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Transient response of the spin Peltier effect revealed by lock-in thermoreflectance measurements
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Transient response of the spin Peltier effect (SPE) in a Pt/yttrium iron garnet junction system has been
investigated by means of a lock-in thermoreflectance method. We applied an alternating charge current to the Pt
layer to drive SPE through the spin Hall effect, and measured the AC response of the resultant SPE-induced
temperature modulation at frequencies ranging from 10 Hz to 1 MHz. We found that the SPE-induced
temperature modulation decreases with increasing the frequency when the frequency is > 1 kHz. This is a
characteristic feature of SPE revealed by the high frequency measurements based on lock-in thermoreflectance,
while previous low frequency measurements showed that the SPE signal is independent of the frequency. We
attribute the decrease of the temperature modulation to the length scale of the SPE-induced heat current; by
comparing the experimental results with one-dimensional heat conduction calculations, the length scale of SPE
is estimated to be 0.94 μm.
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Thermoelectric technology has gained attention because of
the interest for energy harvesting and thermal management.
Recently, a route for thermoelectric conversion has been
opened by using the spin degrees of freedom of electrons
[1,2]. The spin-mediated thermoelectric generation phenom-
ena, such as the spin Seebeck effect [3–6] and the anomalous
Nernst effect [7–9], have been widely studied in the field of
spin caloritronics. In addition to the thermoelectric genera-
tion, the research for spin-mediated temperature manipulation
is becoming active. The representative effects are the spin
Peltier effect (SPE) [10–16] and anomalous Ettingshausen ef-
fect (AEE) [17], which are the reciprocal of the spin Seebeck
and anomalous Nernst effects, respectively.

SPE induces a heat current from a spin current in a
magnetic material. In combination with the charge-to-spin
current conversion, i.e., the spin Hall effect in a conductor
attached to the magnetic material, SPE works as a thermo-
electric converter [10]. In a junction comprising the magnetic
material and conductor, a charge current Jc applied to the
conductor layer induces a transverse spin current with the
spin polarization σ [18]. The spin current is injected into the
magnetic layer via the interfacial exchange coupling between
electron spins and the thermally activated magnon dynamics,
and propagates from the interface with accompanying the heat
current JSPE

q [Fig. 1(a)]. The symmetry of SPE is described by

JSPE
q ∝ (σ · M)n, (1)

where M denotes the magnetization in the magnetic layer
and n the normal vector to the junction interface [10,12,19].
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When M ⊥ n, SPE satisfies JSPE
q ∝ Jc × M, which is the

same symmetry as AEE, appearing in ferromagnetic conduc-
tors [Fig. 1(b)] [17]. The transverse thermoelectric conversion
based on SPE allows us to heat or cool a large plane with
a simple form. SPE has been studied in some different ma-
terial systems by means of thermocouples [10,13], heat-flux
sensors [15], and lock-in thermography (LIT) [11,12,14,16],
which clarify the spin/charge current dependence, magnetic
field dependence, and spatial distribution of the SPE-induced
temperature modulation.

However, the response time of SPE, the time constant of
the SPE-induced temperature modulation to reach the steady
state, is not experimentally verified yet. The response time
is important not only for characterizing and designing SPE-
based devices but also for investigating the physical origin
of SPE because it is determined by the characteristic length
scale of a heat current induced by SPE, which is still un-
der debate [16,20,21]. This is in sharp contrast to the AEE
case because the AEE-induced heat current JAEE

q uniformly
exists in ferromagnets and its length scale is determined by
the system dimension [17]. To reveal the transient behavior
of SPE, a fast measurement within a timescale of thermal
propagation is necessary. Although the conventional approach
based on LIT is powerful for measuring SPE, this method
cannot be used for ultrafast measurements because of the lim-
itation on frame rate of an infrared camera. The direct contact
method using thermometers is disturbed by thermal resistance
between thermometer and sample and thermal capacitance of
thermometers [13]. Therefore, to determine the response time
of SPE, a different approach is necessary.

In this study, we have investigated the transient response
of SPE in a Pt/yttrium iron garnet (YIG) junction system
by using a thermoreflectance method, where the temperature
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FIG. 1. (a),(b) Schematics of the spin Peltier effect (SPE) in a
conductor/magnetic insulator junction system and the anomalous
Ettingshausen effect (AEE) in a ferromagnetic metal. M, Jc, and
JSPE(AEE)

q denote the magnetization vector charge current, and heat
current induced by SPE (AEE), respectively. (c) A schematic of the
lock-in thermoreflectance (LITR) system used in this study, where
H denotes the magnetic field. The Pt strip has four electrodes; the
outer two are for applying the current and the inner two are for
measuring the AC voltage difference Vsample. Except the connection
to the sample electrodes, 50-� coaxial cables are used for impedance
matching. (d) Expected temporal response of output signals (temper-
ature modulation and intensity of the reflected light) due to the AC
charge current. The SPE- and/or AEE-induced signals oscillate at the
same frequency as the sinusoidal input whereas the Joule-heating-
induced signal oscillates at the second harmonic frequency. (e)
Layer structure of the sample used for the SPE measurements. The
thickness of each layer was measured by the scanning transmission
electron microscopy [25].

modulation is measured through the change in the reflectivity
of the sample surface [22]. In a similar manner to the previous
studies [11,14,23], we performed the thermal measurements
in the frequency domain; reflectivity oscillation synchronized
with alternating thermal excitation was measured with chang-
ing the excitation frequency. This is often called the lock-
in thermoreflectance (LITR) method [24]. In the following,
we show the validity of the LITR-based SPE detection by
systematically performing the charge current and magnetic
field dependent measurements. Then, we reveal the transient
response of SPE by changing the frequency from 10 Hz to
1 MHz (note that the maximum frequency of the conventional
LIT method is ∼100 Hz [14]). Finally, we discuss the length
scale of SPE by comparing the obtained frequency responses
with model calculations.

The sample configuration is as follows. A 500-μm-wide
and 9.0-nm-thick Pt strip was formed on a single-crystalline
YIG (111) layer with a thickness of 114 μm. The YIG
layer with the exact composition of Bi0.04Y2.96Fe5O12 was
grown on a single-crystalline gadolinium gallium garnet (111)
substrate by liquid phase epitaxy, which is the same as the
YIG samples used for the LIT-based SPE measurements
[11,12,16]. To measure the temperature on the Pt/YIG in-
terface using the LITR method, the sample is covered by a
50.6-nm-thick Au transducer layer showing a large thermore-
flectance coefficient, i.e., temperature derivative of reflectiv-
ity. For electrical insulation between the Pt and Au layers,
SiO2 and Al2O3 layers were formed on the Pt layer before
forming the Au layer, where the insulation is confirmed by
the fact that the four-probe resistance of the Pt strip was not
changed before and after depositing the Au layer. The layer
structure of our sample is shown in Fig. 1(e) and the detailed
preparation procedures are summarized in Ref. [25].

Figure 1(c) shows a schematic diagram of the LITR mea-
surement. The reflectivity change due to SPE-induced temper-
ature modulation is measured by irradiating the sample with a
focused continuous-wave green (532 nm) laser light and mon-
itoring the reflected light intensity, where the spot radius is
∼10 μm and the power at the sample surface is estimated to be
3.8 mW. To excite SPE, a sinusoidal AC charge current with
the frequency f is applied to the Pt layer. The charge current
is converted into a spin current via the spin Hall effect, where
the σ direction of the spin current is alternately reversed. This
AC spin current induces periodic temperature oscillation with
the same frequency near the Pt/YIG interface due to SPE [see
Eq. (1) and Ref. [11]], which eventually modulates the re-
flectivity of the transducer layer through thermal conduction.
The resultant AC component of the reflected light intensity is
measured by using photodetector and lock-in amplifier [25];
we obtain the amplitude IAC and phase φ for the reflected light
intensity change for the first harmonic response. Then, IAC is
converted into the amplitude of the temperature modulation A
through A = (1/|R|)IAC/IDC, where |R| (= 2.82 × 10−4 K−1

[26]) denotes the thermoreflectance coefficient and IDC is the
DC intensity of the incident light. Importantly, we can mea-
sure the temperature modulation due to thermoelectric effects
separated from Joule heating because Joule heating (∝ J2

c )
induces only the second harmonic component (with its am-
plitude A2 f ), which can also be detected through the lock-in
amplifier [Fig. 1(d)]. In this study, we concentrate on the two
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FIG. 2. (a),(b) Charge current (JAC
c ) and magnetic field (H ) de-

pendence of the temperature modulation amplitude with the H -odd
dependence (Aodd) in the Pt/YIG system for various values of f .
The JAC

c dependence was measured at μ0|H | = 30 mT and the μ0|H |
dependence was measured at JAC

c = 20 mA. In Fig. 2(a), charge cur-
rent dependence of the temperature modulation amplitude with the
Joule-heating-induced component AJoule is also shown. In Fig. 2(b),
the magnetization M (normalized by the saturation magnetization
Ms) curve of YIG measured using a vibrating sample magnetometer
is shown for comparison, which shows negligibly small hysteresis.
The JAC

c value is estimated from Vsample [see Fig. 1(c)] and the sample
resistance.

components: the H-odd component of the first harmonic com-
ponent, Aodd = |A(+H )eiφ(+H ) − A(−H )eiφ(−H )|/2, and the
Joule-heating-induced component, AJoule = A2 f (+H ), where
H denotes the magnitude of the magnetic field H, applied
in-plane to the YIG film across the Pt strip [27]. Aodd contains
the SPE contribution because the SPE-induced temperature
modulation changes its sign with respect to the reversal of the
magnetization of the YIG layer and m follows H because of
negligibly small hysteresis in this experiment. We note that
the laser light is ellipsoidally polarized but no polarization
dependence is observed as our setup comprises nonpolarizing
optical components only. The measurements were performed
at room temperature and atmospheric pressure.

First, we confirmed the charge current and magnetic field
dependences of the LITR signals. Figure 2(a) shows the JAC

c
dependence of Aodd and AJoule at μ0|H | = 30 mT at various
frequencies, where JAC

c denotes the amplitude of the AC
charge current applied to the Pt layer. Aodd (AJoule) increases
linearly (quadratically) with JAC

c , confirming that its origin is
the thermoelectric effect (Joule heating). Figure 2(b) shows
the μ0|H | dependence of Aodd. We found that the Aodd value
increases with increasing H and its magnitude is saturated for
μ0|H | > 10 mT. This behavior shows a good agreement with
the magnetization curve of YIG. The temperature-modulation

FIG. 3. (a) f dependence of Aodd induced by SPE in the Pt/YIG
system (blue circles) and AEE in the Ni system (gray diamonds) and
AJoule induced by Joule heating in the Pt/YIG system (red squares).
Note that the dashed lines represent the eye guides, locating at the
average values of Aodd in the frequency range from 10 Hz to 1 kHz.
The inset shows the f dependence of JAC

c calculated from Vsample and
sample resistance. Note that JAC

c values for Pt/YIG and Ni samples
are almost flat and overlapped in the frequency range. (b) Com-
parison between the f dependence of SPE calculated with various
values of the heat source thickness lSPE

q in the YIG layer (solid lines
and dashed line) and that of the experiment (blue circles). (c) The
multilayer model system and the distribution of the SPE-induced heat
current density jSPE

q used for the calculation.

amplitude over the charge current density observed here is
estimated to be Aodd/ jc = 3.6 × 10−13 Km2A−1, which is
comparable to the previously reported value obtained by
the LIT measurements: Aodd/ jc = 3.3 × 10−13 Km2A−1 [11]
(note that a correction factor of π/4 is applied to the pre-
vious LIT result because the sinusoidal wave amplitude of
the temperature change is divided by the rectangular wave
amplitude of the charge current in the LIT-based studies). The
above results confirm that the LITR signals are attributed to
the SPE-induced temperature modulation.

Figure 3(a) shows the f dependence of Aodd for the Pt/YIG
system (blue circles). At low frequencies ( f < 1 kHz), the
amplitude of the SPE signal is almost constant, as revealed by
the LIT measurements [14]. Interestingly, at high frequencies
( f > 1 kHz), the signal amplitude gradually decreases with
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increasing f , showing the transient response due to SPE.
Considering that the response time τ is obtained through fc =
(2πτ )−1, where fc is defined by the frequency at which the
signal amplitude decreases to −3 dB of the maximum value,
τ is estimated to be 2.5 μs for SPE in our Pt/YIG system. Note
that the f dependence of JAC

c is irrelevant to the temperature
decrease as it is found to be constant in this frequency range as
shown in the inset of Fig. 3(a), where the values are estimated
from the AC voltage difference Vsample inside the strip [see
Fig. 1(c)] at each frequency and the low-frequency resistance
determined by four-probe measurements.

The transient response of the SPE signal is different from
that of other effects. In Fig. 3(a), we also show the f depen-
dence of the temperature modulation due to Joule heating (red
squares). The decrease for the Joule heating signal is much
larger and faster than that for SPE, which can be attributed to
the difference in the heat source distribution [11]. Importantly,
we found that the transient response of the SPE signal is
different also from that of the AEE signal, although SPE
and AEE exhibit similar thermoelectric conversion symmetry
for in-plane magnetized conditions [17]. To demonstrate the
difference, we measured the f dependence of Aodd for AEE
(gray diamonds) by using the sample in which the Pt/YIG
layer is replaced with a 13.3-nm-thick Ni film, where the AEE
signal appears in the Ni layer instead of the SPE signal. As
shown in Fig. 3(a), Aodd for AEE maintains its magnitude over
the measurement frequency range, indicating much shorter τ

than that of SPE for the Pt/YIG system.
The difference of the frequency response between SPE and

AEE can be attributed to the difference in the length scale
of JSPE

q and JAEE
q when the decoupling between magnon and

phonon temperatures can be neglected for SPE. This assump-
tion is justified at room temperature; the magnon-phonon
relaxation time is expected to be in the order of picoseconds
[20,28], and thus does not affect our experimental results,
where the minimum time scale of our experiment is >1 μs.
Let us compare the length scale and corresponding τ value.
When a uniform heat current propagates in the distance of l
in a one-dimensional system, τ is given by ρCl2/(2κ ), where
C, κ , and ρ are the heat capacity, thermal conductivity, and
density, respectively. Therefore, larger l results in larger τ .
Note that when the timescale corresponding to the lock-in
frequency is shorter than τ , the LITR signal decreases by
reflecting the transient response. In the case of AEE, the
uniform JAEE

q exists over the thickness direction and, by using
thermal properties for Ni in Table I, τ = 3.8 ps ( fc = 42 GHz)
is obtained. Since the AEE signal can reach the steady state in
a very short time scale, Aodd for AEE in our Ni film shows
the constant magnitude for f < 1 MHz. In contrast, if the
SPE-induced temperature modulation requires a substantial
time to reach the steady state due to the long length scale, the
reduction of the SPE signal may appear in the high f range.
This means that, by analyzing the f dependence of the SPE
signal, we can determine the length scale of the SPE-induced
heat current.

To quantitatively interpret the experimental data, we ana-
lyze the transient response of SPE with an assumption that
the magnitude of JSPE

q decays exponentially from the Pt/YIG
interface with the characteristic length lSPE

q . We note that the
heat current generation can be regarded as one-dimensional

TABLE I. Materials parameters used for calculation. C, κ ,
and ρ denote the specific heat, thermal conductivity, and density,
respectively.

C κ ρ

(Jkg−1K−1) (Wm−1K−1) (kgm−3)

Au 129a 317a 19300a

Al2O3 779a 35a 3970a

SiO2 745a 1.4a 2196a

Pt 133a 72a 21450a

YIG 570b 7.4c 5170b

Ni 440a 90.7a 8900a

aReference [29].
bReference [28].
cReference [30].

transport because the Pt strip width is much larger than lSPE
q

[25]. We solved the one-dimensional heat equation in the
multilayer structure [Fig. 3(c)] and derived the frequency
response [25]. The interfacial thermal conductance is set to
2.79 × 108 Wm−2K−1 for the interface of Pt/YIG [28] and
1 × 108 Wm−2 K−1 for the other interfaces [31,32].

Figure 3(b) shows that the calculated f dependence of Aodd

on the Au surface induced by SPE for various lSPE
q values.

It is clear that larger lSPE
q results in lower fc. By fitting the

experimental result with lSPE
q being the adjustable parameter,

we obtained lSPE
q = 0.94 μm. This value is similar to but

smaller than that obtained from the measurements of the spin
Seebeck effect and nonlocal magnon transport [13,33–46],
which may be due to the different length scale of spin-
current excited magnons in SPE from that of thermally excited
magnons in the spin Seebeck effect. The exact comparison
of lSPE

q to the length scale of the spin Seebeck effect is a
remaining task for understanding the reciprocal relationship in
the spin-heat current conversion. The μm scale lSPE

q indicates
that, in Pt/YIG systems, the bulk magnon conduction plays a
major role for determining the magnitude of the temperature
modulation induced by SPE.

In conclusion, we demonstrated the LITR-based SPE de-
tection and revealed the transient response of the temperature
modulation due to SPE. The AC response of the SPE signal
in the Pt/YIG system was found to decrease with increas-
ing f , showing the response time of 2.5 μs. The obtained
f dependence of the SPE-induced temperature modulation
is well reproduced by the model calculation based on the
one-dimensional heat equation. By assuming the exponential
decay of magnons, we show that the heat current induced by
SPE exists over 0.94 μm in the YIG layer from the Pt/YIG
interface. We also found that despite the similar thermoelec-
tric conversion symmetry, the transient response of SPE is
different from that of AEE in an in-plane magnetized thin film,
where the f dependence of the AEE signal shows no decrease
according to the ultrafast response time determined by the
sample dimension. As demonstrated in this study, the LITR
method can be a useful tool for investigating the physics of
thermoelectric and thermospin conversion phenomena and for
evaluating the transient response of spin-caloritronic devices.
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