichter coherence peak [9]. This nodeless
property is also consistent with penetration depth measure-
ment [10] and impurity scattering feature from STM [11].
Additionally, high resolution angle-resolved photoemission
spectroscopy (ARPES) finds the weakly correlated nature of
AV3Sbs and remarkable electron-phonon coupling [12].

Besides superconductivity, the charge density wave (CDW)
order in this nonmagnetic AV3Sbs seems to be more uncon-
ventional. Several time-reversal symmetry-breaking signals
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have been found [13-15], especially the internal mag-
netic field induced relaxation rates in muon spin rotation
(uSR) [16]. AV;Sbs also shows a giant anomalous Hall effect
(AHE), which can be attributed to the enhanced skew scatter-
ing in the CDW state and the large Berry curvature from the
kagome lattice and time-reversal symmetry breaking [17-20].
This AHE is concurrent with the CDW, indicating a strong
correlation between CDW and AHE. As the thermoelectric
counterpart and thermal counterpart of anomalous Hall effect,
anomalous Nernst effect (ANE), and anomalous thermal Hall
effect (ATHE) also play an important role in understanding
quantum materials [21-24]. When the longitudinal heat flow
in a magnetic field, the thermal Hall effect generates a trans-
verse temperature gradient and the Nernst effect generates a
transverse electric field, as illustrated in Fig. 1(a). Normally,
the Wiedemann-Franz (WF) law establishes a direct con-
nection between electronic transport and electronic thermal
transport [25,26]. However, unlike the charge transport, other
charge neutral excitations (e.g., phonons) can also contribute
to the thermal transport. And the thermal Hall effect has been
applied to probe topologically nontrivial excitations in insu-
lators [27-29]. Hence, thermal transport provides a unique
way toward identifying excitations and their topological
properties.

In this work, we conducted extensive researches on
the thermal transport properties of CsV3Sbs, especially the
anomalous thermal Hall and the anomalous Nernst effect.
Interestingly, we found that the longitudinal thermal conduc-
tivity ky, largely deviates the electronic thermal conductivity
contribution down to 5 K. It indicates the charge neutral
excitation contribution to the thermal transport. However, the
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FIG. 1. (a) Schematic diagram of experimental setup. (b) Temperature dependence of longitudinal thermal conductivity «,,. The red curve
is the electronic thermal conductivity calculated according to the WF law. Its value is smaller than the total thermal conductivity, which
indicates that the phonons play an important role in thermal transportation. (¢) Magnetic field dependence of longitudinal thermal conductivity
Ky:- (d) Magnetic field dependence of electrical conductivity o,,. Above 40 K, the dependence of o, on magnetic field is weak, while below

40 K, oy, decreases rapidly with the field increasing.

thermal Hall conductivity is more or less consistent with the
Hall conductivity according to WF law. Since phonons nor-
mally do not contribute to the thermal Hall, «,, must contain
a large phonon part down to low temperature. At low tem-
perature, the thermal Hall conductivity is still slightly higher
than the theoretical value Lyoy, T, indicating that the thermal
Hall effect may have phonon-drag mechanism or other elec-
trically neutral low energy excitation [30-33]. Additionally,
we found the Nernst coefficient reaches a maximum value
when the Hall resistivity is zero in the high magnetic field.
This is the characteristic of ambipolar transport due to the
multiband nature of CsV3Sbs. However, this relationship no
longer holds as the magnetic field decreases. Hence, there
are other factors that dominate the transport properties at the
low magnetic field. The Berry curvature may contribute to the
anomalous transverse response in the low field in addition to
the multiband effect [26,34].

II. EXPERIMENTAL DETAILS

High-quality CsV3Sbs single crystals are prepared by a
two-step self-flux method [1]. The thermal and electrical
transport measurements were performed in a 9-T Quantum
Design physical property measurement system. Schematic di-
agram of the experimental setup is shown in Fig. 1(a). The
sample is processed into a square piece. A resistance heater

is used to generate a heat current j, = P/(Wd) in the plane,
where P, W, and d are the heater power and the width and the
thickness of the sample, respectively. The longitudinal voltage
AV, and the transverse voltage AV, are measured by a Keith-
ley 2182A nanovoltmeter. The longitudinal and transverse
temperature gradients AT, /l and AT, /w were measured with
field-calibrated chromel-AuFe ¢79, thermocouples, where [ is
the distance between the thermal contacts for Ti;e and 71y and
w is the distance between the thermal contacts for 77 | and T;,.
The longitudinal thermal conductivity is measured by «,, =
Jxl/AT, and the thermal Hall conductivity is measured by
Ky = —Ku[(ATy1)/(ATw)]. In order to eliminate the mis-
alignment effect of thermocouple, AV, (H) = [AV,(+H) —
AVy(—=H)]/2 and AT,(H) = [AT,(+H) — AT,(—H)]/2 are
obtained by subtracting the measurement results of the pos-
itive and negative fields, where H is the magnetic field
perpendicular to the plane. Nernst coefficient N is calculated
by N = (AV,l)/(AT,w) and its sign is defined by using the
vortex convention.

III. RESULT AND DISCUSSION

The electrical conductivity tensor &, thermal conductivity
tensor k¥, and thermoelectric conductivity tensor & relate the
charge current J and the heat current Jq to the electric field E
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and the thermal gradient VT [35]:

Gq) B <Tga i§> (VET>' (M

Electrons contribute to both electrical and thermal conductiv-
ity in metals, so o relate to k¥ by the WF law, k. = Loo T . k.
is the thermal conductivity of electrons and L is Lorentz con-

stant, Ly = ”Tzﬁ—% = 2.44 x 107 WQK 2. 5 can be measured
by applying charge current without thermal gradient (VT =
0). o and ¥ can be measured by applying heat current without
charge current (Je = 0). Using the configuration shown in
Fig. 1(a), we measured the longitudinal thermal conductivity,
the thermal Hall conductivity, the electrical hall conductivity,
and the Nernst coefficient.

The temperature dependence of the longitudinal thermal
conductivity k,, is shown in Fig. 1(b). Above Tcpw, ke de-
creases with decreasing temperature, which is different from
ordinary materials, indicating that CDW fluctuations have a
strong scattering effect on electron and phonon transport. In
the CDW order state, charge fluctuations are suppressed and
the mean free path of electrons and phonons increases, so
Ky increases rapidly below Tcpw until it reaches a peak.
The total thermal conductivity is contributed by both phonons
and electrons, K = k. + kpn, Where k. is the electron thermal
conductivity and «py, is the phonon thermal conductivity [36].
In metals with short mean free path, the thermal conductivity
of phonons should be of the same magnitude as that of elec-

trons. In order to compare the relationship between electrical
conductivity and thermal conductivity, we converted electrical
conductivity into electronic thermal conductivity, Lyoy, T, ac-
cording to the WF law, as shown in Fig. 1(b). The total thermal
conductivity is greater than Lyo,,T. The difference is due
to the phonon contribution, which is of the same magnitude
as the electron contribution, indicating that phonons play an
important role in the thermal transport. The thermal conduc-
tivity may also involve the influence of electron fluctuations
on phonon scattering before and after CDW. The electron
fluctuations near CDW phase transition will enhanced the
phonon scattering, and the thermal conductivity of phonon
is suppressed. So, the thermal conductivity increases slightly
with the increase of temperature at 100-300 K. As a result,
WF law does not recover at 300 K, and may recover at a higher
temperature [36—40].

The magnetic field dependence of longitudinal thermal
conductivity k,, and electrical conductivity o,, at various tem-
peratures are shown in Figs. 1(c) and 1(d) respectively. Above
40 K, the field dependence of «,, and and electrical conduc-
tivity oy, are weak, while below 40 K, the field dependence of
kxx and electrical conductivity o,, become strong. The field
dependence of longitudinal thermal conductivity is weaker
than that of electronic conductivity, which also indicates the
contribution of phonons to thermal transport.

Phonon thermal conductivity generally has no transverse
effect, so the transverse thermal conductivity, namely thermal
Hall conductivity, is a good method to study the thermal
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FIG. 2. (a) Magnetic field dependence of electrical Hall conductivity o,,. An appreciable antisymmetric side “S” line pattern appears in
the low magnetic field region below 40 K. (b) Magnetic field dependence of thermal Hall conductivity «,,. An antisymmetric side “S” line
pattern appears in the low magnetic field region below 40 K. (c) Temperature dependence of thermal Hall conductivity «,,. The red curve
is the electronic thermal Hall conductivity calculated according to the WF law. (d) The extracted anomalous Hall conductivity at various

temperatures. (¢) The extracted anomalous thermal Hall conductivity
thermal Hall ratio and anomalous Hall ratio in 2 T magnetic field.

at various temperatures. (f) Temperature dependence of anomalous
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transport properties of electron. Figures 2(a) and 2(b) show
the field dependence of electrical Hall conductivity oy, and
thermal Hall conductivity k.. Both oy, and «y, show linear
field-dependent behaviors as conventional metals above Tepw .
Between Tepw and 40 K, «y, is still linear magnetic field
dependent in the high field region, but weakly nonlinear in the
low field region. Below 40 K, anomalous behaviors of thermal
Hall conductivity arise. This anomalous behavior near 40 K is
close related to the similar behaviors found in the muon spin
relaxation rate, coherent phonon spectroscopy, and Raman
spectroscopy [41—43], which have been recently proved to be
an electronic nematic transition [44]. Below 30 K, there are
two antisymmetric sideways “S” shape, as shown in Figs. 2(a)
and 2(b). They exist in the high and low fields respectively.
The antisymmetric sideways “S” shape is a characteristic of
either an AHE or a two-band ordinary Hall effect. When
the temperature rises above 30 K, the S-shaped hump in the
high field disappears and changes linearly with the magnetic
field, but the S-shaped hump in the low field still exists. It
implies that the S-shape hump in the high field is the result
of the two-band effect, and the S-shaped hump in the low
field is related to ATHE [17,18]. We extract anomalous Hall
conductivity o}""* and anomalous thermal Hall conductivity
xATHE by subtracting a local linear ordinary electrical Hall and
thermal Hall background, as shown in Figs. 2(d) and 2(e). The
anomalous thermal Hall conductivity « ATHE increases rapidly
with the magnetic field in the low field (below 1 T) and
saturates above 1 T. The saturation value of 0.35 WK~ m™!
is in the range for metals with anomalous Hall effect and close
to Co,MnGa [25,26,45]. The anomalous thermal Hall ratio
is comparable to that of anomalous Hall ratio (AHR) in 2 T
magnetic field, as shown in Fig. 2(f), which is larger than
the AHR of Fe, ~0.8% [46]. Anomalous Hall effect has been
found in AV3Sbs in previous studies on electric transport. By
extracting oagg at different angles of magnetic field relative
to applied current, it is found that oayg is not linearly pro-
portional to the magnetic field component out of plane, which
confirms the existence of AHE in AV3Sbs. For the kagome
metal AV3Sbs AHE, the current mainstream view is that AHE
originates from the skew scattering effect [17,18] and Berry
curvature [18,47]. The kagome sublattice in AV3Sbs acts as
a tilted spin cluster, which results in the enhancement of the
skew scattering effect. In addition, AV3Sbs has a large Berry
curvature due to kagome lattice and its topological properties,
which may be related to AHE.

Figure 2(c) shows the temperature dependence of k., at 9 T.
The thermal Hall effect is relatively weak at high tempera-
ture and becomes obvious with cooling. As the temperature
decreases, Ky, increases first and reaches a maximum around
40 K, which happens to be the temperature at which anoma-
lous behaviors begin to appear. As the temperature decreases
further, k., changes sign at 27 K, and reaches another extreme
value at 12.5 K. In order to compare the thermal Hall con-
ductivity and the electrical Hall conductivity, we calculate the
electronic thermal Hall conductivity contribution Lyoy,T by
using the WF law, as shown in Fig. 2(c). The behavior of
Kyy is similar to Loo,,T, but the value is slightly larger than
Lyo,,T. Phonons, as neutral quasiparticles with no charge,
should not directly produce thermal Hall effect. It implies that
phonon-drag mechanism or electronicly neutral topological
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FIG. 3. [(a), (b)] Schematic diagram of the Nernst effect for a
single-band metal and an ambipolar metal, respectively. In the single-
band metal, the transverse charge current produced by the thermal
gradient and electric field in a magnetic field will gather at both
ends, so it will not produce a transverse electric field. However, in
the ambipolar metal, the holes and the electrons will move toward
the cold end under the drive of the thermal gradient and accumulate
to both transverse ends in the magnetic field to produce a limited
electric field. [(c), (d)] Schematic diagram of the Hall effect for
a single-band metal and an ambipolar metal, respectively. In the
ambipolar metal, the holes and the electrons moving in opposite
direction will accumulate to the same transverse end under the mag-
netic field, resulting in cancellation of the transverse electric field. It
means that the Nernst coefficient will appear a maximum value when
the Hall effect is completely offset.

low energy excitation may exist in the thermal Hall effect of
the system [48]. Combined with the large phonon contribution
in k,y, a strong electron-phonon coupling in CsV3Sbs was
observed from our thermal measurements. Since the super-
conductivity is one of the most important properties in the
AV3Sbs materials, what is the driving force for SC becomes
one central issue. The electron-phonon coupling observed
here further supports the superconductivity of CsV3Sbs is a
conventional s wave [9-12].

In order to further study the anomalous transverse effect,
we carried out the Nernst effect measurement. Equation (1)
yields

E=6"'avr )

For a single-band metal, the Nernst coefficient derived from
Eq. (2)is

N = Ey — a.xyaxx - axxoxy (3)
v, T U)sz +o )(2}
If the electric conductivity does not depend on energy, then
Oxy Oy
2w )
OXX axx

Therefore, the two terms in Eq. (3) are eliminated, which
is called “Sondheimer cancellation.” As shown in Fig. 3(a),
the charge current generated by the thermal gradient will
accumulate charges and create an electric field. The charge
current produced by the thermal gradient and electric field
offsets each other. However, this cancellation does not affect
the electrical Hall effect. On the other hand, ambipolar flow
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FIG. 4. (a) Magnetic field dependence of Nernst coefficient. The Nernst coefficient exhibits a linear magnetic field-dependent behavior
above Tcpw. (b) Temperature dependence of Nernst coefficient. The Nernst coefficient shows an extreme value, which is marked by a dashed
line. The temperature of the extreme value decreases as the magnetic field increases. (c) Temperature dependence of Hall resistivity divided by
magnetic field. The compensation temperature of the Hall resistivity increases as the magnetic field increases.

can lead to an enhancement of the Nernst signal in multiband
metals [35,49]. If we assume two types of carriers, Eq. (3) is
rewritten as

B (oz;; + ozx_y)(oxfc +o,)— (o + oz;c)(o;; +0.)

(0 + 05 + (0 +05)?

&)

The superscripts + and — indicate the hole-like and the
electron-like carriers. The o,, of two type carries have oppo-
site signs, so the Sondheimer cancellation is avoid. Especially
when Op = —U;;, Eq. (5) has a maximum, which means that
the Nernst coefficient will show a maximum when the Hall
effect is suppressed, as shown in Fig. 3.

The field dependence of Nernst coefficient N in CsV3Sbs at
various temperatures is shown in Fig. 4(a). Similar to Hall re-
sistivity, the Nernst coefficient exhibits linear field-dependent
behavior above Tcpw. When the temperature is lower than
Tepw, the Nernst coefficient gradually deviates from the lin-
ear magnetic field dependence and the anomalous behavior
show up below 40 K. The temperature variation of Nenst
coefficient and Hall resistance in various magnetic fields are
shown in Figs. 4(b) and 4(c) respectively. At 9 T, the Nenst
coefficient reaches its maximum value at 32 K where p,, = 0,
which indicates a multiband effect. When the magnetic field
decreases, the temperature of the extreme value of Nernst
coefficient increases and reaches 40 K at zero field limit, while
the compensation temperature of Hall resistivity decreases
and approaches zero at zero field limit. Hence, there are other
factors that influence the transport properties. Nernst and Hall
signals are dominated by normal linear items in high magnetic
fields and dominated by anomalous items in low magnetic
fields. Therefore, the multiband model should not be the only
reason for the relationship between Hall resistivity and Nernst
coefficient in low magnetic fields. One possible reason is that a
new small electronic pocket with high mobility appears under
CDW [35,50]. But there is no direct experimental evidence
for the new small electronic pocket with high mobility after
CDW phase transition in AV3Sbs, which can be seen from the
high-resolution ARPES measurements. [2,12,51-54]. In the
anomalous Hall effect studies of AV3Sbs [17,18], the skew
scattering has been widely proposed. However, since the skew

scattering does not break Sondheimer cancellation, the finite
Nernst signal in low fields should be dominated by other ori-
gins, like the Berry curvature from the Z, topological property
and time-reversal symmetry breaking in CsV3Sbs [22,55].
The expressions of anomalous Hall conductivity o;; and
anomalous thermal Hall conductivity «;; can be obtained ac-
cording to theoretical derivation [26,56]:

2 0 ] —
Ui?(ﬂ) = e_/ d‘g(_M)aj(g), (6)

h 0&
A= T ae(— — 2 PE =5
Kij(p) = 5T /oodé< (& —w 0F )fn,(é), @)
- dk Y
5(6) = /B ngéwk), ®)
where Q?j(k) is Berry curvature and f(§—p)=

1/ (e(‘Z—#) + 1) is the Fermi-Dirac function. From the
comparison of Egs. (6) and (7), we can find that the Berry
curvature contributions to the thermal and electrical transport
have different pondering functions, which leads to the
mismatch between o;; and «;; [26,57]. These differences
reflect the fact that Berry curvatures from different regions
of reciprocal space carry opposite signs and thus compete,
which may cause the WF ratio to increase or decrease [56].

IV. SUMMARY

In summary, we performed the thermal transport measure-
ments on CsV3Sbs. Both the longitudinal thermal conduc-
tivity and the thermal Hall conductivity are larger than the
theoretical values, indicating that there is a large phonon con-
tribution in thermal transports. This shows that the phonon
plays an important role in the physics of CsV3Sbs even at
low temperature, which is consistent with the electron-phonon
coupling found in ARPES [12] and a conventional s-wave
superconductor from NMR [9] and penetration depth mea-
surement [10]. The anomalous thermal Hall effect and the
anomalous Nernst effect appear in the CDW state. The Nernst
coefficient reaches a maximum value when the Hall resistivity
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is zero at 9 T, which indicates a multiband effect domination.
As the magnetic field decreases, the maximum of Nernst effect
shifts to higher temperature, while the zero value of Hall
resistivity shifts to lower temperature. It indicates that the
anomalous transverse response in the low field may have a
contribution from the Berry curvature.

Note Added. During the preparation of this manuscript, we
realized that a similar anomalous Nernst effect on CsV3Sbs
has been posted in Ref. [47], which is consistent with our
results.
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