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Low-temperature suppression of the spin Nernst angle in Pt
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The coupling between electrical, thermal, and spin transport results in a plethora of novel transport phenom-
ena. However, disentangling different effects is experimentally very challenging. We demonstrate that bilayers
consisting of the antiferromagnetic insulator hematite («-Fe,O3) and Pt allow one to precisely measure the trans-
verse spin Nernst magnetothermopower (TSNM) and observe the low-temperature suppression of the platinum
(Pt) spin Nernst angle. We show that the observed signal stems from the interplay between the interfacial spin
accumulation in Pt originating from the spin Nernst effect and the orientation of the Néel vector of a-Fe,0s3,
rather than its net magnetization. Since the latter is negligible in an antiferromagnet, our device is superior to
ferromagnetic structures, allowing one to unambiguously distinguish the TSNM from thermally excited magnon
transport, which usually dominates in ferri/ferromagnets due to their nonzero magnetization. Evaluating the
temperature dependence of the effect, we observe a vanishing TSNM below ~100 K. We compare these results
with theoretical calculations of the temperature-dependent spin Nernst conductivity and find excellent agreement.
This provides evidence for a vanishing spin Nernst angle of Pt at low temperatures and the dominance of extrinsic

contributions to the spin Nernst effect.
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The observation of the spin Nernst effect (SNE) in 2017
[1-4] has, together with the spin Hall (SHE) [5-10], the spin
Seebeck [11-13], and the spin Peltier effect [14,15], com-
pleted the picture of electronic transport phenomena based
on the coupling of charge, heat, and spin transport. A typical
way to detect these spin transport phenomena is to modify
the boundary conditions with bilayer structures consisting of
a heavy metal (HM) and a magnetically ordered insulator
(MOJ) [16-18], where the relative orientation of the spin accu-
mulation vector s in the HM and the (sublattice) magnetization
vector M of the MOI at their shared interface is of key im-
portance. It determines the spin current transmission through
the interface, leading to a magnetization direction-dependent
magnetoresistance/magnetothermopower effect. This depen-
dence is also employed to separate different contributions
to the observed magnetoresistance/magnetothermopower ef-
fects, for example, to disentangle the SNE and the spin
Seebeck effect.

Recently, the interplay of pure spin currents generated in
HM films with antiferromagnetic insulators (AFIs) has gained
great attention [19-22]. While this has been investigated by
the spin Hall magnetoresistance (SMR) [20,21,23] and long
distance magnon transport [19,22,24], the interplay of spin
currents generated via the SNE with adjacent AFIs has not
yet been studied.
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In this Letter, we investigate the temperature dependence
of the transverse spin Nernst magnetothermopower (TSNM)
in a HM Pt thin film deposited on the antiferromagnetic in-
sulator hematite (a-Fe,O3). We demonstrate that the use of
an antiferromagnet in a MOI/Pt bilayer structure is highly
advantageous for the investigation of the TSNM, since it al-
lows one to clearly distinguish between the SNE and other
thermopower effects, that are suppressed due to the small
net magnetization. At low temperatures, we find a vanishing
TSNM, indicating a suppression of the Pt spin Nernst angle.
Our experimental observations are in agreement with first
principles spin transport theory, predicting a decrease in the
spin Nernst conductivity with decreasing temperature [1,25].
This suggests a vanishing spin Nernst angle of Pt below 100 K
and highlights the importance of extrinsic contributions to the
SNE and SHE in our Pt layers.

The principle of the spin Nernst magnetothermopower in
an AFI/HM bilayer is depicted in Fig. 1(a). In open cir-
cuit conditions, neither charge nor spin currents can flow
in the HM. Applying a temperature gradient —V7 along
the x direction leads to the generation of an electrochemical
and spin-chemical potential (i.e., spin accumulation) coun-
teracting the conventional Seebeck and spin Nernst current
(JSNE) via the emerging diffusive charge/spin currents. Con-
sequently, a spin accumulation in the HM builds up at the
top and bottom interface with spin orientation s along y. The
relative orientation of s to the Néel vector N then determines
the relevant boundary condition: For N || s [left panel in
Fig. 1(a)], the spin accumulation cannot dissipate in the AFIL.

©2021 American Physical Society
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FIG. 1. (a) Sketch of an AFI/HM bilayer. In open circuit con-
ditions, a temperature gradient generates a spin accumulation s at
the AFI/Pt interface with s L. —VT. Depending on the relative ori-
entation of s and N, the spin accumulation at the interface is either
unaffected by the AFI (for s || N, left panel) or partially dissipated via
a spin current J¥ in the AFI (for s L N, right panel). (b) Schematic
depiction of the device, the electrical connection scheme and the
coordinate system. A charge current I; is fed through the left Pt
electrode acting as a heat source (heater). To determine the transverse
magnetothermopower, a voltage signal Vg, in a second Pt stripe
(detector) is measured as a function of the magnetic field orien-
tation ¢. (c) Joule heating induces a thermal injection of the two
antiferromagnetic magnon modes (blue and red wiggly arrows). The
effective magnetic moment is given by their superposition and is
dominantly proportional to the canted net magnetization M. The
diffusing magnons are measured at the Pt detector via the inverse
SHE. Simultaneously, a lateral temperature gradient across the width
of the Pt detector leads to the emergence of the TSNM. The canting
of the two sublattice magnetizations M , in a-Fe,O; leading to a net
magnetization M, is schematically depicted on the left.

If s )f N [right panel in Fig. 1(a)], a spin transfer torque t
can be exerted on N [26], leading to a finite spin current J%¢
dissipating in the AFI and a reduction of JSNE in the HM layer.
While J& decays within the antiferromagnetic hematite, the
reflected spin current J™ is converted back to a charge current
via the inverse SHE. In open circuit conditions, an electric

field across the x-y plane of the HM arises, the direction of
which depends upon the relative orientation of N to s.

In our experiment, we employ an epitaxial (0001)-oriented
antiferromagnetic hematite thin film with a thickness of ¢ =
15 nm grown on a sapphire (Al,O3) substrate. Details of the
growth process are published elsewhere [22]. The magnetic
phase of our hematite films features an easy-plane anisotropy
with two antiferromagnetically coupled sublattice magneti-
zations M| and M,, exhibiting a slight canting due to a
crystalline Dzyaloshinskii-Moriya interaction (DMI) [27,28].
We note that this easy-plane phase persists over the whole
investigated temperature range and therefore our sample lacks
a Morin transition [29] as typical for ultrathin «-Fe,O3 films
[21,22,24,30]. As a consequence, a net magnetization My,; =
M + M, exists even for zero external magnetic field strength
woH. As poH couples to M, the antiferromagnetic Néel
vector N = (M| — M,)/2 satisfies N L H as long as the ex-
ternal field exceeds the magnetic field for a single domain
state given by uoHsp =~ 3 T in our «-Fe, O3 /Pt bilayers [31].
Below woHsp, the threefold crystalline anisotropy leads to
the emergence of magnetic 120° domains, which are equally
distributed for uoH = 0 [32].

Pt electrodes with thickness fpy = 5 nm are deposited on
the hematite thin film via sputter deposition and patterned into
multiple pairs of nanostrips via electron beam lithography and
lift-off. A sketch of a typical device is given in Fig. 1(b) (see
Ref. [33] for geometrical details). The distance between the
strips is characterized by the center-to-center strip separation
d. A charge current Iy corresponding to a current density
Jq ~ 2 x 10" A m™2 is applied to the left Pt (heater) strip and
used for local Joule heating. The resulting voltage signal Ve
along the length of the right Pt (detector) strip is measured as a
function of the in-plane orientation ¢ of the external magnetic
field [cf. Fig. 1(b)]. We extract contributions of a thermal
origin via the current reversal method [34-36] by investigating
the signal thgt = [Vaer(+1y) + Vaer (—1g)]1/2. Moreover, we use
the resistance of the Pt heater strip as an on-chip thermometer
to extract the sample temperature using the same calibration
method as outlined in the Supplemental Material of our previ-
ous publications [1,37].

As a consequence of the local heating, two thermally in-
duced effects are present at the detector. The first effect and
main focus of this Letter refers to the lateral temperature
gradient that emerges across the width of the Pt detector
electrode depicted in Fig. 1(c). As discussed in the context
of Fig. 1(a), this configuration gives rise to a magnetother-
mopower induced by the SNE. In our particular experimental
configuration, we measure its transverse contribution, which
we denote as the TSNM. Based on the change of the bound-
ary condition of the SNE-induced spin accumulation at the
interface with the orientation of the applied magnetic field,
its conversion to a voltage signal is expected to follow an
angle dependence proportional to sin(2¢). For N || s (i.e., ¢ =
90°, 270°), the SNE-induced spin accumulation is unaffected
by the magnetic order N in the AFI. Since we measure the
transverse voltage drop along the length of the Pt detector
(y direction), the maximum voltage signals are expected for
@ = 90° £45°,270° £ 45° and are therefore shifted by 45°
compared to longitudinal measurements [1]. Hence, we expect
Vih o sin(g) cos(p) o sin(2¢).
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FIG. 2. (a) Detector signal VI as a function of magnetic field
orientation ¢ for different external magnetic field strengths, where
a superposition of both the TMT and TSNM signal is observed.
The data are shown for a device with a heater-detector distance
d =750 nmat T = 200 K. Solid lines are fits to Eq. (1). (b) Detector
signal V! measured on a similar device fabricated on the ferrimag-
netic insulator Y;FesO;, (YIG) ford = 2.1 um at T = 220 K and
uoH = 1T. The white solid line is a fit to a sin(¢)-type function.
(c) Residual signals Vd‘:t'r“ extracted from (a) using the different
angular symmetries of the TMT (light gray points) and TSNM (dark
gray points) for woH = 7 T. (d) Residual signal V"™ of the fit to
the data shown in (b), exhibiting the TSNM in YIG/Pt. A 90° phase
shift is observed compared to the TSNM in hematite.

The second effect, as depicted in Fig. 1(c), refers to a ther-
mal injection of the antiferromagnetic magnon modes leading
to a locally excited nonequilibrium magnon distribution that
diffuses throughout the antiferromagnet [19]. Since the ther-
mal magnon injection is not sensitive to the spin polarization
direction (unlike the injection of spin current via the SHE
[19,22] and SNE), both antiferromagnetic magnon modes
with opposite chirality (i.e., spin polarization) are simultane-
ously excited [see the blue and red wiggly arrows in Fig. 1(c)].
Thus, the transported spin is given by a superposition of these
two excitations. Since the frequencies of the two modes are
generally nondegenerate for a canted antiferromagnetic state
[38], we expect spin transport contributions polarized along
both the Néel vector IV as well as the net magnetization M .
However, as reported in Ref. [19] as well as supported by our
data, the contribution from N to the thermally excited magnon
transport effect (TMT) turns out to be negligible for the typical
length scales investigated. We can therefore assume that the
TMT is proportional to the net magnetization M [19]. At
the detector, the diffusing magnon accumulation injects a spin
current JISHE into the Pt and is converted into a charge current
via the ISHE. Due to its symmetry, the angle dependence of
the corresponding detector signal follows VI o sin(¢) [19].

The total angle dependence of the thermal detector signal
Vd‘g can thus be expressed as

Vi (p) = Vo + AV T sing + AV ™sin 2, (1)

where V; is a constant offset voltage due to conventional
thermal voltages independent of ¢, V,IMT is the amplitude of
the TMT in the hematite, and V.IS"M represents the amplitude

of the TSNM. Typical angle-dependent measurements of V.1,
at the detector are shown in Fig. 2(a) for various external mag-
netic field strengths. The solid lines are fits to Eq. (1). Clearly,
we find an excellent agreement of the fit with the experimental
data. In order to separate the TSNM from the TMT, we extract
the 180°-symmetric and 360°-symmetric signals stemming
from the TSNM and TMT, respectively, which we denote
as the residual signal V;;’res [39] [see Fig. 2(c)] for woH =
7 T. As expected, the 360°-symmetric modulation due to the
TMT (light gray points) shows a minimum (maximum) sig-
nal for ¢ = 90° (¢ = 270°), where M ¢ points perpendicular
to the Pt detector. The 180°-symmetric signal due to the
TSNM in Fig. 2(c) (dark gray points) shows the expected
sin(2¢) modulation. In order to experimentally demonstrate
whether the TSNM is determined by the interaction of the spin
polarization s with either the Néel vector N or the net magne-
tization M ,.¢, we compare the results presented for hematite
[Figs. 2(a) and 2(c)] with a reference sample using the ferri-
magnetic insulator yttrium iron garnet (Y3;FesO1,, YIG). As
shown in Fig. 2(b), the thermal detector signal measured on
the YIG sample shows a large sin(¢)-type modulation due to
the TMT [40], which is fitted to the data as the white solid line.
In Fig. 2(d), the residual of this fit is shown, demonstrating
a clear sin(2¢) signature indicating the TSNM in YIG/Pt
[1]. Most interestingly, however, we observe a 90° phase
shift of the TSNM signal in hematite [Fig. 2(c)] compared
to YIG in Fig. 2(d). Since H L N in hematite and H || My
in YIG (with My the YIG magnetization vector), we infer
that the TSNM in the antiferromagnetic insulator hematite
is indeed determined by NV rather than M. This is consis-
tent with the SMR effect in AFI/Pt bilayers [20,21,31]. The
comparison between the thermal detector signals in YIG/Pt
and a-Fe, O3 /Pt highlights a further crucial difference: Due to
the much larger net magnetization My as compared to the
field-induced net magnetization M, of hematite, the TMT
is blatantly dominant in YIG [cf. Fig. 2(b)]. In contrast, the
Néel vector and the small net magnetization in hematite allow
for an unambiguous, easily accessible differentiation of the
TSNM and TMT, respectively.

In a next step, we extract the signal amplitudes AV MT
and AV from the fits shown in Fig. 2(a). To compare
the TMT signals between different heater geometries and
heater currents I;, we define the normalized signal amplitudes
Vgt = (AVIMT /I;)(A}1 /Ager), where Ay, and Age; account for
the heater and detector areas interfacing the hematite film
[41]. Regarding the TSNM signals, we normalize the voltage

signals to the heater power Py = Rinjlg and define [JS"™ =

AV ISNM /o With Ry, the resistance of the heater. The evolu-
tion of these amplitudes with the external magnetic field for
different heater-detector distances d is shown in Figs. 3(a)
and 3(b) for vjM™ and T'IS"M respectively. The TMT signal
linearly increases with the external field strength poH. This
is consistent with the picture given in Fig. 1(c), since the
magnitude |[M | = M, is expected to linearly increase as a
function of woH as My ~ x1 H (with x, the static magnetic
susceptibility of hematite in the easy plane phase). The field
dependence of the TSNM signal in Fig. 3(b) indicates an
increase for small fields and a saturation above ~2 T. The ob-
served saturation of the signal is expected for the TSNM since
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FIG. 3. Signal amplitudes of the (a) TMT and (b) TSNM ex-
tracted from the fits of the experimental data shown in Fig. 2(a) at
T =200 K. (a) TMT signal amplitude vIMT plotted as a function
of the external magnetic field strength for different heater-detector
distances d. Each of the devices shows a linearly increasing TMT
signal for increasing field strength. (b) TSNM signal [ls™ as a
function magnetic field, showing an increase of the signal at low field

strength and a saturation above ~2 T.

it follows the SMR amplitude in Pt/«a-Fe, O3 [17,20,21,31].
Below this magnetic field, hematite exhibits a multidomain
state within the easy plane [21]. Both the detector signals cor-
responding to the TMT and TSNM also show a clear decrease
of the signal with increasing distance d from the heater. For
the TMT, this is due to the diffusive decay of the thermally
excited magnon distribution over distance, leading to a signal
decrease with increasing d [19,40]. The decreasing TSNM, on
the other hand, stems from the decreasing magnitude of the
temperature gradient at the detector position with increasing
distance from the heater.

Finally, we study the temperature dependence of the
TSNM signals ['IS¥M extracted from measurements at uoH =
7 T [black data points in Fig. 4(a)]. We observe a monotonous
decrease of the signal with decreasing temperature, which
levels out and becomes smaller than the noise level for 7 <
100 K. We fit the data to a scaling law I'IS"™ o 7 [green
line in Fig. 4(a)] and obtain an exponent of @ = 1.6 +0.3.
The relevant scaling parameters to consider for the TSNM are
AVISNM o S &rhsBsubsn [1], where Sy is the longitudinal
Seebeck coefficient of Pt, g; the real part of the spin mixing
interface conductance, A the spin diffusion length of Pt, and
Osn as well as Osy the spin Nernst and spin Hall angle of
Pt, respectively. The parameters g;, As, as well as Osy can
be reasonably treated as only weakly temperature dependent
[42,43]. We are thus left with the temperature dependence of
both Sxx and Ogx of Pt. Based on the theoretical description of
the SNE in Pt in Ref. [1], we plot the temperature-dependent
spin Nernst conductivity agy = —0sn0xxSxx, as determined
from first principles spin transport theory [1,25], (with oy the
longitudinal electrical conductivity of Pt) together with our
experimental data of I''S"™ in Fig. 4(a) (blue data points).
Evidently, the agreement between first principles theory and
experiment is excellent, strongly corroborating a decrease
of agn with decreasing temperature. In order to determine
whether Sxx or fsn causes the vanishing TSNM signal, we
plot Sy obtained from first principles calculations [1,25] as a
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FIG. 4. Normalized TSNM signal amplitude I'IS"M extracted
from the fits to Eq. (1) plotted as a function of temperature for a
device with d = 950 nm at uoH = 7 T (black data points). Blue data
points correspond to the theoretical calculation of the spin Nernst
conductivity asy. The green line depicts the scaling law ['IS™
T extracted from the experimental data. (b) Theoretical calculation
of the temperature dependence of the conventional (longitudinal)
Seebeck coefficient Sy, of Pt (black points) and experimentally de-

termined conductivity oy, of the Pt heater (purple points).

function of temperature in Fig. 4(b) (black points), showing
a finite magnitude even for 7 < 100 K. Similarly, a finite
Sxx at low temperatures (with a more complex temperature
dependence as compared to our first principles results) has
been obtained in previous experiments for bulk Pt [44] as
well as thin films [45-47]. Thus, the vanishing spin Nernst
conductivity agy is caused by a vanishing spin Nernst angle
Osn. Considering that Osn = S;X /Sxx, With S;X the transverse
Seebeck coefficient [48], it follows that S;X approaches zero
at low temperatures, in accordance with theory [25,48,49].
This is based on the dominance of extrinsic contributions (i.€.,
impurity scattering [50,51]) to the spin Nernst conductivity
in Pt. Indeed, the Pt conductivity oy« in our sample changes
from 300 to 10 K by about ~45% [see Fig. 4(b), purple
points], hence exhibiting a finite, nondiverging conductivity at
low temperatures. The vanishing TSNM for 7' < 100 K can
thus be interpreted as a decrease of fsy towards zero [52],
an observation which has eluded an experimental observation
thus far.

In conclusion, we have investigated the TSNM in a
a-Fe,03/Pt device. The excellent agreement of the spin
Nernst theory calculations with our data suggests a vanishing
spin Nernst angle of Pt at low temperatures and the domi-
nance of extrinsic contributions to the SNE. We demonstrate
that the spin Nernst effect is sensitive to the direction of
the Néel vector of the antiferromagnet, thus representing a
suitable platform to discern the TSNM and TMT in nanos-
tructured systems. Our results shed light on the interaction
of pure thermally driven spin currents with antiferromag-
nets and therefore provide key insights into the physics of
pure spin current-based magnetothermal effects in AFI/Pt
bilayers.

This work is funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) under Germany’s
Excellence Strategy — EXC-2111 — 390814868 and project
AL2110/2-1.
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