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Thermal and thermoelectric measurements are known as powerful tools to uncover the physical properties
of quantum materials due to their sensitivity towards the scattering and chirality of heat carriers. We use
these techniques to confirm the presence of momentum and real-space topology in ScMn6Sn6. There is an
unconventional dramatic increase in the Seebeck coefficient on entering the transverse conical spiral (TCS)
state below T = 200 K, suggesting an unusual scattering of heat carriers. In addition, the observed anomalous
thermal Hall effect and the anomalous Nernst effect indicate nonzero Berry curvature in k space. Furthermore, we
identify a significant topological contribution to the thermal Hall and Nernst signals in the TCS phase revealing
the impacts of real-space Berry curvature. We discuss the presence of the topological thermal Hall effect and
topological Nernst effect in the diverse HfFe6Ge6 family. This study illustrates the importance of transverse
thermal and thermoelectric measurements to investigate the origin of topological transport in the noncoplanar
magnetic phases in this family of kagome metals.
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I. INTRODUCTION

Thermal and thermoelectric transport measurements are a
powerful technique to help discover the intriguing physical
properties of quantum materials [1–4]. Importantly, studying
the thermal properties give insight into charge neutral exci-
tations such as lattice vibrations (phonons), and magnons,
which are not detected via electrical methods. These measure-
ments are compelling for insulators to retrieve information
regarding the dynamics of the charge neutral heat carriers and
can be equally used for metallic systems [4–8]. The trans-
verse thermal and thermoelectric counterparts of the electrical
anomalous Hall effect (AHE), σ A

xy, are the anomalous thermal
Hall effect (ATHE), κA

xy, and the anomalous Nernst effect
(ANE), SA

xy, respectively. As a general rule, the Hall signal
can be separated into three components based on their origin:
ordinary contributions arising from the deflection of carriers
by the applied field, anomalous contributions stemming from
Berry curvature in k space, and a topological contribution
from real-space Berry curvature emerging from spin textures.
Out of the three, the anomalous parts can be mathematically
expressed as [3,9–12]

σ A
xy = −2πe2/h

∫
BZ

(d3k)/(2π )3 f (k)�B(k), (1)

κA
xy = −2π/hT

∫
BZ

(d3k)/(2π )3ε f (k)�B(k), (2)
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αA
xy = −2πe2/h

∫
BZ

(d3k)/(2π )3γ (k)�B(k), (3)

Sxy = (
σxxα

A
xy − σ A

xyαxx
)
, (4)

where �B(k) is the Berry phase curvature, f (k) is the
Fermi-Dirac distribution function, ε is the energy, αxy is
the transverse component of the thermoelectric tensor, and
γ (k) = − f (k) ln[ f (k)] − [1 − f (k)] ln[1 − f (k)] [10]. From
the mathematical formulation, it is clear that similar to AHE,
both ATHE and ANE are also dependent on the Berry cur-
vature (BC) of the electron bands and hence can serve as
two other transport tools to probe the nontrivial BC. All three
effects appear when the charge carriers acquire an anomalous
transverse velocity and a finite Berry phase in the presence
of longitudinal current or thermal gradient [1,2,9]. However,
the three anomalous Hall transports provide access to BC
with different weights; f (k), ε f (k), and γ (k) for σ A

xy, κA
xy,

and SA
xy, respectively. As a consequence, κA

xy and SA
xy provide

additional information about the entropy and the velocities of
the electrons near the Fermi surface.

The third component which is the manifestation of the spin
textures, namely, the topological Hall effect (THE) (electri-
cal), topological thermal Hall effect (TTHE) (thermal), and
topological Nernst effect (TNE) (thermoelectric), are found
to be superimposed on the anomalous signals and most of
the time are very subtle to detect. Specifically, these effects
have been assigned to the presence of nonzero static spin
chirality generated due to the chiral (or noncoplanar) spin
texture [8,13,14]. Although they share a common origin it is
not yet well understood why all the materials that exhibit THE
do not show TTHE and TNE.
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THE has been widely studied in different classes of mate-
rials, from manganites [15] to frustrated magnets [16] to the
bulk skyrmions [13], whereas TNE and TTHE have been ex-
tremely difficult to observe in the experiments. While there is
only one experimental report for TTHE (GaV4Se8) [14], a few
materials are reported to host TNE, for example, Fe3Sn2 [8],
MnGe [17], Gd2PdSi3 [18], EuCd2As2 [19], and Nd3Ru4Al12

[2]. The scalar spin chirality coupled with the conduction
electrons is responsible for the TNE. The first three aforemen-
tioned materials host skyrmions which generate scalar spin
chirality, while the possibility of a nontrivial spin structure
in the antiferromagnetic (AFM) phase of EuCd2As2 and spin
canting due to the thermal fluctuations at the vicinity of the
ferromagnetic ordering in Nd3Ru4Al12 lead to the chiral mag-
netic state. The study on EuCd2As2 and Nd3Ru4Al12 opens
up a different perspective to explore the topological Nernst
effect beyond skyrmionic systems. The lack of experiments
to explore topological effects other than THE motivates us
to investigate TTHE and TNE in ScMn6Sn6, a nonskyrmion
system.

The diverse family of hexagonal HfFe6Ge6 materials pro-
vides a huge platform for additional phenomena owing to their
exotic band structure, which includes Dirac points, van Hove
singularities, flat bands, and their high tunability [20–24]. A
room-temperature topological Hall effect in YMn6Sn6 [21],
a Chern gap coupled with magnetism and a skyrmion spin
lattice in TbMn6Sn6 [22], quantum oscillations from the
nontrivial Berry phase in RMn6Sn6 (R = Gd-Tm, Lu) [25],
an exotic phonon-driven charge density wave in ScV6Sn6

[24,26,27], and Z2 topological kagome metals [28] are some
of the examples which necessitate the study of this class of
materials.

Figure 1(a) (top) shows the schematic crystal structure of
ScMn6Sn6. In this material, Mn atoms form double-layered
kagome sheets which are represented by the blue atoms in the
figure. The magnetic spins align ferromagnetically within the
kagome sheets and are helically coupled along the c axis [29].
ScMn6Sn6 orders antiferromagnetically below TN = 390 K
[Fig. 1(b)] and transitions through multiple magnetic phases
as the strength of the external magnetic field is increased
[Fig. 1(c)]. As can be seen from Fig. 1(c), the magnetic
structure evolves from a double spiral (DS) to a transverse
conical spiral (TCS) to a fanlike (FL) and finally to a forced
ferromagnetic (FFM) state at high magnetic field [29]. These
phases of ScMn6Sn6 are very similar to the one reported
for YMn6Sn6 [21]. A small-angle neutron scattering study
on YMn6Sn6 shows the absence of a skyrmion lattice in the
TCS phase [30]. Since the magnetism in ScMn6Sn6 is closely
associated with YMn6Sn6, ScMn6Sn6 is considered to be a
nonskyrmionic candidate.

In this paper we focus on understanding how the presence
of exotic magnetic phases can affect its transport properties.
Here, we report a comprehensive thermal and thermoelectric
transport study on the kagome metal ScMn6Sn6. Both ATHE
and ANE appear at T = 300 K and persist down to the lowest
measured temperature, T = 120 K. The presence of ATHE
and ANE manifest the existence of a large Berry curvature in
ScMn6Sn6. A large anomalous Nernst signal, 2.21 µV K−1, is
seen at room temperature which is similar to that reported for
the sister compounds YMn6Sn6 [31] and TbMn6Sn6 [32,33],

(a) (b)

(c)

FIG. 1. (a) Schematic crystal structure of ScMn6Sn6: The for-
mation of kagome layers by Mn atoms (blue spheres) can be clearly
seen in the top panel; the bottom panel illustrates the crystal axes
and the coordinate axes of a hexagonal-shaped crystal. (b) Temper-
ature dependence of zero-field-cooled magnetization (M) curve at
0.05 T. (c) Field-dependent magnetization at T = 20 K. For both
the magnetization curves the external magnetic field was parallel to
[100]. The evolution of different magnetic phases, a double spiral
(DS) to transverse conical spiral (TCS) to fanlike (FL) to forced
ferromagnetic (FFM), can be seen from the M vs μ0H graph.

and comparable to the highest ANE observed [11]. In addi-
tion to the ATHE and ANE, ScMn6Sn6 also exhibits TNE
from T = 120 to 300 K and TTHE from T = 120 to 280 K
within the field regime μ0H = 1.6–5.3 T. The width of the
magnetic field which shows the TNE and TTHE corresponds
to the TCS magnetic phase of ScMn6Sn6, revealing a close
association between the noncoplanar TCS phase (real-space
topology) and the topological effects. Our results establish
the importance of the thermal/thermoelectric measurements
to reveal the inherent topology of the quantum materials.

II. EXPERIMENTS

Growth and characterization. Single crystals of ScMn6Sn6

were grown via the self-flux method. Sc (Alfa Aesar 99.9%)
and Mn (Alfa Aesar 99.98%) pieces were combined with a
Sn shot (Alfa Aesar 99.999%) in an atomic ratio of Sc : Mn :
Sn = 1 : 6 : 30 in a Canfield crucible set [34]. The crucible
was then sealed in a silica tube under vacuum. The ampule
was heated at 60 ◦C h−1 to 973 ◦C, followed by a 48-h dwell.
Crystals were grown during slow cool (1.2 ◦C h−1) to 600 ◦C.
The hexagonal-shaped ScMn6Sn6 crystals were retrieved
from the molten Sn flux by centrifuging. The HfFe6Ge6-type
structure was confirmed through powder x-ray diffraction
(PXRD) using a PANalytical Empyrean diffractometer with
a Cu Kα source. The chemical composition and homogene-
ity of the crystals were confirmed through energy-dispersive
x-ray spectroscopy. FULLPROF was used for the Reitveld
refinement of the room-temperature PXRD data (Supplemen-
tal Fig. S1 [35]) and the obtained lattice parameters were
a = 5.464 93(4) Å and c = 8.960 77(4) Å.
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FIG. 2. Temperature dependence of electrical and thermal mea-
surements. (a) Electrical conductivity vs temperature and (b) thermal
conductivity vs temperature. (c) Deviation of the Lorenz number
from the expected theoretical value with respect to the temperature.
(d) Temperature dependence of the Seebeck coefficient. The direc-
tion of the applied magnetic field and current/temperature gradient
are shown in the insets of (a), (b), and (d). The color gradient
represents the flow of heat from the hot to cold end.

Magnetization measurements. Magnetization measure-
ments were carried out using the vibrating sample magne-
tometer (VSM) option of a physical property measurement
system (PPMS) from Quantum Design.

Transport measurements. Single crystals were shaped into
a rectangular bar such that the external applied magnetic field
is parallel to [100] and the current/temperature gradient is
parallel to the [001] crystallographic axes. The electrical mea-
surements were done using the resistivity option of the PPMS.
The thermoelectric measurements were performed using a
PPMS compatible self-designed sample puck and a break-out
box. Type E chromel-constantan thermocouples were used to
measure the temperature gradient. The schematic of the device
is shown in Fig. S2 of the Supplemental Material [35]. The
temperature gradient over the sample was created by attaching
one end to the heater with 1 k� resistance and the other end
to a piece of copper. A Keithley current source 2450 was used
for applying the current and Keithley 2182A nanovoltmeters
were used to record the induced voltage. The longitudinal
thermal resistivity (anomalous thermal Hall resistivity) was
obtained by symmetrizing (antisymmetrizing) the measured
temperature gradient in the presence of a positive and nega-
tive magnetic field separately. Similarly, Seebeck and Nernst
signals were also acquired through symmetrized and antisym-
metrized thermoelectric voltages, respectively. The signs of
the transverse components are explained in the Supplemental
Material [35].

III. RESULTS AND DISCUSSIONS

We present the bulk electronic and thermal properties of
ScMn6Sn6. The temperature dependence of electrical con-
ductivity (σzz), thermal conductivity (κzz), and the Seebeck
coefficient (Szz) of ScMn6Sn6 are shown in Figs. 2(a), 2(b),
and 2(d), respectively. The insets of these figures represent the

geometry of the experiments used for this study. For electrical
measurements as shown in the inset of Fig. 2(a), the applied
current is parallel to the z axis, the magnetic field is along
the x axis, and the transverse voltage is parallel to the y axis.
Similarly, for the thermal and thermoelectric measurements
the insets of Figs. 2(b) and 2(d) show the direction of the ap-
plied temperature gradient (|| z axis), magnetic field (|| x axis),
and transverse temperature gradient/thermoelectric voltage
(|| y axis). [Note: Refer to the bottom image of Fig. 1(a) for
the crystallographic and coordinate axes of hexagonal-shaped
crystals.] The temperature-dependent σzz decreases monoton-
ically [Fig. 2(a)] as we warm up from T = 2 to 400 K,
indicating the metallic nature of the sample. The tempera-
ture profile of κzz [Fig. 2(b)] reflects a similar trend of the
thermal conductivity as expected by the Debye approxima-
tion. As the temperature is raised from T = 2 to 400 K, it
shows an increase, with a broad characteristic peak at T =
52.5 K, and then a decrease followed with an almost saturated
value above T = 200 K. The peak at T = 52.5 K corre-
sponds to the competition between two phonon scattering
mechanisms: low temperature, where the phonon scattering
is dominated by the defects/boundary, and high temperature,
where this process is governed by the umklapp phonon scat-
tering [36]. The Wiedemann-Franz law, L = ( κ

T σ
), states that

the ratio of thermal conductivity to the electrical conductivity
is temperature independent and can be represented in terms
of the Lorenz number for a metallic system. Nevertheless,
as shown in Fig. 2(c), this number varies with temperature
for ScMn6Sn6. This variation from the required value of
L0 = 2.44 × 10−8 V2 K−2 is suggestive of inelastic phonon
scattering [37,38].

Figure 2(d) displays the temperature-dependent profile for
Szz. The Seebeck coefficient is defined as Szz = −∂zU/∂zT ,
where U is the longitudinal thermoelectric voltage and T is
the measured temperature. Alternatively, Szz can also be un-
derstood as an averaged entropy flow per charge carrier [39]. It
can be seen that the magnitude of Szz increases constantly with
an increase in temperature and remains positive throughout
the measured temperature regime [Fig. 2(d)]. The positive
value of Szz can be associated with the predominant p-type
charge carriers present in the system. Moreover, it has a high
magnitude of 40 µV K−1 at T = 300 K. To understand what
this means, let us look at the Seebeck coefficient based on the
Mott relation [40,41],

S = −π2k2
BT

3e

[
∂ ln D(ε)

∂ε
+ ∂ ln τ (ε)

∂ε

]
ε=εF

, (5)

where kB, e, D(ε), τ (ε), and εF are the Boltzmann constant,
electronic charge, density of states, relaxation time, and Fermi
energy, respectively. According to the above relation, for a
metallic system S is a few µV K−1 owing to the symmetric
band structure around the Fermi level which allows for the
cancellation of entropy flow of electrons above and below the
Fermi level, whereas an asymmetric band structure leading
to an asymmetric density of states contributes to the higher
value of S [40,42]. Hence, we suspect that the magnitude
of Szz at T = 300 K (40 µV K−1) is due to the nontrivial
electronic topology of ScMn6Sn6. The slight downturn seen
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FIG. 3. The magnetic field dependence of the change in the lon-
gitudinal thermal resistivity and change in the Seebeck coefficient for
various temperatures are shown in (a) and (b), respectively. (c) Com-
parison between the magnetization curve and change in Seebeck
coefficient at T = 220 K are shown. Both curves go through a change
in slope as the external applied field is increased, signifying the
evolution of the magnetic structure: DS to TCS to FL to FFM in
ScMn6Sn6.

in the data at T = 374 K could be due to the proximity of the
antiferromagnetic transition.

Further, we investigate the effect of magnetic field on
the longitudinal thermal and thermoelectric properties of
ScMn6Sn6. Figures 3(a) and 3(b) show the magnetic field
dependence of change in thermal resistivity [�λzz/λzz(0)] and
change in Szz for μ0H = 0 – 9 T and T = 100 – 300 K.
�λzz/λzz(0) manifests not only electrons, but also the charge
neutral quasiparticle contributions such as phonons and
magnons carrying heat. The change in �λzz/λzz(0) and

�Szz/Szz(0) is almost negligible for μ0H < 2 T, followed
by two slope changes at critical fields Hc1 and Hc2 as we
increase the magnetic field beyond 2 T before it saturates
at fields higher than Hc3. Hc1, Hc2, and Hc3 are the crit-
ical fields corresponding to the magnetic phase transitions
from DS-TCS, TCS-FL, and FL-FFM, respectively. The slope
changes in �λzz/λzz(0) and �Szz/Szz(0) occur at the magnetic
phase transitions which indicates the strong coupling between
thermal/thermoelectric properties and magnetic structures.
To show this relationship more clearly we compare between
the magnetization and �Szz/Szz(0) curves at T = 220 K
[Fig. 3(c)]. The dashed lines help to see the one-to-one cor-
respondence between the slope changes of the magnetization
and �Szz/Szz(0) curves. In the past, reports of similar studies
on different magnetic materials with �Szz/Szz(0) showing
an identical trend have also been linked with the presence
of nontrivial magnetic textures [8,31,40,43]. According to
the preliminary studies of the relationship between the See-
beck coefficient and magnetism, there are two representative
mechanisms that explain the change in the slope of �Szz/Szz

(0): (1) The alignment of the spins due to the external mag-
netic field reduces the spin scattering process which then
affects the charge dynamics; and (2) as stated earlier, Szz can
be explained in terms of the average entropy of the charge
carriers. So the large entropy change that occurs during any
magnetic phase evolution contributes to �Szz/Szz(0).

On closer inspection we see that for T � 200 K the per-
centage change of thermopower becomes positive within a
certain field range in the TCS phase as μ0H is increased
above Hc1. The strength of the non-negative signal becomes
stronger as the system is cooled below 200 K. In general, for
a magnetic system Szz should decrease with the magnetic field.
The unconventional positive behavior of the thermopower
with field has been previously reported in a MnGe [40] system
as well, where the authors relate the increase in Szz to the
enhanced magnetic fluctuations at the phase boundary result-
ing in the energy dependence of the transport lifetime. In the
case of MnGe, a positive magnetoresistance (MR) was also
reported alongside Szz. However, in ScMn6Sn6, MR shows an
almost negligible positive signal with the increase in μ0H (see
Fig. S3 [35]). The response of MR and �Szz/Szz(0) to mag-
netic field is opposite within the TCS phase below T = 200 K.
This anticorrelation between MR and Seebeck thermopower
was also seen in the magnetic topological insulator MnBi2Te4

[43]. In the present case, we believe that there is some scatter-
ing phenomenon within the TCS phase that allows the carriers
to gain high entropy values resulting in positive �Szz/Szz(0).
Since the enhancement of the signal appears below 200 K,
it further suggests that the reduction in thermal fluctuations
has a major role to play. Nevertheless, this scattering process
is not detectable in the electrical and thermal resistivity. A
further theoretical investigation is necessary to identify the
exact mechanism behind the �Szz/Szz(0) vs μ0H trend.

Next, we examine the field dependence of the trans-
verse component of the thermal and thermoelectric signal.
Magnetic-field-dependent thermal Hall resistivities (λyz) and
Nernst coefficients (Syz) for μ0H = 9 to −9 T measured at
several temperatures are shown in Figs. 4(a) and 4(b), respec-
tively. For clarity, each λyz and Syz curve has been shifted with
a certain constant value along the λyz/Syz axis. In Fig. 4(a)
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FIG. 4. Magnetic-field-dependent thermal Hall resistivities (λyz) and Nernst coefficients (Syz) for various temperatures are shown in (a) and
(b), respectively. The coefficient yz indicates the applied temperature gradient, −�T || z axis, and the measured transverse �T /thermoelectric
voltage || y axis. (c) Comparison between the magnetization curve and residual Nernst coefficient at T = 220 K is shown. A residual Nernst
coefficient is obtained by subtracting the normal Nernst (∝H ) from the measured Nernst coefficient.

the observed λyz vs μ0H follows the behavior of the field-
dependent magnetization. Similar to M vs μ0H , λyz vs μ0H
clearly depicts the DS-TCS magnetic phase transition with a
sharp jump at Hc1 at all measured temperatures, and saturation
at μ0H � Hc3. The resemblance of the thermal Hall resistiv-
ity with that of the magnetization curve distinctly indicates the
presence of ATHE in ScMn6Sn6. As mentioned in the Intro-
duction, the observation of anomalous behavior correlates to
the BC. Hence the presence of ATHE in ScMn6Sn6 implies
the presence of large BC. ATHE has been previously reported
in isostructural ferrimagnetic TbMn6Sn6 where its occur-
rence was related to the BC arising from the massive Dirac
gaps [33].

The field-dependent Nernst thermopower [Fig. 4(b)],
which is experimentally obtained as Syz = Ey/∇zT , also
shows identical features as the magnetization curve indicating
the presence of ANE. The sign of Syz is in agreement with the
reports of YMn6Sn6 and TbMn6Sn6 [31,32]. To scrutinize the
measured Nernst coefficient, we express it in terms of its con-
stituents, Syz = S0

yz + �Syz, where S0
yz is the ordinary Nernst

signal which is proportional to the applied magnetic field and
�Syz is the residual Nernst coefficient. Since S0

yz ∝ H , the
ordinary contribution can be subtracted from the measured
signal by performing the linear fit using the high magnetic
field data. After reduction of the normal component from
Syz, we compare the residual signal at T = 220 K with the
magnetization. Figure 4(c) shows �Syz vs μ0H and M vs
μ0H at T = 220 K. Although it seems that the �Syz follows
M and matches the magnetization curve at high magnetic
fields, on closer inspection it is distinct that there are some
additional features in �Syz compared to M as indicated by the
red-dashed circle in Fig. 4(c). In general, any superimposed
component on the transverse signal which does not follow the
magnetization behavior is identified as a topological effect.

The Nernst thermopower can further be decomposed into
three components, Syz = S0

yz + SA
yz + ST

yz, where SA
yz is the

anomalous contribution and ST
yz is the topological addition.

With the assumption that SA
yz ∝ M and S0

yz ∝ H , ST
yz can be

extracted from the measured Nernst thermopower for each
temperature. Figures 5(a) and 5(b) report the educed −SA

yz

and ST
yz signals with respect to field at various temperatures,

respectively. The anomalous Nernst coefficient was estimated
by extrapolating the high-field data to the zero-field value
[Fig. S4(a) [35]]. The magnitude of SA

yz at T = 300 K is
2.21 µV/K, which is very similar to the value reported for
YMn6Sn6 and TbMn6Sn6 and comparable to the highest value
reported for semimetals Co2MnGa (Table I). In contrast to
YMn6Sn6 [31], the magnitude of SA

yz increases as T is raised
from 120 to 300 K [Fig. S4(b) [35]], indicating a significant
contribution from the BC at the Fermi level up to the highest
measured temperature. Figure 5(b) confirms the occurrence of
the topological Nernst effect ST

yz in ScMn6Sn6 at all measured
temperatures. The magnitude of the response is maximum
within the TCS magnetic phase of ScMn6Sn6. The extremes
of the TCS phase are shown by the two black-dashed lines
(note, the lower and upper boundaries were identified using
T = 300 K and T = 120 K magnetization curves, respec-
tively). The TCS phase in this system is also responsible for
the origin of the topological Hall effect as reported by Zhang
et al. [29]. The authors in the paper corroborate the theory put
forward for YMn6Sn6 [21] which states that the noncollinear
TCS phase gives rise to a dynamical nonzero spin chirality
resulting in the deflection of conducting charge carriers and
hence producing superimposed geometrical effects on the Hall
component. As TNE and THE are both present in the TCS
phase of ScMn6Sn6, we believe their emergence is correlated
and they should follow the same theory. Nevertheless, TNE
in the TCS phase is not revealed in YMn6Sn6 [31]. Although
the two compounds YMn6Sn6 and ScMn6Sn6 share similar
magnetic structures and electrical transport properties, the
absence of TNE in YMn6Sn6 suggests that there might be
some subtle differences in the spin configuration of the TCS

TABLE I. Comparison between the magnitude of the Nernst
coefficient at T = 300 K.

Compound SA
yz Ref.

Co2MnGa ∼6 µV K−1 [11]
YMn6Sn6 ∼2 µV K−1 [31]
TbMn6Sn6 2.2 µV K−1 [32,33]
ScMn6Sn6 2.21 µV K−1 This work
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FIG. 5. Anomalous and topological effects. (a) Anomalous
Nernst response (∝M) obtained from the measured Nernst signal
is shown as a function of magnetic field for various temperatures.
(b) Magnetic field dependence of the Nernst signal after subtracting
the ordinary (∝H ) and anomalous response (∝M). Field dependence
of the anomalous (c) and topological (d) Hall contributions to the
total thermal Hall signal at various temperatures.

phase of the two materials which needs further exploration.
The peak seen for μ0H < 2 T [Fig. 5(b)] is probably due
to some mismatch in the critical fields responsible for DS to
TCS magnetic crossovers as seen by two completely differ-
ent measurements, magnetization and thermoelectric transport
(Fig. S5 [35]). Furthermore, below T = 200 K, ST

yz starts to
form a concave downward curvature, and eventually changes
direction for T = 120 K. This T = 200 K coincides with
the temperature where �Szz starts to show unconventional
behavior [Fig. 3(b)], however, we are unable to establish a
common phenomenon for this synchronicity. The change in
sign of ST

yz at lower temperature was observed in Fe3Sn2 as
well.

Likewise, if we consider that similar to electrical Hall
and Nernst thermopower, the total thermal Hall resistivity
λyz can also be written as a sum of normal, anomalous, and
topological components, i.e., λyz = λ0

yz + λA
yz + λT

yz, then we
can extract the values of λA

yz and λT
yz by following the pro-

cedure followed for SA
yz and ST

yz. Here, we assume that at
high fields the phonon contribution to λyz is linear in field
(λ0

yz ∝ H) and λA
yz ∝ M. Figures 5(c) and 5(d) show the field-

dependent obtained values for λA
yz and λT

yz, respectively, at
various temperatures. Surprisingly, a significant amount of
signal for the topological thermal Hall effect is detected for
T = 120–280 K [Fig. 5(d)]. The magnitude of λT

yz becomes
almost negligible at T = 300 K (Fig. S6 [35]). Although there
have been theoretical predictions for the existence of TTHE in
kagome [44] and frustrated antiferromagnets [45], identifying
it through experiments has been a great challenge. Experimen-
tally, TTHE has been previously reported in a skyrmion lattice
system GaV4Se8 [14], a magnetic insulator, below 15 K. It
is theoretically predicted that the motion of the noncollinear
spin textures and magnons are coupled in the presence of a
fictitious electromechanical potential [46,47]. Since the max-
ima of λT

yz are also limited to the TCS phase, this makes us
suspect that in ScMn6Sn6, the nonzero spin chirality in the
TCS phase also deflects the quasiparticlelike magnons which
carry thermal currents along with electrons, resulting in λT

yz.
The exact mechanism responsible for generating TTHE in
ScMn6Sn6 is to be explored in the future.

To get deeper insight about the origin of the anomalous be-
havior in ScMn6Sn6 we compare the temperature evolution of
coefficients obtained from three independent measurements,
electrical, thermal, and thermoelectric, at 7 T, the regime of
the saturated magnetic state. Figure 6(a) shows the tempera-
ture progression of λA

yz, −SA
yz, and ρA

yz at 7 T. Each of these
quantities has been normalized to itself to see the trend more
clearly. Although these transverse coefficients λA

yz, −SA
yz, and

ρA
yz have been acquired separately from thermoelectric, ther-

mal, and electrical measurements, respectively, their response
to increasing temperature remains the same. The magnitude of
all three increases with temperature values from T = 120 to
300 K; this similarity between the coefficients indicates that
these effects have a common origin, the BC of ScMn6Sn6.

Lastly, we define the transverse component of the thermo-
electric tensor, αyz, which allows us to correlate the electrical
and thermoelectric transport properties. For thermoelectric
measurements, the electrical current flowing through the ma-
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FIG. 6. (a) Temperature evolution of the various normalized co-
efficients: λA

yz, −SA
yz, and ρA

yz at 7 T. (b) Thermal dependence of the
anomalous thermoelectric linear response tensor (αA

yz ) and magneti-
zation at 1 T.

terial is zero. In such a situation αyz can be defined as
[11,12,48]

αyz = (Syzσzz + Szzσyz ). (6)

In terms of electrical resistivity the above equation can be
rewritten as

αyz = Syzρzz − Szzρyz

ρzzρyy + ρ2
yz

, (7)

such that αA
yz = SA

yzρzz−Szzρ
A
yz

ρzzρyy+ρ2
yz

. Figure 6(b) displays the tempera-

ture profile of the anomalous coefficient of the thermoelectric
tensor −αA

yz and compares it with the magnetization (M) at
μ0H = 1 T. αA

yz is obtained by extrapolating the slope of

high-field data to the zero-field value (Fig. S7 [35]). For
a conventional ferromagnetic system, it is required that αA

yz
scales with the temperature dependence of the magnetization
[11,49]. In the present case, αA

yz and M do not scale linearly,
however, similar to M the magnitude of αA

yz increases with the
temperature. Moreover, αA

yz vs T of ScMn6Sn6 does not follow
the behavior of αA

yz vs T of YMn6Sn6 [31]. In YMn6Sn6 the
magnitude of αA

yz lowers with higher temperature. We do not
have a clear understanding about the differences in the thermal
dependence of αA

yz in these isostructural compounds. [Note:
The magnitudes of the error bars obtained from the fitting for
the physical quantities (λA

yz, SA
yz, ρ

A
yz, and αA

yz) reported in Fig. 6
are in the order of 10−5–10−6.]

IV. CONCLUSION

In conclusion, we explored the thermal and thermoelectric
properties of ScMn6Sn6. It displays a thermal Hall effect and
Nernst thermopower with a magnitude of 2.21 µV/K anoma-
lous Nernst signal at T = 300 K. A field-dependent study on
ScMn6Sn6 demonstrates the presence of an unconventional
Seebeck thermopower behavior below T = 200 K, which is
not usually observed in magnetic materials. Most importantly,
we revealed that this material not just exhibits a topological
Hall effect [29], but also topological Nernst and topological
thermal Hall effects in the transverse conical spiral magnetic
phase. Both these effects are extremely difficult phenomena
to discern. This makes ScMn6Sn6 a unique and rare example
of a skyrmion-free system which manifests all three topologi-
cal effects: electrical, thermal, and thermoelectric. This study
opens up the possibility to explore these effects in different
materials with chiral spin fluctuations via thermal and ther-
moelectric measurement techniques.
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