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Cryogenic spin Peltier effect detected by a RuO,-AlO, on-chip microthermometer
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We report electric detection of the spin Peltier effect (SPE) in a bilayer consisting of a Pt film and a
Y3FesOy; (YIG) single crystal at the cryogenic temperature 7 as low as 2 K based on a RuO,-AlO, on-chip
thermometer film. By means of a reactive co-sputtering technique, we successfully fabricated RuO,-AlO,
films having a large temperature coefficient of resistance of approximately 100% K~! at around 2 K.
By using the RuO;-AlO; film as an on-chip temperature sensor for a Pt/YIG device, we observe a SPE-
induced temperature change on the order of sub-puK, the sign of which is reversed with respect to the
external magnetic field B direction. We found that the SPE signal gradually decreases and converges to
zero by increasing B up to 10 T. The result is attributed to the suppression of magnon excitations due to the
Zeeman-gap opening in the magnon dispersion of YIG, whose energy much exceeds the thermal energy

at 2 K.
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L. INTRODUCTION

One of the useful features in spintronics is that various
phenomena have been found at room temperature in simple
stacked structures, leading to their practical device appli-
cations [1-4]. Meanwhile, exploring the spintronic phe-
nomena at low temperatures often resulted in a discovery
of additional functional properties with both fundamen-
tal and practical prospects [5—11]. A typical example is
the spin Seebeck effect (SSE), which refers to the gen-
eration of a spin current as a result of a temperature
gradient in a magnetic material, and has been observed
at room temperature in a variety of magnetic materials,
including garnet and spinel ferrites with high magnetic
ordering temperatures [12—14]. When SSEs are measured
at low temperatures in certain systems however, intriguing
physics comes to the surface. Major findings include the
signal anomalies induced by hybridized magnon-phonon
excitations [14—19], unconventional sign reversal due to
competing magnon modes having opposite spin polar-
izations [20], observation of a spin-superfluid-mediated
nonlocal SSE signal [21], and SSEs driven by paramag-
netic spins [22,23] and exotic elementary excitations in
quantum spin systems [24—26]. Furthermore, recently, a
nuclear SSE has been observed in an antiferromagnet hav-
ing strong hyperfine coupling [14,27]. The signal increases
down to ultralow temperatures on the order of 100 mK,
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which is distinct from conventional thermoelectric effects
in electronic (spin) systems [14,27], and may offer an
opportunity for exploring thermoelectric science and tech-
nologies at ultralow temperatures, a key environment in
quantum information science.

In contrast to the intense research on SSEs, the spin
Peltier effect [28—39], the reciprocal of the SSE, remains
to be explored at low temperatures below 100 K because
of its experimental difficulty. The SPE modulates the tem-
perature of a junction consisting of a metallic film and
a magnet in response to a spin current [29], and has
been detected usually by means of lock-in thermography
(LIT) [29,30,32,36] and thermocouples [28,31,34]. The
LIT measures the infrared intensity emitted from the sam-
ple surface based on a combination of the lock in with
temperature-imaging technique, whose intensity is in pro-
portion to the fourth power of the absolute temperature
T (the Stefan-Boltzmann law [32,38]). This results in a
typical resolution of 0.1 mK at room temperature [38],
which is sufficient to measure a SPE in a prototypical
Pt/Y;Fes0; (YIG) system at higher temperatures approx-
imately room temperature and above) [29,30]. However,
the LIT may not be applicable for detecting the low-
temperature SPE, because its sensitivity is dramatically
reduced with decreasing temperature [32,38]. Furthermore,
a thermocouple microsensor with a high resolution of
approximately 5 WK was used to measure a SPE down
to 100 K in Ref. [34]. However, it was found to be dif-
ficult to conduct the measurements below 100 K as the
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sensitivity of the thermocouple decreases with
decreasing 7. It is therefore useful to establish an alter-
native experimental method for detecting cryogenic SPEs
[4]. An ultimate goal in this direction would be to find
cryogenic SPEs driven by nuclear and quantum spins that
can be activated even at ultralow temperatures, toward
future possible cooling- and heat-pump technologies in
such an environment.

In this study, we have explored the SPE at a cryo-
genic temperature below the liquid-*He temperature in
a prototypical Pt/YIG system. There are three crucial
requirements for practical realization of such measure-
ments that are (1) the high temperature resolution of
approximately sub-pK-order or better at low temperatures,
(2) ability to detect a temperature change of a metallic
(Pt) thin film (which implies for contact-mode measure-
ments sufficient thermal coupling and low heat capacity),
and (3) reliability under a high magnetic field environ-
ment. To realize the thermometry that meets these require-
ments, we adopted a RuO,-based microthermometer [40—
49] (Ru0O;-AlO, composite film in our case). In general,
RuO;-based resistors show a high temperature sensitiv-
ity due to their large negative temperature coefficient of
resistance. Besides, they show reasonably small magne-
toresistance and can be made in a thin-film form. Owing to
these advantages, in fact, RuO;-based chip resistors have
widely been used as temperature sensors at cryogenic tem-
peratures [40,41]. We have fabricated RuO,-AlO, films by
means of a co-sputtering technique and found the optimal
fabrication condition by characterizing their electric trans-
port properties. By using a RuO,-AlO, film as an on-chip
temperature sensor for a Pt-film/Y1G-slab system, we suc-
cessfully measured a SPE-induced temperature change on
the order of sub-wK at 7= 2 K. Our results provide a key
step toward a complete physical picture of the SPE and
establishment of cryogenic spin(calori)tronics [37].

II. EXPERIMENTAL PROCEDURE

A. Fabrication of RuQ,-AlQO,, films

We have fabricated RuO,-AlO, composite films as a
microthermometer by means of dc co-sputtering technique
from RuO, (99.9%, 2-inch diameter) and Al (99.999%, 2-
inch diameter) targets under Ar and O, atmosphere. To
obtain the most suitable thermometer film for the SPE
at low temperatures, a series of co-sputtered RuO,-AlO,
films on thermally oxidized Si substrates was first pre-
pared at several dc power values for the RuO, target
(Pruo, = 25, 26, 27, 28, and 30 W) and the fixed dc
power for the Al target (Pajo, =25 W) under a sput-
tering gas of Ar+ 7.83 vol.% O, at a pressure of 0.13
Pa at room temperature. Here, the values of Ar-O, gas
amount and the dc power of Pyjo, = 25 W were chosen
such that highly insulating AlO, films are obtained with
a reasonable deposition rate (approximately 1 nm/min)

when AlOQ, is sputtered solely from the Al target. We note
that, if the O, gas amount exceeds an onset value, the dc
sputtering rate suddenly decreases due to the surface oxi-
dization of the Al target [50,51], whereas if the O, gas
amount is insufficient, the resultant AlO, film may show
finite electrical conduction. We found that the introduc-
tion of O, by itself does not play a significant role in
the temperature variation of the resistance for pure RuO,
films (for details, see Appendix A). To keep the sputter-
ing conditions and resultant films’ quality as consistent as
possible through repeated deposition cycles, we introduced
common presputtering processes just before actual deposi-
tions. To remove a possible oxidized top layer of the Al
target, it was presputtered at a relatively high power of
Pajo, =30 W for 600 s without introducing O, gas, and
then the RuO, and Al targets were presputtered for 60
s under the actual deposition conditions (i.e., Ar + 7.83
vol.% O,) [52]. For electric transport measurements of
the RuO,-AlQ, films, they were patterned into a Hall-bar
shape having the length, width, and thickness of 1.0 mm,
0.5 mm, and approximately 100 nm, respectively, by co-
sputtering RuO,-AlO, through a metal mask. The RuO,
content in the Ru0,-AlO, films under the different RuO,
sputtering power Pryo, was evaluated through scanning
electron microscopy with energy dispersive x-ray analy-
sis (SEM EDX) and the surface roughness of the films was
characterized through atomic force microscopy (AFM).

B. Fabrication of SPE device

To investigate the SPE below the liquid-*He tem-
perature, we have prepared devices consisting of a Pt-
film/YIG-slab bilayer, where a 100-nm-thick RuO,-AlO,
film with Aw/Ti electrodes is attached on the top sur-
face of the Pt film to detect its SPE-induced temperature
change AT [see the schematic illustrations and the opti-
cal microscope image of a typical SPE device shown
in Figs. 1(a)-1(c)]. Three photolithography steps were
employed to make the SPE devices, where all the film
depositions were performed at room temperature. First, a
5-nm-thick Pt wire with the width of 200 wm was formed
on the (111) surface of a single-crystal YIG slab with the
size of 5 x 5 x 1 mm?> by dc magnetron sputtering ina 0.1-
Pa Ar atmosphere under the dc power of 20 W. In the next
photolithography step, a 70-nm-thick insulating AlO, layer
was formed at the area of 230 x 350 wm? [300 x 500 wm?
for the device shown in Fig. 1(c)] on top of the Pt/YIG
layer to electrically isolate the RuO,-AlO, film from the
Pt layer. Here, the AlO, deposition was done by rf mag-
netron sputtering from an Al,O3 target (99.99%, 2-inch
diameter) under the rf power of 150 W and a sputter-
ing gas of Ar+ 1.0 vol.% O, [53] at a pressure of 0.6
Pa. We later confirmed that the AlO, film shows a high
electric resistance on the order of 1 — 10 GS2 along the out-
of-plane direction at room temperature. Subsequently, a
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100-nm-thick RuO,-AlO, thermometer film was deposited
on top of the AlO, layer at the area of 230 x 350 wm?
[300 x 500 wm? for the device shown in Fig. 1(c)] through
the co-sputtering under the dc sputtering power of Pryo, =
28 W and Paj0, = 25 W. Here, the dimensions and sput-
tering power for the RuO,-AlO, film were chosen such
that the resistance R of the resulting film is several tens
of k2 at 2 K and its sensitivity monotonically increases
with decreasing 7 down to 2 K [54] [as shown in Figs. 3
and 4(d) and discussed in Sec. III A]. We then proceeded
with the final photolithography step for Au(150 nm)/Ti(20
nm) electrodes, where the numbers in parentheses repre-
sent the thicknesses of the deposited films. Each Au/Ti
electrode wire on the RuO;-AlO; film has the 30-pm width
and is placed at 50-pm intervals. To reduce the contact
resistance between the Ru0O;,-AlO, and Ti films, Ar-ion
milling was performed directly before depositing the Au/Ti
film. Both the Ti and Au layers were formed by rf mag-
netron sputtering in succession without breaking vacuum.
The first lithography process for the Pt layer was done
using a single-layer photoresist (AZ5214E) followed by a
lift-off process, whereas the second and third processes for
the AlO,/Ru0,-AlO, and Aw/Ti layers were done using
a double-layered photoresist (LOR-3A and AZ5214E) to
provide an undercut structure for a better success rate of
the lift-off process.

C. SPE and SSE measurements

Figure 1(a) shows a schematic illustration of the SPE
device and the experimental setup in the present study. The
SPE appears as a result of the interfacial spin and energy
transfer between magnons in YIG and electron spins in Pt
[28-31]. Suppose that the magnetization M of the YIG
layer is oriented along the +Z direction by the external
magnetic field B|| + z, as shown in Fig. 1(a). With the
application of a charge current J. = J..y to the Pt film, the
spin Hall effect (SHE) [55,56] induces a nonequilibrium
spin, or magnetic moment, accumulation at the Pt/YIG
interface [28-31,34]. For J.. || + ¥ (J. || — ¥), the accumu-
lated magnetic moment dm; at the interfacial Pt orients
along the —z (+Zz) direction [30,57], which is antipar-
allel (parallel) to the M direction in Fig. 1(a). Through
the interfacial spin-flip scattering, §m; creates or annihi-
lates a magnon in YIG; the number of magnons in YIG
increases (decreases) when dmy || — M (dmy || M) [4,37].
Because of energy conservation, this process is accompa-
nied by a heat flow J, between the electron in Pt and the
magnon in YIG [4,37]. The temperature of Pt (YIG) thus
decreases (increases) when dmy || — M under J. || + ¥ and
B|| + Z [Fig. 1(a)], whereas the temperature of Pt (YIG)
increases (decreases) when dmy || M by reversing either J..
or B in Fig. 1(a) [29-31,34]. The SPE-induced temperature
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FIG. 1. (a) A schematic illustration of the SPE device consist-
ing of a Pt-film/YIG-slab bilayer, on top of which a RuO,-AlO,
thermometer (TM) film is attached for the detection of the SPE-
induced temperature change AT in the Pt film. Besides, in this
device, Au/Ti electrodes are formed on the RuO,-AlO, film for
the four terminal resistance measurements and an AlO, film is
inserted between the RuO,-AlO, and Pt films for the electri-
cal insulation between them. (b) A schematic side-view image
of the SPE device, where the numbers in parentheses represent
the thickness. (c) An optical microscope image of a typical SPE
device. (d) Input signal: a square-wave charge current J. with
amplitude AJ. applied to the Pt film. (e) Output signal: a resis-
tance Rpy in the RuO,-AlO, film that responds to the change
in the J, polarity, ARty(= Rhigh — Riow) originating from the
SPE-induced AT of the Pt film (ox AJ,) [31,34]. Here, the Joule-
heating-induced temperature change (< AJ?) is constant in time,
and does not overlap with ARty. (f) A schematic illustration of
the temperature 7 dependence of Rry, from which the ARmy
value can be converted to the temperature change AT.

change AT satisfies the following relationship [29-31]:
AT x my-M x (J, x M) - X. €))

For the electric SPE detection based on the on-chip
thermometer (TM), we utilized the highly accurate resis-
tance measurement scheme called the Delta mode, a com-
bination of low-noise current source and nanovoltmeter
(Keithley Model 6221 and 2182A [31,34]). We applied a
square-wave charge current /. with amplitude AJ. to the Pt
film [Figs. 1(a) and 1(d)] and measured the four-terminal
RuO,-AlO, resistance Rty that responds to the change in
the J. polarity, ARty = Rhigh — Riow, Where Rhigh (Riow)
represents the Rty value for J. = +AJ. (—AJ,) and was
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measured under the sensing current of 100 nA applied to
the RuO;-AlO, film [see Figs. 1(a) and 1(e)] [31]. Here,
the ARty value is free from the Joule-heating-induced
resistance change (ox AJ?) that is independent of time,
which thereby contributes only to the offset resistance
Romset of the RuO,-AlO, film shown in Fig. 1(e) [58].
During the SPE measurement, the magnetic field B (with
magnitude B) was applied in the film plane and perpen-
dicular to the Pt wire, i.e., B||Z in Fig. 1(a), except for
the control experiment shown in Fig. 4(b), where B|| X.
The resistance Ryigh jow Was recorded after the time delay
Tdelay Of 50 ms [except for the T4c1.y dependence shown in
Fig. 4(e)] during the data-acquisition time Tgeps of 20 ms
[59], and then was accumulated by repeating the process
of the J.-polarity change approximately 10° times for each
B point [see Fig. 1(d)] to improve the signal-to-noise ratio.
ARty can be converted into the corresponding tempera-
ture change AT(= ARtMm/S) by using the sensitivity S =
|dR1M/dT| of the RuO,-AlO, film [see Figs. 1(f) and 4(d)].

To compare the B dependence of the SPE signal with
that of the SSE, we also measured the SSE at 7T=2 K
using the same device, for which all SPE results presented
in this paper were obtained, but in a different experimental
run from the SPE measurement. Here, the SSE measure-
ment was done by means of a lock-in detection technique
[19,22,27] and the RuO,-AlO, layer was used as a resistive
heater; an ac charge current /., = V2L mssin(wt) with the
amplitude of I, = 5.48 LA and the frequency of w/2w =
13.423 Hz was applied to the RuO,-AlO, film, and the
second-harmonic voltage in the Pt layer induced by a spin
current (driven by a heat current due to the Joule heating of
the RuO,-AlO; film Pheater = Rrml2,,) Was detected. Dur-
ing the SSE measurement, the external field B was applied
in the film plane and perpendicular to the Pt wire, i.e., B || Z
in Fig. 1(a).

II1. RESULTS AND DISCUSSION
A. Electrical conduction in RuQO,-AlO, films

We first characterize the electrical conduction of the
Ru0;-AlO, films on thermally oxidized Si substrates.
Figure 2(a) shows the 7 dependence of the resistivity p for
the films grown under the several (fixed) sputtering power
values for the RuO, (Al) target Pryo, (Paio,)- For all the
films, p increases with decreasing 7T in the entire temper-
ature range, showing a negative temperature coefficient of
resistance (TCR). Both p and its slope |dp/dT| increase
significantly at low temperatures and monotonically by
decreasing the RuO; sputtering power Pryo,. The over-
all p-T curve shifts toward the upper right by decreasing
Pryo,. The result shows that the p versus T characteris-
tics of the RuO,-AlO, films can be controlled simply by
changing the sputtering power Pryo,. SEM EDX analysis
reveals that the RuO,/AlO, ratio decreases by decreasing
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FIG. 2. (a) T dependence of the resistivity p for the
Ru0,-AlO, films fabricated on thermally oxidized Si substrates
under the several dc sputtering power for the RuO; target (Pruo,)
and the fixed dc power for the Al target (Paio,). (b) Inp ver-
sus T4 for the RuO,-AlO, films. The black solid lines are
obtained by fitting Eq. (2) (the 3D Mott VRH model) to the
experimental data. (c) Relationship between the RuO, content
in the Ru0O,-AlO, films and the RuO; sputtering power Pryo,
determined by SEM EDX. Using this correspondence, the figure
legends in (b) and also Fig. 3 are described in terms of the
RuO; content. (d) A typical AFM image of the RuO,-AlO, film
grown under Pryo, = 28 W and Pajo, = 25 W (the RuO, con-
tent of 41%), where the root-mean-squared surface roughness is
Rims = 1.2 nm. The white scale bar represents 500 nm.

Pruo, [Fig. 2(c)], which leads to the p increase in the elec-
tric transport. We also characterized the RuO,-AlO, films
by means of AFM and found that a typical root-mean-
squared surface roughness is Ry,s ~ 1 nm, much smaller
than their thickness approximately 100 nm [see the AFM
image of the RuO,-AlO, films grown under Pr,o, = 28 W
and Pajo, = 25 W (the RuO;, content of 41%) shown in
Fig. 2(d)].

The electrical conduction at sufficiently low tempera-
tures for RuO;-based thermometers has often been ana-
lyzed by the variable-range hopping (VRH) model for
three-dimensional (3D) systems proposed by Mott [41—46,

60,611,
7o\ /4
P = pPoexp <70) , )

where pq is the resistivity coefficient and 7} is the char-
acteristic temperature related to the electron localization
length a. To discuss our result in light of the VRH, we plot
Inp versus T~ '/# for the RuO,-AlO, films in Fig. 2(b). We
found that Inp scales linearly with 7-'/% at low-T ranges,

054006-4



CRYOGENIC SPIN PELTIER EFFECT...

PHYS. REV. APPLIED 20, 054006 (2023)

(a) . Resistance R (b) . Signal sensitivity S
10°e ® RuO, 37% 10°g % ® RuO, 37%
F ®Ru0,38% | _ 105& \ ® RuO, 38%
[ ® RuO, 39% i E @ RuO, 39%
105 °oRUO,41% | X qp4E © RUO, 41%
a E © RuO, 43% c E & RuO; 43%
E " - :103 g’
10°E 3, LF
E ¢ 10°e \
E 3 E
[ 10
103 E
E_ v vl 0 il P 100 Lol il
1 100 1 100
(c) T (d) T

T coefficient of resistance (TCR) St Dimensionless sensitivity Sp

1
ol e RuO, 37% 10 E e RuO, 37%
—10% © RuO, 38% F & o RO, 38%
X o ®Ru0,39% | — [ "Nt @ RUO; 39%
= 0 N eRU0,41%| 5 L
N RUO,43% | &
g f o SI0E e, S
5=} r x = e o
X102 *Ru0,41% B [ ARUO, 41% ™" oy o
- E  (RuO.-AIO, film - (RuO,-AlO, film @ RuO, 41%
= [ onAO/PYYIG) % [ on AIO,/PYIG) © RuO, 43%
-3 Lol Lol L 1 Lol Lol [
107y 10 100 1074 10 100
T(K) T(K)
FIG. 3. T dependence of (a) the resistance R, (b) the sensi-

tivity S = |dR/dT), (c) the temperature coefficient of resistance
(TCR) Sy = |(1/R)dR/dT), and (d) the dimensionless sensitivity
Sp = |(T/R)dR/dT| = |d(InR)/d(InT)| for the RuO,-AlO, films
with different RuO, content fabricated on thermally oxidized Si
substrates. The films are patterned into a Hall-bar shape having
the length, width, and thickness of 1.0 mm, 0.5 mm, and approx-
imately 100 nm, respectively, by co-sputtering RuO,-AlO,
through a metal mask. In (c) and (d), the S7(7) and Sp(7) results
for the RuO;-AlO, thermometer film on the Pt/YIG sample are
coplotted (red star marks).

and the Inp—7~'/* data is well fitted by Eq. (2) [see the
black solid lines in Fig. 2(b)], suggesting that the low-
T electrical conduction is indeed governed by the VRH.
From the fitting, the T, values are obtained as 2.58 x 10°,
1.41 x 10%, 8.95 x 10*, 5.73 x 103, and 2.60 x 102 K for
the RuO,-AlO; films grown under Pryo, = 25, 26, 27, 28,
and 30 W, respectively. We note that, at all the 7 ranges
adopted for the VRH fitting, the average hopping dis-
tance (Rpop) is larger than the electron localization length
(a) that is the requirement for the VRH model to be
valid: Ryop/a = (3/8)(To/T)"/* > 1 [62—66]. Besides, the
Mott hopping energy Enop = (1/4)ksT(To/T)"/* (kg is the
Boltzmann constant) obtained for the present films is larger
than (or comparable to) the thermal energy kg7, allow-
ing for the electron hopping [62—66]. The above argument
further confirms the validity of the 3D Mott VRH model
to describe the conduction mechanism in the RuO,-AlO,
films.

We here discuss the T-dependent thermometer char-
acteristics of the RuO,-AlO, films. Figure 3 shows the
T dependence of (a) the resistance R, (b) the sensitiv-
ity S = |dR/dT)|, (c) the temperature coefficient of resis-
tance (TCR) Sy = |(1/R)dR/dT)|, and (d) the dimension-
less sensitivity Sp = [(T/R)dR/dT| = |d(InR)/d(InT)| for

the RuO,-AlO, films. Here, the sensitivity S is an essen-
tial quantity when the thermometer is used as an actual
temperature-sensor device in its original form. The TCR Sy
is the normalized sensitivity S by the measured resistance
R, given that S is geometry dependent (i.e., dR/dT scales
with R) [40]. The dimensionless sensitivity Sp is a measure
often used to compare the performance of the thermome-
ters made of different materials, regardless of their size
[40,67—69]. For the present RuO,-AlO, films with low
RuO, content (< 40%), the sensitivity S takes a high value
on the order of 10* — 10° /K below 7 ~ 10 K. For
such a low-T range, however, their resistance R values
are highly enhanced, and exceed 1 M2 at 2 K, which is
too high to use such films as thermometers in their origi-
nal dimensions below the liquid-*He temperature. Besides,
their TCR values start to show a saturation behavior by
decreasing T in such a low-T environment. By contrast,
the RuO,-AlO, film with the RuO; content of 41% (fab-
ricated under Pgryo, = 28 W and Pyjo, = 25 W) shows a
moderate R (S) value of 10* — 10° Q (10* — 10° ©/K) and
the best TCR characteristic of approximately 100% K~!
around 2 K. We therefore adopt its growth condition for
our SPE device. Overall, the S, TCR, and Sp values of
the present RuO,-AlO, films are comparable to those of
commercially available Cernox™ zirconium oxy-nitride
sensors [40,69], carbon composites [41,70,71], and AuGe
films [68] commonly used at a similar 7 range.

B. Observation of SPE based on RuQ,-AlO,, on-chip
thermometer

We are now in a position to demonstrate a cryogenic
SPE in the Pt/YIG sample based on the RuO,-AlO, on-
chip thermometer. Figure 4(a) shows the B dependence
of the Ru0,-AlO, resistance change ARty measured at
T =2 K and a low-B range of |B| < 0.2 T. With the appli-
cation of the charge current AJ.(= 0.15 mA) to the Pt film,
a clear ARty signal appears with a magnitude saturated at
approximately 30 mS2 [73] and its sign changes depend-
ing on the B (|| & z) direction. The signal disappears either
when AJ, is essentially zero [gray diamonds in Fig. 4(a)]
or when B is applied perpendicular to the Pt/YIG inter-
face (B|| & X) [Fig. 4(b)]. We also confirmed that the B
dependence of ARty is consistent with that of the SSE in
the identical Pt/YIG device [see Fig. 4(c)]. These are the
representative features of the SPE [29—38]. Furthermore,
the sign of ARty agrees with the SPE-induced temper-
ature change [29,30]. As shown in Fig. 4(a), the mea-
sured ARty value is positive for B > 0, meaning that the
resistance Rty increases (decreases) when J.||+¥
(J. || —¥), for which the orientation of the SHE-induced
magnetic moment at the interfacial Pt layer is dmy || — Z
(8my || + Z) in Fig. 1(a). According to the negative TCR of
the RuO;-AlO, film, this implies that the temperature of
the Pt film decreases (increases) when dm, || — z (dmy || +
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FIG. 4. (a) B dependence of the SPE-induced ARty at 7 =

2 Kand B<02 T (B||Z) under AJ. = 0.15 and 0.00 mA
and T4y = 50 ms. The dashed lines connect adjacent plots.
(b) B dependence of ARty for B||X (B < 0.3 T) under AJ, =
0.15 mA. Note that the applied B is larger than the out-of-plane
(B ||X) saturation field for bulk YIG, which is approximately
0.2 T [72]. (c) Comparison between the B dependence of the
SPE-induced temperature change AT (blue filled circles) and the
SSE-induced voltage normalized by heating power Vssg/Pheater
(orange solid curve) at T = 2 K and B || z. The SPE data shown
here is the same as that plotted in (a), but the left vertical axis
is converted from ARty to AT via the Rpy-T calibration curve
plotted in (d). For details of the SSE measurement, see Sec. I1C.
(d) T dependence of Rty (main) and |dRtyv/dT]| (inset) for the
Ru0,-AlO, film on the Pt/YIG sample. (e) B dependence of the
SPE-induced AT at T = 2 K under AJ,. = 0.15 mA and several
Tdelay Values. (f) t4elay dependence of the magnitude of the SPE-
induced temperature change ATspg, where ATspg is evaluated
by averaging the AT values for 0.08 T < B < 0.2 T [see also
()] The dashed line represents the averaged value. All the ARty
and AT data were antisymmetrized with respect to the magnetic
field B.

z) under M ||B|| + z. This correspondence between the
sign of the temperature change AT and the relative ori-
entation of dm; with respect to M is consistent with the
scenario of the SPE described in Sec. II C. We thus con-
clude that we succeeded in measuring a cryogenic SPE
using the RuO,-AlO, on-chip thermometer film.

To convert the ARty value to the temperature change
AT, we measured the Rpv-T curve for the RuO,-AlO,
film. As shown in Fig. 4(d), similar to the results described

in Sec. III A, its resistance Ry increases dramatically
with decreasing T at low temperatures, and the sensitivity
S = |dRtm/dT)| is as large as 55.3 k2/K at 2 K. [The TCR
S7 and dimensionless sensitivity Sp for the film are plot-
ted in Figs. 3(c) and 3(d), respectively, and p and |dp/dT]
are plotted in Figs. 7(a) and 7(b) in Appendix B, respec-
tively, together with the results for the RuO,-AlO, films
grown on thermally oxidized Si substrates.] In Fig. 4(c),
we replot the B dependence of the SPE in units of the tem-
perature change AT (= ARrtwm/S) using the above S value.
We evaluate the magnitude of the SPE-induced tempera-
ture change to be ATspg = 482 £ 39 nK, by averaging the
AT values for 0.08 T < B < (0.2 T, at which the magneti-
zation M of the YIG slab fully orients along the B direction
[74] [see the dashed line in Fig. 4(c)]. The standard devi-
ation of 39 nK shows that our measurement scheme based
on the RuO,-AlO, on-chip thermometer can resolve an
extremely small AT on the order of several tens of nK
(which is a value achieved by repeating the process of the
J.-polarity change of 7 x 10* times at each B). The AT
resolution is much higher than that reported in the previous
SPE measurements based on lock-in thermography, lock-in
thermoreflectance, and thermocouples, for which the typ-
ical resolution is 100, 10 — 100, and 5 WK, respectively
[34,38,39]. We found that the magnitude of A7gpg nor-
malized by the charge-current density Aj. applied to the
Pt wire is ATspp/Aj. = 3.2 x 10715 Km?/A, which is 2
orders of magnitude smaller than the corresponding value
for Pt/YIG systems measured at room temperature [30,31].
The low-T signal reduction of the SPE is consistent with
that found in the SSE [17,75-77], and is attributed mainly
to the reduction of the thermally activated magnons con-
tributing to these phenomena at cryogenic temperatures.
Besides, there can be a finite-temperature gradient across
the insulating AlO, film, between the Pt and RuO,-AlO,
layers, resulting in a further decrease of the detected AT
signal. We also measured the delay time 741y dependence
of the SPE and found that the A Tspg takes almost the same
value in the present Tgelay range (30 ms < Tgelay < 80 ms)
[see Figs. 4(e) and 4(f)], showing that all the data were
obtained under the steady-state condition [31,35].

We also explored the high magnetic field response of
the SPE signal. Figure 5(a) displays the AT versus B data
measured at 7 =2 K and B < 10 T (B || Z). We found that
AT exhibits a maximum at a low B (< 0.2 T) and, by
increasing B, gradually decreases and is eventually sup-
pressed. The B dependence of the SPE agrees well with
that of the SSE measured with the identical device [see
Fig. 5(a)]. We note that the magnetoresistance (MR) ratio
of the RuO,-AlO, film is as small as approximately 3.7%
for B < 10T at T = 2 K, so that the device can be used reli-
ably under the high-B range. The observed AT (B) feature
is explained in terms of the suppression of magnon excita-
tions by the Zeeman effect, as established in the previous
SSE research [17,27,75-77] [see Fig. 5(b)]. By increasing
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FIG. 5. (a) Comparison between the high magnetic field B

response of the SPE-induced temperature change AT (blue filled
circles) and the SSE-induced voltage normalized by heating
power Vssg/Pheater (blue solid curve) at T=2Kand B <10 T
(B ||z). The SPE data was obtained under AJ. = 0.15 mA and
Tdelay = 50 ms. For details of the SSE measurement, see Sec. II C.
The orange dashed curve shows the numerically calculated result
based on Eq. (3) for T = 2 K. (b) Magnon dispersion relations for
YIG [15] at B = 0 and 10 T, at which the magnon-excitation gap
values are approximately 0 and 13.5 K in units of temperature,
respectively, where k represents the wave number. The thermal
energy (kgT) level of 2 K is also plotted with a green dashed line,
above which thermal excitation is exponentially suppressed.

B, the magnon dispersion shifts toward high frequencies
due to the Zeeman interaction (o< yB). At B =10 T, the
Zeeman energy hy B is approximately 13.5 K in units of
temperature, which is greater than the thermal energy kzT
at 2 K [see Fig. 5(b)], resulting in an insignificant value
of the Boltzmann factor: exp(—hyB/kzT) ~ 107> « 1,
where y and & represent the gyromagnetic ratio and Dirac
constant, respectively. Therefore, the thermal magnons that
can contribute to the SPE at a low B are gradually sup-
pressed with the increase of B and, at B ~ 10 T, are hardly
excited by the strong Zeeman gap in the magnon spec-
trum [Fig. 5(b)], which leads to the suppression of the SPE
in the low-T and high-B environment. We also compared
the experimental result with a calculation for the interfa-
cial heat current induced by the SPE JF* and spin current

induced by the SSE J55E, which are expressed as

Bk 3
e [ L i

Q2n)3 dow 3)
s Q2mr)3 T’

respectively [75,78-81]. Here, w = D k> + yB is the
parabolic magnon dispersion for YIG with the stiff-
ness constant of Dey = 7.7 x 107% m?/s [15] and ngg =
[exp(hw/kgT) — 117! is the Bose-Einstein distribution
function. Note that the relation wdngg/dw = —Tongg/0T
ensures the Onsager reciprocity between the SSE and SPE
[81], which makes the above expressions to be of the
same form in terms of the B dependence. As shown by

the orange dashed curve in Fig. 5(a), the calculated result
based on Eq. (3) well reproduces the experiment. This
result further supports the origin of the measured AT sig-
nal and provides additional clues for further understanding
of the physics of the SPE.

IV. CONCLUSIONS

In this study, we have fabricated RuO,-AlO, films by
means of a dc co-sputtering technique and characterized
their electrical conduction and sensitivity at low tempera-
tures. The sensitivity was found to be tuned simply by the
relative sputtering power applied for the RuO, and Al tar-
gets, and the TCR value reaches approximately 100% K~!
for the RuO,-AlO, films with the moderate RuO, con-
tent (=41%). By using the RuO,-AlO; film as an on-chip
microthermometer, we successfully measured the SPE-
induced temperature change AT in a Pt-film/YIG-slab
system at the low temperature of 2 K based on the so-
called Delta method, which can resolve an extremely small
AT value of several tens of nK. We also measured the
high B response of the SPE at 7T=2 Kup to B=10 T,
and found that, by increasing B, the SPE signal gradually
decreases and is eventually suppressed. The B dependence
can be interpreted in terms of the field-induced freeze out
of magnons due to the Zeeman gap opening in the magnon
spectrum of YIG. We anticipate that our experimental
methods based on an on-chip thin-film thermometer will
be useful for exploring low-7 thermoelectric heating and
cooling effects in various types of microdevices, including
a system based on two-dimensional van der Waals mate-
rials [82—84]. Besides, with an appropriate optimization
of the resistance and sensitivity of the RuO,-AlO, films
by controlling the content of RuO,, our results can be
extended toward even lower temperature ranges below 1
K, where they can be used to detect unexplored cryogenic
spin caloritronic effects driven by nuclear and quantum
spins.
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APPENDIX A: ELECTRICAL CONDUCTION IN
PURE RuO; FILMS

To check the effect of O, gas introduction during sput-
tering on the RuO, film, we also fabricated pristine (poly-
crystalline) RuO, films under only Ar gas flow and also
under a large amount of O, gas flow (Ar 4 33.3 vol.%
0O,, which is approximately 5 times greater than that used
for the Ru0O,-AlO, deposition) and measured their R-T
curves. Here, the RuO, films were patterned into a Hall-bar
shape having the length, width, and thickness of 2.0 mm,
0.3 mm, and approximately 10 nm, respectively, by sput-
tering RuO, through a metal mask. Figure 6 shows the T
dependence of R normalized by the value at 300 K for
each RuO, film. For both the films, the R-T curve shows
almost the same characteristics; R gradually increases with
decreasing T and the R(T)/R(300 K) value at T = 2 K (the
temperature of interest) deviates only approximately 2%
with each other. This result shows that the effect of oxygen
on the RuO, deposition does not play an essential role in
the R versus T characteristics of RuO,.

APPENDIX B: COMPARISON OF p-7 CURVES
BETWEEN RuO,-AlO, FILMS ON SiO,/Si
SUBSTRATES AND ON Pt/YIG DEVICE

Figures 7(a) and 7(b) show the double logarithmic plot
of (a) the resistivity p and (b) its slope |dp/dT| versus tem-
perature 7 for the RuO,-AlO, films on thermally oxidized
Si substrates (filled circles) and on the Pt/YIG sample (red
star marks) grown under the several dc sputtering power
for the RuO; target (Pruo,) and the fixed dc power for the
Al target (Pajo, = 25 W). Although a small deviation of
the p and |dp/dT| values is observed even under the same

15 R-T characteristics of RuO2 film

]

R/R (300 K)

¢ Aronly
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FIG. 6. T dependence of R/R(T = 300 K) for the pure RuO,
films grown under only Ar gas flow and also under a large
amount of O, gas flow (Ar + 33.3 vol.% O,), for which the resis-
tivity p values at 7 = 300 K are evaluated as 3.21 x 10~* and
3.96 x 10™* Qcm, respectively.
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FIG. 7. T dependence of (a) the resistivity p and (b) its slope

|dp/dT) for the RuO,-AlO, films on thermally oxidized Si sub-
strates (filled circles) and on the Pt/YIG sample (red star marks)
grown under the several dc sputtering power for the RuO, tar-
get (Pruo,) and the fixed dc power for the Al target (Pajo, =
25 W). Note that S; = |(1/R)dR/dT| = |(1/p)dp/dT| and Sp =
[(T/R)dR/dT| = |(T/p)dp/dT)], the T dependences of which are
shown in Figs. 3(c) and 3(d), respectively.

growth condition depending on the substrate layer (i.e.,
Si0,/Si or Pt/Y1G), the overall T-dependent feature agrees
well with each other. Note that the substrate-dependent
difference in the p and |dp/dT)| values does not have a sig-
nificant impact on the observation of the cryogenic SPE, if
the sensitivity is large enough for its detection.
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