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Recent studies on quantum transport in metals have revealed that a gauge field acting on the electron
wavefunction yields a peculiar Hall or Nernst effect. When topologically nontrivial spin textures are present,
a gauge field appears in real space and affects the electron transport. However, the understanding of the Nernst
effect emerging from a real-space gauge field (topological Nernst effect) remains qualitative, and moreover,
the influence of thermal fluctuations has been elusive. Here, we report a pronounced temperature-dependent
topological Nernst effect in the metastable skyrmion lattice in MnSi. Our density functional theory, assuming
a temperature-independent gauge field, is successful in an order-of-magnitude estimate of the Nernst signal,
whereas the experimental values decrease more significantly with increasing temperature. A similar tendency
is observed for the topological Hall effect, thus indicating that pronounced suppression of the real-space gauge
field is crucial for the quantitative understanding of the quantum transport induced by topological spin textures

at finite temperatures.
DOI: 10.1103/PhysRevB.106.214425

I. INTRODUCTION

Recent developments in the Berry phase formalism have
revealed a key role of the momentum-space gauge field in un-
derstanding transverse electron transport perpendicular to an
applied electric field or thermal gradient in metals with broken
time-reversal symmetry [1]. When an electron moves in crys-
tal momentum space with constraints on the electronic band
structure, it feels a gauge field and acquires a Berry phase
depending on its trajectory. Such phase acquisition causes
transverse motion of conduction electrons, experimentally
manifested in the anomalous Hall and Nernst effects (AHE
and ANE, respectively) [1-9]. Analogous Berry phase acqui-
sition may also occur when an electron moves in a topological
spin texture matrix with net scalar spin chirality [10-19]. In
this case, a gauge field may arise in real space due to the
constraint that the conduction electron spin is aligned with
the spatially slowly varying local spins, a condition often
referred to as the adiabatic limit. In fact, in materials host-
ing magnetic skyrmions, a topologically nontrivial magnetic
texture [Fig. 1(a)], peculiar Hall and Nernst effects were
experimentally demonstrated in a magnetic skyrmion lattice
(SKL) phase [10-19]. These Hall and Nernst effects are often
called the topological Hall effect (THE) and the topological
Nernst effect (TNE).

When the THE was first discovered, its understanding was
phenomenological [10], but it was later supported micro-
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scopically by density functional theory (DFT) calculations
for the skyrmion-hosting chiral magnet MnSi [13], which
exhibits a SkL. with moderately long magnetic periodicity,
Am ~ 19 nm [20]. To be more specific, however, because
DFT calculation for the SKL phase requires impractically high
numerical cost, the microscopic approach in the literature
was still based on some approximation; namely, it considered
the electronic band structure of the ferromagnetic state, in-
stead of the SKL phase, and then calculated the spin-resolved
Hall effect under the influence of the effective gauge field.
Although this microscopic approach was successful in repro-
ducing the magnitude and the doping dependence of the THE
for Mn;_4Fe,Si in the ground state [13], it is important to test
whether the same framework can capture other topological
transport phenomena, such as the TNE. However, in MnSi,
the TNE has never been reported, and as a matter of fact,
no microscopic description based on the spin-resolved band
structure has been attempted for a TNE in any skyrmion-
hosting material. Thus, observing the TNE as well as the
THE in MnSi and comparing the results with DFT calculation
would be a stringent test for the microscopic understanding of
the topological transport phenomena. Another advanced issue,
the effect of thermal fluctuations on the real-space gauge field,
remains poorly understood. For stoichiometric MnSi under
pressure, for instance, the magnitude of the THE is sensitive to
temperature [12—14], but such a finite-temperature effect has
not been well explained from DFT calculations. Moreover, it
is also unclear whether such pronounced temperature depen-
dence is specific to the THE or common to the TNE.

In this paper, targeting MnSi, we aim to observe the
TNE of a skyrmion host in a wide-temperature range and to

©2022 American Physical Society


https://orcid.org/0000-0001-6866-7774
https://orcid.org/0000-0002-1780-1619
https://orcid.org/0000-0003-1896-699X
https://orcid.org/0000-0002-2732-4983
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.214425&domain=pdf&date_stamp=2022-12-21
https://doi.org/10.1103/PhysRevB.106.214425

H. OIKE et al.

PHYSICAL REVIEW B 106, 214425 (2022)

t .t
bt e at g
* 7 w ® f
’* L3 %) ¢ .. ’
) &
(b) 1.2
[ MnSi = Magnetization
10k A P (d)
Y Py
E osl Ferro. ¢S,
g ‘—-ll-.._i__..\.\ ~
5 06[ Conical "=, Equilibrium | ¥
] ‘. SkL| oz
c v ' \ =
& 04l L \‘ UJ?
= Metastable i
o2k SkL A A!.
v._ % 8% __v_ __ 1 3
I Helical i Para.
(o)) SE—— | I I i B
0 10 20 30 40

Temperature (K)

T=10K
Current pulse
10 Current pulse
I A S
-20 L. P IR R .
-1.0 -0.5 0.0 0.5 1.0
Magnetic field (T)
0.3
F - T=10K
0.2 \l
0.1 r?jsrent pulse
0.0
01 Current pulse
-0.2 _— A
-0.3 T R B S T P R T T S T
-1.0 -0.5 0.0 0.5 1.0

Magnetic field (T)

FIG. 1. Large Nernst effect emerging from a metastable skyrmion lattice. (a) Schematic representation of a magnetic skyrmion. (b) Mag-
netic phase diagram of MnSi. The temperature field region, in which the thermal-quenching-induced metastable skyrmion lattice (SkL) can
persist with a prolonged lifetime, is also shown. [(c),(d)] Magnetic-field dependence of Hall (c) and Nernst (d) signals with/without creating a
metastable SKL. Blue curves are the data measured before application of the SkL-creating current pulse to the specimen, whereas the red and
black curves are those after the pulses applied at 0.225 T and —0.225 T, respectively.

establish a quantitative description of the TNE in terms of
DFT calculations. In contrast to a previous study [21] that
reported the absence of a TNE in a thermodynamically stable
SkL phase emergent at 27-29 K, the present study focuses
on a metastable SkL that can persist below 23 K down to the
lowest temperature [14,22] [Fig. 1(b)]. There are three advan-
tages to studying the metastable SkL. First, the THE signal
accompanying the metastable SkL at the lowest temperature
is one order of magnitude larger than that accompanying the
thermodynamically stable SkL at 27-29 K [14]; therefore, one
can expect a large TNE signal for the metastable SkL. Second,
one can choose to either create or not create the metastable
SkL, potentially leading to ON/OFF tunability of the TNE.
As described in the literature [14], on-demand creation of the
metastable SkL is possible by performing thermal quenching
under 0.20-0.24 T from a high temperature above 29 K to a
low temperature. Such thermal quenching is implemented in
practice by applying an intense electric current pulse followed
by rapid thermal diffusion [14,23]. Third, the temperature
range in that the metastable SKL can exist is wide (0-23 K),
thus facilitating the systematic study on the finite temperature
effect, which is unknown for the TNE. In this study, we
took care to eliminate a potential impact of the experimental
procedures on the transport results and therefore performed
the Nernst and Hall measurements with the same sample and
configuration.

II. RESULTS AND DISCUSSIONS

A. Topological Nernst and Hall effects

A main finding of this study is that a topological Nernst sig-
nal accompanies the thermal-quenching-induced metastable
SkL with overall behavior quite similar to that of the topo-
logical Hall resistivity ,o;r,fIE [Figs. 1(c) and 1(d)]. Here, let
us focus on the Nernst behavior [Fig. 1(d)] S,y at a low
temperature, 10 K, for clarity. The key characteristics are
summarized as follows: (i) Without thermal quenching, the
SkL. does not appear in magnetic field sweeps, and only a
vanishingly small Nernst signal, ~ 0.0 uV K~!, is observed
[blue curve in Fig. 1(d)], which is ascribed to the sum of
anomalous and ordinary Nernst effects; (ii) after applying a
current pulse under 0.225 T, a relatively large Nernst signal,
—0.21 uV K~!, emerges as a result of phase conversion, per-
haps partial, from a thermodynamically stable conical phase
to the metastable SkL; and (iii) the metastable SkL created at
0.225 T (—0.225) is robust against a subsequent field sweep
in the range 0.2-0.4 T (—0.4——0.2 T), whereas outside this
range, it relaxes into topologically trivial magnetic phases,
thus resulting in the disappearance of the Nernst signal [red
and black curves in Fig. 1(d)]. These observations demon-
strate that this Nernst signal, unique to the metastable SkL, is
identified as the TNE. Our measurements are also successful
in detecting a possible TNE signal even for the thermodynam-
ically stable SkL phase at 28 K; however, the magnitude is far
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FIG. 2. Temperature dependence of the Nernst and Hall effects emerging from the metastable skyrmion lattice. [(a)—(c)] Nernst signal S,
(a), Hall resistivity p,. (b), and Nernst conductivity divided by temperature o, /7T (c) in the presence/absence of the metastable skyrmion
lattice (SkL). Blue curves are the data measured before application of the SkL-creating current pulse to the specimen, whereas the red curves
are those after. The temperature dependencies below 21 K shown in blue or red represent the transport coefficients in the absence or presence
of the metastable SkL, respectively. The collapse of the metastable SkLL with time is negligible below 21 K, whereas the agreement of the
two curves (blue and red) above 23 K is due to collapse of the metastable SkL. [(d)—(f)] Nernst signal (d), Hall resistivity (e), and Nernst

conductivity divided by temperature (f) hosted by the metastable SkL.

smaller, &~ — 0.035 uV K~! (Fig. S1 in the Supplemental Ma-
terial [23]), suggesting a pronounced temperature dependence
of the TNE.

To address the temperature (7') dependence in more de-
tail, comparing S,,—7 profiles with and without the SKL is
helpful. This approach becomes possible by exploiting the
ON/OFF tunability of the metastable SkL. Figure 2(a) dis-
plays Sxy—T profiles recorded with increasing temperature and
a magnetic field of 0.225 T, with and without performing
thermal quenching, as represented by red and blue symbols,
respectively. The two Sxy—T curves are largely different, al-
though the Sxx—T profile varies little with the presence or
absence of thermal quenching (Fig. S2 in the Supplemental
Material [23]). Note that, whereas the blue curve tracks the
magnetic phases of the thermal equilibrium phase diagram in
the absence of the metastable SkL, the red curve is observed
in the presence of the metastable SkL up to 23 K. Such
cooling-history-dependent behaviors are also observed in the
pyx—T profiles [Fig. 2(b)]. The temperature dependencies of
the TNE and THE accompanying the metastable SkL is thus
derived by subtracting the blue curve from the red curve,
as shown in Figs. 2(d) and 2(e), respectively. Although the
metastable SKL starts to relax with time into the conical state
when the sample temperature reaches 23 K, such a change is
negligible below 21 K because of the prolonged lifetime of the

metastable SKL (3> 10° s) [14]. We thus observe a TNE with
a pronounced temperature dependence; its extremal value is
~ —0.28 uV K~ !at7 K.

Having established the TNE in MnSi and aiming to com-
pare our data to theoretical calculations, we hereafter consider
a more intrinsic quantity describing a transverse thermo-
electric response, that is, the Nernst conductivity divided
by temperature oy /7T, where oy is given as oxy = 0xxSxy
+ 0xySxx. Thus, we present the transverse thermoelectric
response in terms of ayy /T in Fig. 2(c), from which the con-
tribution of the metastable SKL to oy, /T (denoted as anyE /T)
is derived, as shown in Fig. 2(f). The a,y,/T profile in the
presence of the metastable SkL [red curve in Fig. 2(c)] is
dominated by r{;"/T . Its value continuously increases with

decreasing temperature and exceeds 1 A K2 m~! at 5 K
[Fig. 2(f)]. To the best of the authors’ knowledge, this is the
largest value of ayy /T ever found in magnetic materials.
Comparing the present observations with the ayy /T val-
ues for other representative magnets [2,4,5,7-9,17,18,21], as
shown in Fig. 3, is instructive. Co3Sn,S,, the previous record
holder regarding magnetic ayy, /T, is a ferromagnetic Weyl
semimetal, for which DFT calculation demonstrates a gi-
ant ANE originating from the momentum-space gauge field
accompanying Weyl points in the electronic structure [7].
Both Gd,PdSi; and MnGe host a topological magnetic
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FIG. 3. Comparison of the large Nernst conductivity a,,/T
driven by magnetic order for various materials reported in the litera-
ture. Green shading indicates an anomalous Nernst response emerg-
ing from the momentum-space gauge field [2,4,5,7-9], whereas
red shading is the value observed for materials hosting topological
magnetic textures [17,18,21]. The equi.-SkL denotes the thermal
equilibrium skyrmion lattice emergent at 27 — 29 K, whereas the
meta.-SkL denotes the metastable skyrmion lattice that can persist
below 23 K down to the lowest temperature.

texture with a relatively short period of A, & 3 nm [19,24];
Gd,PdSij is a skyrmion-hosting material similar to MnSi [19],
whereas MnGe hosts a three-dimensional spin hedgehog crys-
tal [24]. In these topological magnets, however, a DFT-based
microscopic understanding of the THE and TNE has not
been attempted, and thus, whether either the real-space or
momentum-space gauge field plays a major role in the emer-
gent transverse motion of conduction electrons remains to be
determined.

B. DFT calculation

Below, we show how the oy, /T observed in MnSi can be
explained microscopically. When considering the real-space
gauge field, the adiabatic approximation is often adopted;
that is, the associated emergent effective magnetic field Bes
is given as (g)/(‘/Tg)nfn) for the triangular SkL [12,13], and
electrons with majority and minority spins (denoted by 1 and
1, respectively) feel B.g of opposite sign, causing the trans-
verse motions schematically illustrated in Figs. 4(a) and 4(b).
In the literature, the magnitude of ,oTHE in Mn,_,Fe,Si was
successfully explained with a DFT calculation on the basis of
the emergent effective magnetic field in conjunction with the
transport coefficients of the collinear ferromagnetic state [13].
To be more specific, the THE was found to be reproduced by
the sum of the spin-resolved ordinary Hall effects (OHEs) as

o =00 (Beir) + o0 Y (—Begr). €5)
Through the present combination of theory and experiment,
we aim to clarify whether the experimental TNE can be re-
produced by applying the Mott relation to the DFT-calculated

energy (¢) dependence of cr HE (¢, Begr),
OéEyNE B ONE T (er, Ber) + OlONE ¥ (ep, —Befr)
T T
kg 8(0°HE (e, Begr) + GOHE (e, —Betr))
T 3e de

€F

2k} 30THE(6 Beft)

T 3 de @

€F

where kg and e (> 0) represent the Boltzmann constant
and the elementary charge, respectively. Notably, DFT cal-
culations tend to overestimate electron bandwidths in real
materials, and the experimental effective mass in MnSi was
found to be 5.0 £ 1.2 times larger than the effective mass
calculated from DFT [25-27], probably due to strong electron
correlation. To compare the calculations and experiments, we
therefore renormalize the band energies by a factor of five (see
the Supplemental Material [23])

From DFT calculations, o}, /7;(¢) and O'OHE S /Bty(€)? for
the collinear ferromagnetic state are obtalned as scattering-
independent electronic structure properties (Fig. S3 in the
Supplemental Material [23]), where t7,(¢) (s = 1 or |)
is the spin- and energy-dependent relaxation time regard-
ing the crystal momentum. Based on the assumption that
7,(€) o« 1/D;(€), as in a previous study [13], the experimental
oxx(T) values (Fig. S2 in the Supplemental Material [23])
were used to obtain t,(e, T) [23]. The calculated results of

o3¢, B)/B at the lowest temperature, 5 K, are shown

in Fig. 4(c). Then, aONES(e B)/TB at 5 K is derived by
assuming the Mott relatlon as shown in Fig. 4(d); in this
procedure, the energy derivative is increased by the mass
enhancement factor [23,28]. For clarity, the properties for
€ = ¢r are displayed in Figs. 4(e) and 4(f), in which we sub-
stitute Beir = 10.5 T for the metastable Sk with periodicity
~ 22 nm [22]. When calculating the THE [Fig. 4(e)],
OHE T(ep, Best) and UOHE ¥ (€p, — Bt ) exhibit opposite signs,
so ny E(ep, Begr) is observed as the remnant of the two
competing contributions: its calculated value, —790£240
Q' cm™!, is on the same order as the experimental value, ~
—850 Q! cm™! (Fig. S2 in the Supplemental Material [23]).
Regarding the TNE [Fig. 4(f)], in contrast, aONE (g, Bett)/T

and aONE V(ep, —Best)/T exhibit the same sign and thus ad-
dltlvely contribute to o (e, Beir)/T, hence, giving rise to
the giant TNE in MnSi. The calculated aTNE(eF, Beit)/T at

the base temperature is —0.3440.11 A K~2 m~!, successfully
matching the order of magnitude observed in the experiment,
~—1AK?m™.

C. Finite temperature effect

Having the success of the quantitative reproduction of the
experimental value at the lowest temperature, we also perform
the above procedure for other temperatures to gain insight into
the pronounced reduction of o)\ /T at elevated temperatures.
The calculated results are shown in Fig. 5(a), together with the
experimental data. Within the temperature range under con-

sideration, the calculated results always have the same order
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FIG. 4. Estimation of the spin-resolved Nernst conductivity based on first-principles calculations. [(a),(b)] Schematic trajectories of
positively charged particles with majority spin (a) and minority spin (b) passing through a skyrmion texture (left), and corresponding trajectories
under the emergent effective magnetic field (right). The arrows represent magnetic moments. The charged particle with majority (minority)
spin feels the effective magnetic field in the same (opposite) direction as the applied magnetic field B(|| z). [(c),(d)] Calculated energy
dependence of the spin-resolved ordinary Hall conductivity (c) and ordinary Nernst conductivity divided by temperature (d) in the hypothetical
ferromagnetic state. Both values are normalized by the applied magnetic field. [(e),(f)] Evaluated values of the topological Hall conductivity
(e) and topological Nernst conductivity divided by temperature (f), which are expressed as a sum of spin-resolved contributions under the

emergent magnetic field of the skyrmion lattice, Beg ~

of magnitude as the experimental results. In the present ap-
proach, the temperature dependence of the calculated o) /T
arises exclusively from that of the experimental oy, and to
be more specific, it is well reproduced by the temperature
[Fig. 5(a)]. This oxx-sensitive behavior is in
sharp contrast to theories and experiments on the ANE related

2
dependence of o,

10.5 T (see text).

to the momentum-space gauge field: In UCop gRugp Al with a
large ANE (Fig. 3), for instance, oy~ /T depends on oy only
weakly at low temperatures [8], and a similar behavior is also
observed for the ANE in MnSi [21]. Conversely, the observed
pronounced temperature dependence of a};** /T corroborates
that the Nernst effect unique to the SKL in MnSi originates not
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FIG. 5. Finite temperature effects on the topological Nernst and Hall effects and the real-space gauge field. [(a),(b)] Temperature
dependencies of the topological Nernst conductivity divided by temperature (a) and topological Hall conductivity (b). The black squares,
blue triangles, and green circles indicate the experimental results, DFT-based calculation results with a constant effective magnetic field and
the square of conductivity oy, multiplied by a constant value. (c) Temperature dependence of the effective magnetic field normalized at 5 K.
The black and red symbols indicate the values of field strength estimated from Hall and Nernst measurements, respectively.
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from the momentum-space gauge field but from the real-space
gauge field.

The experimental temperature dependence of ) E/T is
affected mainly by three temperature-dependent factors: (i)
The relaxation time 7; (ii) the band structure, such as the
energy splitting between the majority- and minority-spin
bands; and (iii) Beg originating from the real-space gauge
field. Thus, when one tries to extract a finite temperature
effect on B.g from the observed temperature dependence of
ozg\“”: /T, the other two effects (i) and (ii) should be consid-
ered separately. Note that the above DFT calculation neglects
the effects (ii) and (iii). Nevertheless, we find within our
DFT calculations that even if band structure changes due
to temperature-dependent spin polarization in the window of
5 — 22 K are considered, the calculated TNE and THE do not
change so much (Fig. S4 in the Supplemental Material [23]);
thus, to the first approximation, we can neglect the effect (ii)
as long as the TNE and THE in 5 — 22 K are considered.
Then, to separate the effect (i) from the experimental aIyNE /T,
we referred to the quantity o /T divided by oy, because
our DFT calculation has demonstrated that the effect (i) is
well captured by considering the temperature-dependent o2,
In this way, the temperature-dependent B.s can be estimated
from the TNE. Similarly, the temperature-dependent Bg can
also be estimated from the THE. As shown in Fig. 5(b), for the
temperature-independent B, the temperature dependence of
is dominated by that of o2, a situation in a stark contrast to
the AHE induced by the momentum-space gauge field. Thus,
by referring to the experimental o '* divided by o, which is
approximately equal to the experimental pji™",
the temperature-dependent Beg;.

The relative temperature dependence of B.g with respect
to the value in the ground state can thus be derived from
ag "t /Tal and pg* independently, as shown in Fig. 5(c).
Although the two B.i—T profiles do not precisely agree with
each other, which is probably partly due to the fact that we
neglected the temperature dependence of the band structure,
both profiles exhibit the pronounced decrease by almost an
order of magnitude with increasing temperature. This overall
behavior is independent of whether Bs is estimated from
the TNE or THE, and moreover, it has been established that
the magnetic periodicity of the SkL varies with temperature
only weakly (21.5-21.2 nm for 1.5-20 K) [22]. We therefore
conclude that this behavior reflects the intrinsic nature of Beg
under the influence of thermal agitations.

Finally, regarding the pronounced attenuation of Beg, we
discuss a likely role of spin-angular momentum relaxation. At
elevated temperatures, the local magnetic moments consisting
of the skyrmion spin texture inevitably fluctuate and change
their directions more frequently, rendering the perspective of
topology on the skyrmion texture less robust, in particular
when a snapshot of the fluctuating spin texture is considered.
This obscured spin texture is expected to be also accompanied
by enhanced spin-flipping events for moving electrons. Such
spin-flip processes are obviously beyond the adiabatic ap-
proximation, which assumes that the conduction electron spin
always continuously follows the underlying spin texture as il-
lustrated in Figs. 4(a) and 4(b). Thus, when spin-flip scattering
becomes frequent, the effectiveness of Berry phase acquisi-
tion should be suppressed compared to the ideal, adiabatic

we estimated

model [29], resulting in a reduced B.g. When the temperature
is further increased, for instance above 23 K, such frequent
spin-flipping events together with the fluctuating spin texture
eventually leads to the destruction of the metastable SkL
state [14]. Thus, the pronounced attenuation of B¢ at elevated
temperatures may be referred to as precursor phenomena of
the destruction of the topologically protected metastable spin
textures.

III. CONCLUDING REMARKS

Our experimental and theoretical studies have revealed that
the real-space gauge field derived from the adiabatic approxi-
mation can microscopically describe the TNE in the ground
state, as long as spin-resolved fermiology, heavy electron
mass, and cleanness in terms of electron scattering are ap-
propriately taken into account. On the other hand, at elevated
temperatures, the breakdown of the adiabatic approximation
should also be considered, which is experimentally mani-
fested as the attenuation of the real-space gauge field. This
nonadiabatic effect appears to be crucial when considering
the temperature-dependent magnitudes of the THE and TNE
unless the considered temperature range is far below the mag-
netic transition temperature. Topological magnetic textures
have been increasingly discovered at various temperatures
in recent years [15,30-32]. Toward a more comprehensive
understanding of the THE and TNE, it would be important
to consider both the real-space gauge field derived from the
adiabatic approximation and its attenuation due to the nonadi-
abatic effect, which is pronounced at elevated temperatures.

In general, electron transport is characterized by fast time
scales so that not only thermally averaged but also instan-
taneous atom and spin configurations can play a role. This
seems to be also the case for the THE and TNE. Namely,
in addition to the thermally averaged topological structure, it
is also crucial to consider instantaneous spin configurations,
which potentially includes discontinuities that weaken the va-
lidity of physical implications derived from the conventional
perspective of topology.
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APPENDIX A: SAMPLE PREPARATION

A single crystal of MnSi was grown by the Czochralski
method. The sample size was 1.9 x 0.86 x 0.17 mm?, with the
largest surface normal to the <100 > axis. Two terminals for
applying a current, four terminals for measuring the voltage
and two thermocouples (Spectris Co., Ltd., CHCO-002) were
attached to the sample. The sample was placed such that it
bridged two sapphire substrates, with one sapphire substrate
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in thermal contact with a heat bath and the other in thermal
contact with a heater.

APPENDIX B: RESISTIVITY AND THERMOELECTRIC
MEASUREMENTS

The resistivity and Hall resistivity were measured at a cur-
rent excitation of 17 Hz with the four-probe method under a
magnetic field parallel to the <100 > axis by means of a lock-
in amplifier (NF Corporation, LI5645, or Stanford Research
Systems, SR830) equipped with a transformer preamplifier
(Stanford Research Systems, SR554). Heat flow to measure
the Seebeck and Nernst coefficients was generated by apply-
ing a current to the heater, which was in thermal contact with
the sample via one of the sapphire substrates. Lock-in mea-
surements were used to improve the signal-to-noise ratio of
thermoelectric measurements. By applying an alternating cur-
rent of 0.3 Hz to the heater, a heat current oscillating at 0.6 Hz
was applied to the sample, and thermoelectric voltages were
generated in phase with the heat flow. Thermocouple voltages,
generated by the temperature gradient in the sample, and
thermoelectric voltages were measured by a lock-in ampli-
fier (NF Corporation, LI5645, or Stanford Research Systems,
SR830) equipped with a low-noise differential preamplifier
(NF Corporation, SA-410F3 or CA-461F2). The thermoelec-
tric coefficients are defined in reference to the generation of
an electric field E, or a current density j with respect to an
applied temperature gradient as

E; = 8i;0,T, (B1)

ji = oe,-jajT, (B2)

where S and « are the thermoelectric tensor and thermoelec-
tric conductivity tensor, respectively, and (i, j = x, y). The
relationship between the temperature gradient and the heat
flow j4 is given as

]lq = —KiijT (B3)

where is the thermal conductivity tensor. In the experiments,

j9 is along the x direction (that is, j; = 0), and thus
o, T x
LY (B4)
oT Kx

Thus, even though j9 || x, the temperature gradient is not
necessarily parallel to the x direction due to the off-diagonal
component of «, or the thermal Hall effect. Consequently, the
electric field along the y direction, induced by the heat flow
along the x direction, is expressed as

Kyx
Ey, = (Syx - SnyL>axT

In the Nernst measurement, the ratio of the temperature gra-
dient in the x direction to the electric field in the y direction is
measured, and thus, the Nernst signal N is expressed as

(B5)

E Ky
N:=—8yT =SX),—SXXK—y, (B6)

where the cubic crystal symmetry of MnSi is taken
into account. Although more information on the thermal

conductivity tensor is required to determine the exact ther-
moelectric coefficient, the second term was neglected in the
present study, in agreement with previous paper (21).

APPENDIX C: THERMAL QUENCHING METHOD

As in previous studies [14,22], rapid thermal diffusion,
which occurs after the direct application of a heat pulse to
the sample, was used to thermally quench the crystal. These
thermal pulses were generated using Joule heating caused
by contact resistance when a current pulse was injected into
the sample. The pulse waveform was generated by a voltage
output module (National Instruments, NI 9269) and ampli-
fied by a high-speed bipolar power supply (NF Corporation,
HSA4014) to feed a current of sufficient magnitude (360 mA).
A load resistor of 5 ohms was connected in series with the
sample to monitor the current flowing through the circuit.
The time-varying voltages at the load resistor and at the
sample voltage probes were monitored using a voltage in-
put module (National Instruments, NI 9239). Furthermore,
the time-varying voltage at the sample voltage probes was
amplified with a low-noise differential preamplifier (NF Cor-
poration, CA-461F2). These data on the time variation of
the current and voltage were used to determine the time
variation of the resistivity of the sample (Fig. S5 in the
Supplemental Material [23]). As in the previous study [14],
Hall and Nernst signals were confirmed to be cooling rate
dependent by varying the fall time of the pulse (Fig. S6 in
the Supplemental Material [23]). A switch system (Keithley
7001 equipped with a 7011S) was used to switch the cir-
cuit between resistivity /thermoelectric measurements and the
pulse-application setup.

APPENDIX D: DFT CALCULATION

Electronic structure calculations were performed within
the generalized gradient approximation [33] in the framework
of DFT as implemented in the quantum-ESPRESSO pack-
age [34]. Pseudopotentials with the projector augmented wave
scheme were used [35]. The size of the magnetic moment
was constrained to the experimental value of M ~ 0.4 /Mn.
Transport properties were calculated using Boltzmann trans-
port theory within the constant relaxation time approximation
as in Ref. [13]. The spin-resolved (s =1, | ) conductivity and
ordinary Hall conductivity are given as

?X((:)) VN 25(6 (i) O
Q3¢ B) B 1y
S T vy 20— e[ 04)”

- (vzk‘v) (v}‘;ks) (M’;(i)x} ] (D2)

Here, V is the unit cell volume, Nj is the number of k points,
€nks 18 the energy of particles in the band with band index n,
Unks 18 the group velocity, and ( nks)” = 326nks/(7"l 0k;0k;)
is the inverse effective mass tensor. To calculate these quan-
tities, a Wannier interpolation scheme [36] with a 200 x
200 x 200 k mesh was employed. When estimating the
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error in the calculated values, we took into account the error
in the Fermi energy position, which is typically £ 10 meV.

Regarding the effective mass renormalization, see Supple-
mental Material [23].
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