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The anomalous Nernst effect generates transverse voltage to the applied thermal gradient in mag-
netically ordered systems. The effect was previously considered excluded in compensated magnetic
materials with collinear ordering. However, in the recently identified class of compensated magnetic
materials, dubbed altermagnets, time-reversal symmetry breaking in the electronic band structure
makes the presence of the anomalous Nernst effect possible despite the collinear spin arrangement.
In this work, we investigate epitaxial MnsSis thin films known to be an altermagnetic candidate.
We show that the material manifests a sizable anomalous Nernst coefficient despite the small net
magnetization of the films. The measured magnitudes of the anomalous Nernst coefficient reach a
scale of microVolts per Kelvin. We support our magneto-thermoelectric measurements by density-
functional theory calculations of the material’s spin-split electronic structure, which allows for the

finite Berry curvature in the reciprocal space.

Furthermore, we present our calculations of the

intrinsic Berry-curvature Nernst conductivity, which agree with our experimental observations.

The anomalous Nernst effect (ANE, see Fig. [Th) was
traditionally considered only in ferromagnetic materi-
als. However, recent studies have shown that it can also
be observed in non-collinear antiferromagnets, such as
Mn3Sn [I] and MngNiN [2]. In these materials, the ANE
can arise from a finite Berry curvature in the momentum
space and is allowed by the symmetry of the atomic po-
sitions and non-collinear spins of the frustrated magnetic
lattice [3HG]. This leads to the presence of a sizable ANE
despite the vanishing net magnetization. The potential
to enhance the ANE response has renewed interest in
this phenomenon both in ferromagnets [7, [§] and anti-
ferromagnets [0 @], with possibilities for its application
in heat harvesting elements or heat flux sensors. Addi-
tionally, the presence of the ANE in a material enables
the use of novel magnetic imaging microscopy techniques
that rely on thermal gradients [I0HI3]. However, the
complex spin arrangement of non-collinear antiferromag-
nets does not support long spin coherence, and the high
ANE magnitude is often observed in noncollinear systems
with heavy elements. In the broad family of compensated
magnets with a robust unfrustrated collinear antiparal-
lel ordering, the ANE was thought to be absent. In this
combined experimental and theoretical work, we demon-
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strate that in the recently identified class of altermagnets
[14, [15], the spontaneous anomalous Nernst effect can be
observed. Our calculations, consistent with experimental
findings, show the spontaneous ANE in altermagnet can-
didate Mnj5Sis thin films, which contain light and abun-
dant elements. Our results suggest a new direction for
observing and utilizing the ANE within the broad family
of collinear compensated magnets.

In the paramagnetic state, MnsSiz crystallizes in a
hexagonal unit cell with the space group P63/mcm.
There are two non-equivalent sites of manganese atoms
in its unit cell: four Mn atoms (Mn1) occupy the Wyckoff
position 4d, whereas the remaining six are at the Wyck-
off position 6g (Mn2) [16], [I7]. Bulk Mn;Sis undergoes
two successive first-order transitions into antiferromag-
netic phases as established by neutron-diffraction exper-
iments [I7HI9]: Below 100 K, the crystal symmetry is
reduced to orthorhombic accompanied by a collinear an-
tiferromagnetic configuration with a symmetry combin-
ing time-reversal and half unit-cell translation. The sec-
ond transition occurs at 60 K when the magnetic order
becomes highly noncollinear and noncoplanar [19].

Due to epitaxial strain at the interface with the sub-
strate, the in-plane lattice parameters of our epitax-
ial MnsSi3z films exhibit no structural transitions, as
evidenced by X-ray diffraction measurements. Conse-
quently, the unit cell remains hexagonal in the tempera-
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FIG. 1. The anomalous Nernst effect in MnsSis. a Schematic illustration of the experiment: A longitudinal temperature
gradient VT induces a spontaneous transverse voltage V. b A cross-section of a typical sample, i.e. substrate / MnSi buffer
layer / MnsSis layer, captured by scanning transmission electron microscopy, including crystal structure models in the left
panel. c¢ Transverse Nernst signal Sy, as a function of applied magnetic field for a sample temperature of 216 K. The figure
also includes the field dependence of the anomalous Hall conductivity for comparison. d Ab initio calculations of the band
structure of MnsSis (the left panel) including the calculated anomalous Nernst conductivities at 58 K and 216 K (the right

panel).

ture range of 10-300 K [20] 21I]. The expected collinear
magnetic order between ~ 80K and ~ 240K is con-
sistent with the density-functional theory calculations
and magnetotransport experiments [20]. This particu-
lar crystal and magnetic structure leads to the breaking
of translation and inversion symmetries while preserving
a rotation symmetry connecting sublattices with oppo-
site spins. These non-relativistic spin symmetries cate-
gorize the material as altermagnetic [I5]. Experimental
evidence further supports the existence of the altermag-
netic phase below the ordering temperature of ~ 240 K in
these films by the measured anomalous Hall effect (AHE)
[20, 22] despite a negligible net remanent magnetization.
The AHE response in Mn5Sis epilayers is spontaneous,
i.e., it is sizable even in the absence of the magnetic field.

It was ascribed to the altermagnetic mechanism of the
time-reversal symmetry breaking in the electronic struc-
ture. The non-relativistic spin-split electronic structure
is anisotropic in the momentum space with the d-wave
symmetry [20]. Lowering the symmetry by the relativis-
tic spin-orbit coupling then allows for a non-zero Berry
curvature in the momentum space. Correspondingly, the
AHE can be detected in measurements of the (0001)-
oriented Mnj5Si3 films, except for the case of the Néel
vector aligned with the [0001]-axis for which the inte-
gral of the Berry curvature vanishes by symmetry, or for
the Néel vector within the (0001)-plane, (2110)-plane or
(0110)-plane for which the Hall vector, if allowed, is con-
strained by symmetry to the (0001)-plane of the thin
film. The ANE, linked to the AHE by the Mott rela-



tion, obeys analogous symmetry requirements, and its
existence is thus allowed.

ANOMALOUS NERNST EFFECT IN MnsSis
FILMS

For our experiments, we use 20nm MnsSi3(0001) films
grown by molecular-beam epitaxy on intrinsic Si(111)
substrates. Fig. [Ip shows a section of our MnsSi3 epi-
layer along its [0001] direction as captured by scanning
transmission electron microscopy (STEM). The STEM
image displays the high quality of our film and its inter-
face, as well as the buffer layer of MnSi, which forms at
the interface after annealing. See Methods and Ref. [21]
for more details about the layer growth and character-
ization. Our samples exhibit the spontaneous AHE, as
shown in Fig. I (black line).

To measure the ANE in our samples, we generate an
in-plane temperature gradient along the [2110] direction
by a macroscopic heater as illustrated in Fig. [2h: The
sample is supported by a plastic block with a resistive
heater on one side and by a brass block on the other side
[23]. The different thermal conductivities of the plas-
tic and brass blocks enhance the temperature gradient
generated by the heater. To detect the thermovoltage
generated in the Mn5Sis layer, we lithographically de-
fined Mns5Si3 strip structures, as shown in the detail of
our design in Extended Data Fig. E1. We detect the
thermovoltage V,, transverse to the gradient direction as
a function of the magnetic field applied along the z-axis
(film’s c-direction) as illustrated in Fig. . An example
of such a field-dependent transverse thermopower S, is
shown in Fig. for a sample average temperature of
216 K. Sy, shows clear hysteretic behaviour and satura-
tion, a signature of the finite ANE in our samples. The
saturation field and coercivity of Sy, match the field de-
pendence of the transverse conductivity oy, shown in the
same panel. The experimental manifestation of ANE is
supported by our ab initio calculations of the anomalous
Nernst conductivity a,,. The energy dependence of oy,
for temperature 58 K and 216 K is shown in Fig. next
to the spin-resolved electronic band structure of alter-
magnetic MnsSis. It reaches the value of 0.25A/(K - m)
at the Fermi energy for 58 K.

A crucial step in quantifying the Nernst coeflicient Sy,
is to determine the temperature gradient in the sample
precisely. To do so, we measure the temperature at two
places on the sample by deposited platinum strips. The
precise spatial temperature distribution is simulated by
the finite-element method in COMSOL MULTIPHYSICS [24],
where we used realistic geometry of our experimental
setup and adjusted the surface heat transfer to fit the
measured sample temperatures. The result is shown as a
colour map in Fig. [2 for the average sample temperature
of 121 K. An example of the temperature gradient pro-
file determined by the simulation is shown in Extended
Data Fig. E1: The temperature gradient is linear in the

central patterned part of the sample and deviates from
the linearity at the edges. The magnitude of the simu-
lated thermal gradient along the z-axis varied between
0.04 K/mm at 58 K and 0.93 K/mm at 216 K.

Fig. @3 presents Sy, measured at four different sam-
ple temperatures between 58 K and 216 K. We take into
account only the odd-in-field part of the Sy, field de-
pendence to remove the effect of the temperature gradi-
ent not being perfectly perpendicular to the lithographic
bars. The figure also features the field dependence of the
transverse conductivity oy, measured on the same sam-
ple at the same temperatures. Both S, and oy, are pre-
sented without the linear-in-field contribution of the or-
dinary Nernst effect and the ordinary Hall effect, respec-
tively. The magnitude of the saturated Sy, is strongly
temperature dependent: It changes from —(3 +2) pV/K
at 58 K to —(0.04 £ 0.01) uV/K at 216 K. In con-
trast, the saturated o,, only slightly decreases from
(10.6+0.1) S/cm to (5.91+0.02) S/cm. We also measured
the field dependence of the Seebeck coefficient S,,. This
allows us to determine the spontaneous Nernst conduc-
tivity o, which varies from oy, = (0.1140.08) A/(K-m)
at 58 K to oy, = (0.015 £ 0.005) A/(K - m) at 216 K.

Our Mnj5Si3 samples show a sizable ANE despite their
small magnetization as illustrated in Fig. 2k: The fig-
ure shows the magnetic-field dependence of the out-
of-plane component of the magnetization measured by
SQUID magnetometry at different temperatures. The
main figure corresponds to the spontaneous magnetiza-
tion of our Mnj;Sis after subtracting the saturating con-
tribution of the substrate and the sample holder. The
raw data of the same measurements are given in the
inset. layer. We present the data without the domi-
nating diamagnetic signal of the silicon substrate. The
data show a clear hysteretic behaviour with the satura-
tion value of (45+20) mup/f.u. at 58 K, which decreases
to (10 + 8) mup/f.u. at 216 K. The field dependence of
the magnetization suggests that the Néel vector reversal
is accompanied by small canting of the magnetic sub-
lattice moments. The observed spontaneous moment of
(20 £ 10) mup/f.u. at 58 K is of the same order as the
value 40mup/f.u. obtained from our ab initio calcula-
tions.

To quantitatively understand the origin of the observed
ANE, we performed first-principles calculations of the
Nernst conductivity c,. The electronic band structure
(left panel in Fig. [Id) shows a large anisotropic spin-
splitting, the hallmark of altermagnets, together with a
spin-mixing induced by spin-orbit coupling. This combi-
nation allows for a finite anomalous Hall conductivity in
Mn;Sis [20] and for a finite ANE. In the right panel of
Fig. [Id, we show the calculated anomalous Nernst con-
ductivity o, for different temperatures as a function of
the chemical potential. The Nernst conductivity calcu-
lations yield 0.25 A/(K - m) for 58 K and 0.12A/(K - m)
for 216 K, which agrees with the order of magnitude de-
termined by the experiment.

Sy shows a complex field-dependence compared to o,
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FIG. 2. Temperature dependence of the anomalous Nernst effect in MnsSiz. a Detailed image of the experimental setup: The
longitudinal temperature gradient in the sample is induced by heating up the sample with a platinum resistive heater. The
colour map of the sample temperature for a particular setting was calculated by a finite-element simulation. b Magnetic-field
dependence of the anomalous Nernst signal Sy, for four average sample temperatures. Each figure shows the anomalous Hall
conductivity measured at the same temperature for comparison. ¢ Dependence of the detected out-of-plane magnetization on
the applied magnetic field for different sample temperatures. The main figure features the spontaneous magnetization of our
Mn;5Sig layers after subtracting a saturating contribution from the substrate, whereas the raw data are given in the inset. In
the presented data, the dominating diamagnetic signal of the silicon substrate has been subtracted.

as illustrated in Fig. 2b: The anomalous Nernst and Hall
dependencies are nearly identical above 170 K, while the
low-temperature Sy, have pronounced sigmoid charac-
ter. This leads us to the hypothesis that the Sy, sig-
nal is composed of at least two competing contributions
with different temperature dependencies. To disentan-
gle them, we analytically describe the low-temperature
sigmoid character of the Sy, curves by an error func-
tion. When the sigmoid contribution is subtracted, only
a spontaneous part of S, prevails with the identical field
dependence as oy;. The analysis is robust in the whole
temperature range, always giving spontaneous S, pro-
portional to oy,. This analysis strategy is illustrated
in Extended Data Fig. E2. The sigmoid contribution
vanishes above 170 K, as quantitatively shown in Ex-
tended Data Fig. E2c. We attribute the spontaneous

component of Sy, to be a direct consequence of the al-
termagnetic spin-split electronic structure of our Mn5Sis
epilayers, analogous to our previous reports of the AHE
in the material [20]. The interpretation of the sigmoid
contribution is less clear. It cannot be attributed to the
Brillouin magnetism which would not be expected up to
100 K. Because it is present only in the lower temperature
range it may be related to the complex low-temperature
magnetic phase of MngSiz [I7HI9] where the topological
Hall effect was reported |20} 25]. However, a systematic
study of the low-temperature sigmoid contribution is be-
yond the scope of this manuscript.

The separation of the spontaneous and sigmoid Sy,
contributions enables us to quantify the temperature de-
pendence of the Sy, coercive field and compare it with
0yz as shown in Fig. . Both signals show the same
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FIG. 3. Decomposition of the anomalous Nernst signal. a
The anomalous Nernst signal measured at 121 K decomposed
into its spontaneous and sigmoid contributions. The anoma-
lous Hall signal is also plotted for comparison. b Tempera-
ture dependence of the coercive field of the spontaneous ANE
contribution together with the respective dependence for the
AHE.

increasing temperature dependence of coercivity. In a
ferromagnet, the common expectation is that the coer-
cive (reorientation) field decreases with increasing tem-
perature, usually because of the decreasing magnetocrys-
talline anisotropy [26, 27]. The situation in compen-
sated magnetic materials is, however, more complex:
for example, the observed increase of the reorientation
(spin-flop) field in collinear MnFy was ascribed to its
temperature-dependent and anisotropic response to the
applied magnetic field [28]. In our Mn;Siz thin films,
however, we do not observe any reorientation transition
in the reachable magnetic field (see Fig. ) Instead,
we expect that the hysteresis in the Néel vector rever-
sal originates from the competition of the magnetocrys-
talline anisotropy and the Dzyaloshinskii-Moriya interac-
tion. These effects have generally different temperature
dependencies, which can result in an increasing coerciv-
ity with temperature. The temperature dependence of
the magnetocrystalline anisotropy may be affected by the
complex temperature dependence of the lattice parame-
ters [20].

DISCUSSION

We have demonstrated a significant and spontaneous
ANE in an altermagnetic candidate composed of light
elements. Fig. [ presents a comparison of the ANE co-
efficients observed in various magnetic compounds de-
pending on their magnetization per formula unit, includ-
ing ferromagnets (hollow circles), non-collinear antifer-
romagnets (full circles), and our altermagnetic Mnj;Sis
(crossed circle). Our material showcases ANE values
comparable to those of other materials, despite having
vanishing magnetization, collinear magnetic order, and
being constituted of light elements.

Although we observe finite but small saturation mag-
netization of 45 mup /f.u., let us emphasise that it is not
the prime source of AHE and ANE as shown by the first-
principles calculations. Instead, the AHE and ANE are
dominated by the strong altermagnetic breaking of the
time-reversal symmetry in the electronic structure in the
absence of a net magnetization, combined with the rela-
tivistic spin-orbit coupling. An absence of a correlation
between the atomic mass and the ANE is highlighted in
Fig. [ where the symbols’ size linearly decreases with
the highest atomic number of the compound (the largest
symbols represent the lightest elements). This observa-
tion highlights the importance of not limiting the search
for high ANE performance materials solely to heavy ele-
ments. Additionally, we note that, unlike many materials
listed in Fig. [4 our Mn5Sis is in thin film form, which
often reduces the ANE magnitude. Therefore, we an-
ticipate that higher ANE values could be discovered in
altermagnetic bulks.

CONCLUSION

In summary, we provide experimental evidence that
altermagnetic materials can host a spontaneous ANE de-
spite their collinear magnetic order and vanishing net
magnetization, and without the need of heavy elements.
We demonstrate a sizable anomalous Nernst coefficient
in the altermagnetic candidate MnsSiz in the form of

epitaxial thin layers. The effect reaches Sy, = —(3 £
2) uV /K and spontaneous ay, = (0.11 £0.08) A/(K - m)
at 58 K, and drops to Sy, = —(0.04 £ 0.01) uV/K

and spontaneous oy, = (0.015 & 0.005)A/(K - m) at
216 K. The Nernst effect measurements are supported by
our first-principles calculations of the Mn5Sisz electronic
band structure and the Nernst conductivity, which yield
ayy =0.25A/(K-m) at 58 K.

By experimentally demonstrating the ANE in the
collinear altermagnets, we introduce a new category of
compensated magnetic materials for exploring the ANE.
This expands the field beyond the more complex non-
collinear magnetic structures or materials with heavy el-
ements, marking a significant broadening of the scope for
the ANE research. The search for materials with high
and robust ANE magnitude is one of the key challenges
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for fully exploiting their application potential.

METHODS

a. Sample preparation The MnsSisz thin films were
grown by molecular beam epitaxy (MBE) in an ultra-
high vacuum system with a base pressure better than
2-10~7 Pa. Elemental Mn and Si were flux matched in a
5 : 3 ratio using a quartz microbalance and co-deposited
on the intrinsic Si(111) substrate (R > 100002 - cm)
heated to 170°C. The films were subsequently an-
nealed up to ~ 300°C, the temperature for which a
clear (v/3 x v/3)R30° reconstruction is observed on the
RHEED pattern. Ex situ X-ray diffraction (XRD) using
a high brilliance rotating anode showed a good crystalline
quality of the Mn5Siz(0001) thin films whose growth was
promoted by the formation of a thin MnSi(111). A more
detailed description of the growth process can be found
in [21].

For the measurement of the anomalous Nernst effect,
we used optical lithography and argon ion beam etch-
ing to pattern our Mnj5Sis layers into two distinct litho-
graphic designs illustrated in the Extended Data Fig. E1.
The platinum thermometers of ~ 50 nm thickness were
deposited by magnetron sputtering.

b. Magnetometry measurements Magnetic charac-
terization of our MnsSiz thin films was carried out using
a SQUID MPMS XL 5.0 magnetometer. The as-grown
sample was cleaned with acetone, alcohol, and DI wa-
ter, before measurement and mounted with two dots of

glue (X60) on a sample holder made of two quartz cap-
illaries. Field-dependent magnetization was measured at
different temperatures for magnetic field strengths rang-
ing from +4T applied along the film normal. The sig-
nal is dominated by the diamagnetism of the silicon sub-
strate, which accounts for 96 % of the signal at 4 T. After
eliminating the linear-in-field diamagnetic contribution,
the magnetic response contains two components: a non-
hysteretic part linked to the substrate and sample holder
and a hysteretic part that we attribute to the MnsSis
film, due to a canting of the moments of the two sublat-
tices.

c. High-resolution scanning transmission electron mi-
croscopy imaging and lamellae preparation The cross-
sectional lamellae of selected samples were prepared by
Focused Ion Beam (FIB) (Helios 5 UX from Thermo
Fisher Scientific) using AutoTEM 5 software (Thermo
Scientific, the Netherlands) at ScopeM, ETH Zurich. A
protective carbon layer was deposited on the selected re-
gion of interest first by an electron beam (2 KV, 13 nA)
and subsequently by an ion beam (30 kV, 1.2 nA). The
chuck milling and lamellae thinning were done at 30 kV
with FIB current from 9 nA to 90 pA. Finally, the lamel-
lae were polished at 5 KV (17 pA) and finished at 2 kV
(12 pA). The expected thickness was below 50 nm. The
samples were kept in vacuum between the FIB and TEM
measurements (except for loading and unloading).

The STEM images were acquired with a JEOL
ARM200F cold field emission gun scanning transmission
electron microscope located at the Binnig and Rohrer
Nanotechnology Center Noise-free laboratories at IBM



Research Europe. The images were acquired at 200 kV
and were further processed using FIJI - Fiji is just Im-
ageJ freeware [38]. The FFT pattern of the images was
masked by a circular aperture. After masking, a constant
threshold was subtracted before performing an inverse
FFT of the spectra to remove the background between
the high-intensity spots corresponding to Bragg peaks.
In selected images, the contrast was normalized by the
contrast normalization plugin for better visualisation of
lighter elements.

d. Density-functional theory calculations We calcu-
lated the electronic structure of MnsSiz (space group
P63/mem, No. 193) in the pseudo-potential DFT code
Vienna Ab initio Simulation Package (VASP) [39] within
Perdew—Burke-Ernzerhof (PBE) + SOC generalized gra-
dient approximation (GGA) [40H42). The lattice con-
stants for the hexagonal unit cell containing two formula
units (fu.) are a = b = 6.901A and ¢ = 4.795A
consistent with the experimental values reported in Refs.
[20, 21]. We switched off symmetrization and converged
the self-consistent calculations on a 9 x 9 x 12 k-point
grid using an energy cutoff of 520 eV, energy convergence
criterion of 0.5 x 1078 eV and the tetrahedron smearing
method with Blochl corrections and smearing parame-
ter 0.1 eV. The converged ground state has Fermi en-
ergy 9.945 eV and a total magnetization of 40 mupg/f.u.,
where pp is the Bohr magneton. We plotted the spin-
resolved electronic band structure (left panel in Fig. [I)
using the PyProcar Python library for electronic struc-
ture pre/post-processing [43].

To calculate the anomalous Nernst conductivity (ANC;
right panel in Fig. ) from our DFT results, we ini-
tially obtained the Wannier functions of MnsSis using
the Wannier90 code [44]. Then, we incorporated these
Wannier functions on the WannierBerri python library
[45] using a 26 x 26 x 30 k-point grid and a Fermi-Dirac
smoother with smearing parameter 0.86 meV to evaluate
the quantities reliant on the Berry curvature [40]

w0 )
Qyz(k) =1 [(%x <Unk Tky unk>
0 0
_Tky <unk Tkgg Unk>] y (1)

where k = (kz, ky, k) is the crystal momentum and |u,k)
is the periodic part of the Bloch state with band index n.
Finally, we obtained the ANC for temperature T =1 K
via the Mott relation valid in the low-temperature limit
i

72 k3T dk . Of (Enxs 1)
ayic(,u) ~ ? e zn:/BZ (2W)3Qy;c(k)Tnkv (2)

where e is the electron elementary charge, p is the
chemical potential, €,k are the energy eigenvalues and
f(e,p) = {1+exp(e — p) /kpT]} " is the Fermi-Dirac
distribution with kp the Boltzmann constant. The inte-
gration runs over the whole Brillouin zone (BZ).

For the ANC at higher temperatures, we first obtained
the anomalous Hall conductivity (AHC) at T'= 0 K [40]

M@= -5 Y [ ratkeE -, ©)

where ©(x) is the Heaviside function. Then, we used our
AHC results - consistent with the calculations previously
reported in Ref. [20] - to obtain the ANC via the Mott
relation [47H51]

apulp) = =1 [0 2 gy

At low temperatures, Eq.

2 k2T do, . .
e ZZ“, which we used to verify our results for

7=1K obtained from Eq. .

We test our Nernst conductivity calculations on iron.
For iron at 300 K, we obtain oy, = —0.31A/(K - m)
which is in very good agreement with the experimental
observation of ay, ~ —0.5A/(K - m) [52].

e. Magnetotransport measurements The transport
experiments were conducted in an Oxford Instruments
Integra AC cryostat equipped with a 3D superconduct-
ing magnet. The temperature gradient in the sample was
generated by an external heater as illustrated in Fig. [2h.
As a heater, we used the platinum resistor Pt2000. The
applied heating power ranged from 0.2 to 2 W. The sam-
ple temperature was detected by two on-chip platinum
strips located on the opposite ends of the sample with re-
spect to the applied in-plane temperature gradient. We
calibrated the resistance of the platinum thermometers
by a slow cool-down of the sample. The transverse Nernst
voltage was detected by Keithley Nanovoltmeters 2182A.
The Nernst coefficient S, was determined from the mea-
sured voltage V,, and the simulated temperature gradient
z-component (VT), as: Sy, =V, /(- (VT),) where [ is
the length of the transverse MnsSis contact. The main
contribution to the error of the Sy, is the determination
of the temperature gradient, which we determine with
the absolute error of 0.02 K/mm.

To evaluate the magnetic field dependence of Sy, we
only consider its odd-in-field component and subtract the
linear-in-field contribution of the ordinary Nernst effect.
An example of the data processing, including the raw
data, is shown in Extended Data Fig. E2a. We suppose
that the strong even-in-field contribution corresponds to
the magneto-Seebeck effect arising due to the misalign-
ment of contact bonds.

We determined the Nernst conductivity oy, via the
relation

(4) reduces to ay, =

ayI:JII'SyI‘i’O—yr'Smm, (5)

where S, is the Seebeck coefficient and o, is longitu-
dinal conductivity [5I]. The latter two quantities were
measured at a separate sample with a lithographically
patterned Hall bar (see Extended Data Fig. Elb). Sy,
was determined in the same experimental geometry as



Sey, i-e. in the elevated configuration illustrated in Fig.
[2h. The measured field-dependencies of Sy, and o, are
shown in Extended Data Fig. E3a. We present the oy,
field dependencies at different temperatures in Extended
Data Fig. E3b.

f- Finite-element simulations of temperature distribu-
tion We simulated the distribution of the temperature
in our sample by the finite-element method (FEM) in
COMSOL MULTIPHYSICS [24]. We used realistic simula-
tion geometry illustrated in Fig. [2h, which precisely re-
flects our experimental setup, including the chip carrier,
the acrylonitrile styrene acrylate (ASA) and brass blocks,
the platinum heater (in an alumina ceramic package), as
well as the sample itself. The bonding wires were also
taken into account. The simulation was performed us-
ing material-specific physical parameters as illustrated
in Tab. [[] showing the used thermal conductivity and
heat capacity values. For certain materials, we used
temperature-dependent material properties.

material Cp(Jkg™ 'K k(WK *m™1)
silicon *153] *154]
brass 380 40
ASA 1300 0.17
GE varnish 983 *155]
aluminium 900 238
alumina ceramics 730 23

TABLE I. Values of heat capacity at constant pressure C)
and thermal conductivity x used for the finite-element mod-
elling of the temperature gradient. For values marked by an
asterisk, we used temperature-dependent C), or k.

Our FEM model includes the heat equation with the

mixed boundary condition of the constant temperature
at the interfaces in contact with the chip carrier and con-
stant heat flux elsewhere. The heat transfer coefficient is
a fitting parameter of our model that we adjust to reach
the temperatures experimentally observed on the on-chip
platinum thermometers. The coefficient is temperature-
dependent and increases from 26 W/(m? - K) at 58 K to
89W/(m? - K) at 216 K. The sample heating is simu-
lated via the Joule heating by the charge current in the
platinum heater.

As illustrated in the Extended Data Fig. la,
the simulated temperature gradient is linear in the
measurement area of the sample, where it reaches
—9T/0x = 0.04K/mm for the sample temperature of
58 K, 0.34K/mm for 121 K, 0.74K/mm for 176 K,
0.93K/mm 216 K. Outside the measurement area, the
temperature gradient is not monotonous and gains a fi-
nite out-of-plane component.
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