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Exchange-biased topological transverse
thermoelectric effects in a Kagome ferrimagnet

13,4
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Kagome metal TbMngSng was recently discovered to be a ferrimagnetic topological Dirac
material by scanning tunneling microscopy/spectroscopy measurements. Here, we report the
observation of large anomalous Nernst effect and anomalous thermal Hall effect in this
compound. The anomalous transverse transport is consistent with the Berry curvature
contribution from the massive Dirac gaps in the 3D momentum space as demonstrated by
our first-principles calculations. Furthermore, the transverse thermoelectric transport exhibits
asymmetry with respect to the applied magnetic field, i.e.,, an exchange-bias behavior.
Together, these features place TbMngSng as a promising system for the outstanding ther-
moelectric performance based on anomalous Nernst effect.
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ARTICLE

he study of topological materials with non-trivial electronic

band topology has led to the prediction and realization of

various topological insulators, metals, and semimetals!~3.
In particular, magnetic topological materials are currently under
intense research efforts owing to a variety of intriguing phe-
nomena stemming from the integration of magnetism and
topological electronic properties, such as quantized anomalous
Hall effect?, axion insulator®, topological Fermi arc, and chiral
anomaly®, etc. Notable examples of single-phase, intrinsic mag-
netic topological materials include the antiferromagnetic Weyl
semimetal in Mn;(Sn/Ge)”® and GdPtBi®10, the anti-
ferromagnetic topological insulator in MnBi,Te 112, the ferro-
magnetic Weyl semimetal in Co3Sn,S,!3, and Co,Mn(Ga,
A1, the ferromagnetic Dirac metal in Fe;Sn,!0-18,

Most of the previous studies of magnetic topological materials
have been focused on the non-trivial band topology, the corre-
sponding surface states, and the intrinsic anomalous Hall effect
(AHE)!°. Charge carriers acquire an ‘anomalous velocity’ arising
from the Berry curvature of electronic bands, which leads to the
anomalous transverse conductivities. Recently, there has been
surging interest in the anomalous Nernst effect (ANE) in mag-
netic topological materials due to the following two merits. From
the scientific viewpoint, the anomalous Nernst coefficient is more
sensitive than the AHE to the Berry curvature near the Fermi
level, serving as a complementary tool in characterizing the Berry
phase distribution in the reciprocal space?%-2!, From the view-
point of technological applications, the ANE-based design allows
for building malleable thermoelectric modules by patterning the
thermopile onto flexible substrates?2-28. This is illustrated by the
schematic shown in Fig. 1a, where magnetic topological materials
with alternating magnetization are patterned next to each other
and electrically connected in series, which can lead to a large
thermoelectric voltage output. However, as the thermopile density
continues to increase, the inherent magnetic stray field generated
by neighboring modules may perturb the magnetization of indi-
vidual modules, reducing the total output voltage?2. One way to

(a)

circumvent this issue is to pin the magnetization of modules,
which can be achieved via the exchange-bias mechanism.
Exchange-bias refers to a phenomenon in which the field-
dependent hysteresis loops of a measured quantity shift along the
applied magnetic field-axis, which has been the most commonly
observed in the magnetization data of heterostructures consisting
of both ferromagnet and antiferromagnet?®. More recently,
exchange-bias phenomenon has also been observed in crystalline
single-phase compounds3?3l. Therefore, identifying materials
hosting both large ANE as well as an exchange-bias feature is an
important next step in realizing such designs.

Here we report comprehensive electrical, thermal, and ther-
moelectric measurements on a ferrimagnetic Kagome metal
TbMngSng. In addition to AHE, we show that TbMngSng exhibits
both large ANE (2.2 uV/K at 300 K) and anomalous thermal Hall
effect (ATHE, 0.12 W/mK at 300 K). Our first-principles calcu-
lations demonstrate that the large Berry curvature of the massive
Dirac gaps in the 3D momentum space leads to the intrinsic
anomalous transverse conductivities. Furthermore, we observe
exchange-bias behavior in the field dependence of all these tra-
verse transport quantities. This study highlights the potential of
utilizing this magnetic topological material as a thermoelectric
module.

Results

TbMneSne belongs to a member of the RMngSng (R = rare earth,
Y, Sc, Lu) series. The manganese atoms in these compounds form
a double-layer Kagome lattice structure, as illustrated in Fig. 1b.
Spins within each Kagome plane are ferromagnetically aligned
while the spin alignment between Kagome planes depends on R
elements3233. The unique Kagome lattice can give rise to flat
bands and Dirac points in the band structure343>, The former
provides an ideal platform for studying strongly correlated phe-
nomena, while the latter is an interesting topological object by its
own right. In particular, TbMnSng stands out as a ferrimagnet

20 40
g <X, pH=0IT X,——> .
8 15 305
EINLE | |0
5 107 ¢ gl 1293
= z 2 £
L 51 %l s =L 110&
Xo 0 300 310 T(K)SZO O >
0 100 200 300
T(K)

a

3
301 M P>

‘TX 8 /E\

: 2
~ : £
g 20}, c
s £
= 15
10 &

0 0

0 50 100 150 200 250 300

T(K)

Fig. 1 Crystal structure, magnetic and longitudinal transport properties of TbMngSng. a An illustration of thermoelectric devices utilizing anomalous
Nernst effect. The color is an indication of magnetization direction for each module (along the z or —z direction), the gray strips represent electric
connections, and the temperature gradient is along the y direction. b Schematic crystal structure of TboMngSng with manganese atoms shown in red, terbium
in black and tin in blue. ¢ Magnetic susceptibility data for TboMngSne. Blue and red curves are the zero-field cooled and field cooled y. data and black curve is
the field cooled y,. The applied magnetic field is 0.1T. d Temperature dependence of the longitudinal thermal conductivity x,, and resistivity p,,.
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with out-of-plane magnetization where Tb moment aligns anti-
ferromagnetically with Mn moment3°. As a result, the electronic
band structure of TbMngSng exhibits spin-polarized Dirac dis-
persion with a Chern gap, as reported in refs. 3738, recently. The
massive Dirac bands near the Fermi energy can give rise to
anomalous electric and heat transport phenomena.

We first present the magnetic susceptibility measurements of
TbMngSng in Fig. 1c. The red solid curve and blue dashed curve
shown here represent the field-cooled (FC) and zero-field-cooled
(ZFC) susceptibility respectively measured along the crystalline
c-axis with 0.1 T magnetic field, and the black solid curve
represents the susceptibility measured along the a-axis. As seen in
the inset of Fig. 1c, there is a substantial decrease of y, above
Ty = 309 K, which is accompanied with a sharp increase of .
This is due to a spin re-orientation process as supported by
neutron diffraction measurements3. Below T, both Tb and Mn
magnetic moments, which are antiferromagnetically coupled to
each other, switch from an in-plane configuration to an out-of-
plane structure. Note that TbMngSns undergoes paramagnetic-to-
ferrimagnetic phase transition at T. =423 K3¢. Interestingly, the
FC and ZFC y (T) curves bifurcate noticeably below 200 K, which
is presumably associated with the presence of slow magnetic
fluctuation, as revealed by pSR recently, that leads to the for-
mation of magnetic domains during the ZFC process®®. As will be
discussed later, such domain formation also gives rise to distinct
hysteresis features in different temperature regions.

Figure 1d plots the temperature dependence of longitudinal
transport coefficients (x,,,p,,) of TbMngSns. The resistivity,
represented by the blue curve, decreases monotonically with
temperature, and the residual resistance ratio is found to be 102.9,
indicating good crystal quality. The thermal conductivity, shown
in red, exhibits a typical broad peak around 30 K, resulting from
the competition between boundary/defect scattering (at low
temperature) and the Umklapp scattering (at high temperature).
The Seebeck coefficient S, as shown in Supplementary Fig. 1 in
the Supplementary Information, linearly decreases with tem-
perature above 160 K followed by a nearly constant feature in
the temperature range between 80 to 160 K. Phonon or magnon
drag process may account for the slow decrease of S, at
low temperature. A similar behavior in Seebeck coefficient has
been observed recently in Weyl semimetals Co,MnGa and
CO3SI’128223’40.

Next, we present the field dependence of transverse transport
coefficients of TbMngSne. The AHE with an intrinsic anomalous
Hall conductivity (ai'jf = 0.14¢*/h per kagome bilayer) has been
observed in TbMn4Sng, which was attributed to the Berry cur-
vature in Dirac bands3’. For completeness, in Fig. 2 we have
included our own field-dependent anomalous Hall conductivity
(ofy) data, together with the anomalous Nernst signal (Sfy /T) and
anomalous thermal Hall conductivity (K;‘y). The sign conversion
of transverse transport measurements and the subtraction of the
normal transverse components of these quantities have been
described in detail in the Supplementary Information (Supple-
mentary Fig. 2, and Supplementary Figs. 3-6). And all these three
quantities measured at various temperatures are intentionally
shifted along the Y-axis by a certain value for clarity. Note that
the thermoelectric and thermal transport measurements were
done in an adiabatic manner (Supplementary Fig. 7). There are
several interesting features worth pointing out. First, the curves of
U;‘y, K;‘y, and $? measured at the same temperature have nearly
identical features, implying that all these anomalous transverse
transport properties stem from the same origin, ie., the Berry
curvature of the electronic bands. This is supported by the the-
oretical calculations as will be discussed latter. Second, the hys-
teresis loops measured above 200 K exhibit very small remanence,

in contrast to the hysteresis loops measured at lower tempera-
tures. The low remanence in hysteresis loops above 200K is
presumably due to the strong magnetic fluctuations, which is
recently revealed by pSR measurements>®. In contrast, magnetic
fluctuations slow down at lower temperatures. Third, interest-
ingly, an exchange-bias feature (i.e., the center of the hysteresis
loop is shifted away from the origin along the field-axis) is
observed in the hysteresis loops of afy, K;?y, and Sfy measured
below 200 K. This exchange-bias behavior will be discussed in
further details later. The exchange-biased ANE observed in
TbMngSng renders it as a promising material for realizing the
proposed thermoelectric devices utilizing ANE.

In Fig. 2d, e, we summarize the temperature dependence of the
anomalous transport coefficients. The blue symbols in Fig. 2d
represent crfy(T) which increases monotonically with the decrease

of temperature. The increase of oﬁy at low temperatures mainly

arises from the enhanced skew scattering (ajc’;  0,,) contribu-
tions. It is unlikely that the side jump (affvy) mechanism has a
major contribution since the electric conductivity (o,,) of
TbMneSng is high and therefore far away from the ‘Localized-
hopping conduction region’!®. To extract the intrinsic anomalous
Hall conductivity ¢”, we assume the total AHE signal is com-
posed of the intrinsic contribution and the extrinsic skew scat-
tering contribution, ie, pj = p;’; + ) = Apy + Bpi.. By
plotting pfy as a function of p, . (Supplementary Fig. 8) and fitting
it to the equation above, the intrinsic anomalous Hall con-
ductivity is extracted to be aﬁgf = 131+20(Qcm) ™", which is in
good agreement with the recent study®’. The extracted ai’)‘f is
smaller than the measured afy, suggesting the extrinsic con-
tribution to 2. The red symbols in Fig. 2d represent the mea-
sured anomalous thermal Hall conductivity normalized to
temperature (;c;‘y /T), which shows a similar behavior to that of
afy(T). Note that the scales of the left and right axes of Fig. 2d are

related by the Lorenz number (L, = 2.44x 1078 V2K™2). Alter-

natively, a plot of L/Ly (L = ngyT) as a function of temperature is
shown in Supplementary Fig. 9. One can clearlX see that the
‘anomalous’ Wiedemann-Franz law (kf, = L,To%)*! is obeyed
for the anomalous transverse transport in TbMngSng within the
measured temperature range. Figure 2e presents the temperature

dependence of the anomalous Nernst coefficient (Sfy). While S

v

monotonically decreases with temperature, it appears that S,
decreases in a faster manner in the higher temperature region
compared to that at lower temperatures. Note that no anomalous
Nernst signal is convincingly observed below 50 K.

To further our understanding of the origin of the anomalous
Hall and thermoelectric conductivity in TbMn4Sng, we performed
density-functional theory (DFT) calculations within the general-
ized gradient approximation (GGA) framework*243, Based on the
calculated electronic structure, we projected the Bloch wave
functions into Wannier functions to construct an effective
Hamiltonian and evaluate the Berry curvature distributions in the
reciprocal space. Figure 3a shows the calculated band structure
and corresponding projected Berry curvature (—Q,)). In all cal-
culations, spin-orbit coupling (SOC) has been taken into account.
The SOC opens a bandgap at Dirac points (K-points) near the
Fermi energy Ep [see an expanded view in Supplementary
Fig. 10], giving rise to large Berry curvature with opposite signs
for the upper and lower bands. In addition to the massive Dirac
points, there are extra Berry curvature contributions for the band
anti-crossing along k,. Figure 3b presents the Berry curvature
distribution in 3D Brillouin zone at Ep. Our results show that
TbMn4Sng is a multi-band system beyond the simple kagome
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Fig. 2 Hysteresis and temperature dependence of transverse transport properties of TbMngSng. Magnetic field dependence of anomalous Hall
conductivity afy (a), anomalous Nernst coefficients scaled by temperature Sfy/T (b), and anomalous thermal Hall conductivity Kﬁ‘y (€) measured at selected
temperatures. d Temperature dependence of anomalous Hall conductivity afy and the thermal Hall conductivity normalized to temperature K’X“y/T. Error
bars were obtained through the fitting methods described in the Supplementary Information. e Temperature dependence of anomalous Nernst coefficient
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Fig. 3 Electronic structure calculation. a Left panel: electronic band structure and the projected Berry phase (—Q, ) for bands near the Fermi energy. The
experimental Fermi energy (Eg, dashed line) is 90 meV lower than the charge-neutral point (zero). b Visualization of Berry curvature distribution in 3D
Brillouin zone at Er. ¢ Calculated intrinsic anomalous Hall conductivity (ofy) as a function of the Fermi energy at zero temperature. d Temperature
dependence of the measured (blue), the calculated (yellow), and the scaled calculated (orange) transverse thermoelectric conductivity normalized by
temperature o, /T.
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model. The massive Dirac points together with other bands
contribute to the AHE.
Using the Kubo-formula approach??, we calculated the intrinsic

value of aﬁgf and the intrinsic transverse thermoelectric conductivity

ocf;‘. Figure 3c shows the calculated ¢™ as a function of energy,
where the Fermi energy Ep is shifted down by 90meV from
the charge-neutral point to optimally fit AHE and ANE. At the
Fermi level, the calculated ai?yt =120 (Qcm) ™", which is in close
agreement with the value extracted from the experimental
results [Supplementary Fig. 8]. Figure 3d plots the comparison
between the calculated anomalous thermoelectric conductivity

normalized to temperature and the experimental results (ocfy /T,

blue dots), the Ilatter of which are obtained using
ocfy = afnyx + axxSfy““. The yellow curve shows the temperature

dependence of oci')'f /T calculated using Kubo formula, oci')'f(T) =
. A ((—u) ¢~ A z 7 :
—£[dt (a( D) (T‘MIBZ (2%5)3 Zen<(‘Qxy(k)’ wherein  f({—p) =

(eis_g + 1) is the Fermi-Dirac distribution function and y is the
chemical potential. We can see that while the calculated o' /T
and the experimental values agree reasonably well at high tem-
perature, they deviate at low temperature with the calculated
values smaller than the experimental results. Such difference is
mainly attributed to the enhanced skew scattering contribution to
oc?y (via a?y) as the system approaches a ‘clean limit’ (increase of
0,.). Similar features have been observed recently in other
topological materials!42223:40, To take into account the effect due
to the enhanced skew scattering, we recall the Mott relation
(a—;y lrmo = — %]j*d;—'? l,)» which states that the magnitude of
ocfy /T is proportional to the derivative of 02 relative to energy at
the Fermi level. As mentioned previously, in addition to 0;’}’,’, U?y
also includes the skew scattering contribution which can lead to
ANE via the Mott relation. Thus, it is reasonable for us to scale
the calculated ocjgf /T value by a temperature-dependent factor

B(T) = fy / 0;’}‘, which is shown by the orange curve in Fig. 3d.
Although this is a coarse estimate of the skew scattering con-
tribution, we can see that indeed the scaled, calculated ﬁ(ng /T
and the experiment values tend to merge at low temperatures.
This feature, together with the closeness between the calculated
"t /T and the experimental ocfy /T at high temperature, indicates
the effects of band structure topology on the transverse thermo-
electric transport properties in TbMngSng.

We now discuss the asymmetric field dependence feature
observed in the transverse transport measurements shown in
Fig. 2a—c. Such a feature is also observed in isothermal magne-
tization measurements conducted under the same experimental
procedure, as shown in Supplementary Fig. 11, which indicates
that magnetism, electronic, and thermal transport properties
intimately correlate with each. To further affirm that the asym-
metric field dependence feature is intrinsic and associated with
the exchange-bias, we have studied both temperature dependence
and cooling field dependence of exchange-biasing field. Figure 4a
and Supplementary Fig. 12 show the M(H) data measured at
various temperatures. For clarity, each magnetization data M(H)
is shifted along the magnetization axis by a certain value. Prior to
each M(H) measurement, the sample was warmed up to 340 K
and then cooled down to the measurement temperature with an
applied field of 0.5 T. It is clearly seen that the shift of the center
of hysteresis loops away from the origin of the field-axis. i.e., the
exchange-biasing field (4,Hgz), emerges below 200K and gra-
dually increases as the temperature decreases, as shown by the
blue symbols presented in Fig. 4c. Figure 4b shows the M(H) data
measured at T= 100K after the sample was cooled down from
340 K with different cooling fields (Hgc). Hgp increases with Hyc

and nearly saturates above 0.6 T, as illustrated in Fig. 4d. And as
shown in Fig. 4e, Hgp switches the sign when the sign of Hgc
reverses. In addition, we also examined the training effect of the
exchange-bias behavior in TbMngSng. The sample was cooled
down from 340 to 100 K with different cooling fields. After each
field cooling, complete M(H) loops were then acquired con-
tinuously for three times without subsequent warming up and
cooling down processes. The obtained M(H) data are shown in
Fig. 4f. Clearly, the sample exhibits prominent training effect with
the exchange-biasing field Hgp value deceasing dramatically upon
repeating the measurements after the first loop cycle, a feature
similar to as observed in heterostructures composed of spin glass
and ferromagnet bilayers?®. Note that the transverse transport
data shown in Fig. 2a-c and the M(H) data shown in Supple-
mentary Fig. 11 were taken after the sample was initially cooled
down to 100K with 1.5T magnetic field but without the sub-
sequent warming up and cooling down processes for the mea-
surements at each temperature. Thus, the resultant y Hp; is
smaller compared to the values shown in Fig. 4a due to the
training effect. All these phenomena presented in Fig. 4b are
characteristic of the exchange-bias behavior, affirming our finding
of exchange-bias feature in single-crystalline TbMngSns.

Discussion

The observation of exchange-bias feature in both magnetization
and transverse transport measurements in TbMngSng is inter-
esting and perplexing. It is worth noting that the dynamic
depolarization rate of the uSR signal in TbMngSng increases
appreciably below 200 K as well, indicating the slowing down of
magnetic fluctuations3. This implies its close correlation with the
observed exchange-bias feature. We have performed DFT calcu-
lations on the exchange interactions in the Mn Kagome lattice
and found that ferromagnetic and antiferromagnetic interlayer
exchange couplings between two nearest-neighboring Mn
kagome planes compete, compared to the dominant intralayer
ferromagnetic coupling (see Supplementary Fig. 13). In addition,
it is known that the interlayer couplings between further neigh-
boring Mn Kagome planes in RMngSng, which are sensitive to the
R element, also compete to determine their overall spin
structures33. We speculate that in TbMneSng, as the magnetic
fluctuations slows down, the competition of interlayer couplings
between Mn spins, together with the antiferromagnetic Tb-Mn
interlayer coupling, may lead to the formation of the cluster spin-
glass state with antiferromagnetic domains embedded in and
coexisting with the bulk ferromagnetic phase of Mn spins. As a
result, the interface between antiferromagnetic domains and
ferromagnetic phase of Mn spins gives rise to exchange-bias
features with asymmetry in the AHE and ANE hysteresis. One
may engineer the exchange-bias by partial substitution on the
rare earth site without affecting the Mn site to tune the interlayer
couplings of Mn spins. The existence of a cluster spin-glass phase
in TbMn¢Sng is evidenced by the ac susceptibility measurements
shown in Supplementary Fig. 14. The exchange-bias feature
between spin-glass and ferromagnet phases was previously dis-
covered, but in the heterostructure form*346.

Finally, we would like to comment on the distinctions and
similarities between TbMngSns and other magnetic topological
materials that show ANE!422:234047-49 " First, it is worth
emphasizing that TbMnsSns exhibits large Berry curvature
mainly due to massive Dirac bands near K points. The K-point
Dirac gap originates from gapping a vertical nodal line along the
K-H direction [see Fig. 3a]. There is another hot spot of Berry
curvature around k, =0.3, which reveals rich topology in the
band structure. In contrast, many other magnetic topological
materials show Berry curvature from Weyl points [e.g., Co3Sn,S,
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Fig. 4 Exchange-bias behavior of TbMngSng. a Magnetization hysteresis loops measured at various temperatures after the sample was cooled down from
340K to the measurement temperature with 0.5 T magnetic field prior to each measurement. b Magnetization hysteresis loops measured at 100 K after
the sample was cooled down from 340 to 100 K with different magnetic field prior to measuring each loop. € Temperature dependence of the exchange-
biasing field uyHgs extracted from (a). Orange dots represent the saturated magnetizations at respective temperatures. d The cooling field (Hgc)

dependence of the exchange-biasing field extracted from (b). e Magnetization hysteresis loops measured at T=100 K with 0.5 and —0.5 T cooling field.
f Magnetization hysteresis loops measured at T=100 K upon repeating the measurements after the sample was cooled down with various cooling fields.
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Fig. 5 A comparison of anomalous Nernst signal between TbMngSng and
other recently discovered topological metals. Data points of materials
other than TbMn¢Sng are adapted from previous studies?2:2340.47-49 The
pink shaded region represents the lower and upper bounds of S, and M for
conventional ferromagnets?2,

and Mn;(Sn,Ge)]?223 or gapped giant nodal rings [e.g,
Co,Mn(Ga,Al), Fe;(Ga,Al)]141548, The Wiedemann-Franz law is
well preserved up to the room temperature for TbMn4Sng, dif-
ferent from magnetic Weyl semimetals Cos3Sn,S, and Mn;Ge
where the Lorenz ratio deviates above 100 K41-°0. This is because
that massive Dirac bands exhibit smoother Berry curvature var-
iation with respect to the Fermi energy, compared to Weyl points.
Second, in Fig. 5 we show a scatter plot of S,, versus M for
different topological magnetic materials. The pink shaded region
represents the lower and upper bounds of S, and M for con-
ventional ferromagnets in which S, tends to be proportional to
M?2, Note that both Mn;Sn and Mn;Ge are antiferromagnets
with very weak canted ferromagnetic moment, and the ANE
signal is determined by the Berry curvature of electron bands and
thus S, does not scale linearly with M?%47. Interestingly, similar

to other topological ferromagnets listed, the S, (M) of TbMneSns
also falls outside the pink shaded region, implying the contribu-
tion of Berry curvature to its ANE signal as supported by the
theoretical calculation presented in Fig. 3c. In addition, while S,

of TbMn4Sng is comparable to or slightly smaller than those of
Fe;Sn,*, Fe;Al*8, Fe;Ga*®, and Co,MnGal449, it has much lower
magnetization compared to others. This is an important aspect,
particularly considering that TbMneSns exhibits the unique
exchange-bias feature described above. As shown in Fig. 4c, M of
TbMngSng is even much smaller than exchange-biasing field
poHpp. Thus, as discussed previously in the introduction, one can
utilize the large exchange-biasing field to circumvent the stray
field interference arising from neighboring thermoelectric mod-
ules that are connected in series. This allows for much larger
integration density of thermopile and improves the device per-
formance with a significantly enhanced Nernst signal.

In summary, we have reported the prominent AHE, ANE, and
ATHE behavior of TbMnsSns which is ferrimagnetic Kagome
metal hosting a Chern gap near the Fermi level. We show that
these anomalous transverse conductivities are associated with
large Berry phase in the reciprocal space. Furthermore, we find
that TbMngSng exhibits an exchange-bias feature in both mag-
netization and transverse conductivity measurements. This,
combined with the large ANE, places TbMngsSng as a promising
system for transverse thermoelectric devices based on the Nernst
effect.

Methods

TbMn,Sng single crystals were grown using the flux method?’. It crystalizes in the
hexagonal structure with a space group P6/mmm (No. 191) with lattice constants
a=b=5522A, c=9.004 A and crystalline angles a = 8 = 90°, y = 120°. Magnetic
susceptibility measurements of TbMneSns were carried out using a Super-
conducting Quantum Interference Device (SQUID) magnetometer. Resistivity and
Hall effect measurements were conducted using a Physical Property Measurement
System (PPMS). Thermal and thermoelectric transport measurements were per-
formed using a homemade sample puck designed to be compatible with the PPMS
cryostat. Type-E thermocouples (Chromel-Constantan) were used for temperature
measurement. The thermoelectric voltage was measured using K2182A Nano-
voltmeters (Keithley). The ‘cold-end’ of the sample is attached to a piece of oxygen-
free high conductivity copper using silver epoxy. A resistive heater (~1kQ) was
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attached to the other end of the sample and the heat current Jo was applied in the
ab plane. The magnetic field was applied along the out-of-plane direction, i.e.,
c-axis. Both the experimental set-up and data processing of the measured trans-
verse coefficients are described in detail in the Supplementary Information.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that supports the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.

Code availability

The theory calculations are performed via standard density-functional theory package,
Vienna Ab initio Simulation Package (VASP, https://www.vasp.at/). The codes that
support the plots and data analysis within this paper are available from the
corresponding author upon reasonable request.
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