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Interaction between spin and heat currents is actively studied in the field of spin caloritronics from the viewpoints
of both fundamental physics and applications. The phenomenon of spin-current generation due to a heat current
is called the spin Seebeck effect and is garnering attention as a new thermoelectric conversion principle. Its reciprocal effect—the spin Peltier effect—is a phenomenon where the heat current is generated by a spin current. In recent
years, we successfully observed the temperature change caused by the spin Peltier effect by using the lock-in thermography method, which has mainly been used for semiconductor device analyses, and demonstrated a unique temperature distribution induced by the spin current. In this article, we review our recent studies on spin caloritronics by
focusing particularly on thermal imaging measurements of the spin Peltier effect.
Introduction
The interaction of spin and heat gives rise to various
physical phenomena and new functions in magnetic
materials. Specifically, with the discovery of the spin Seebeck effect (SSE) [1-4] in which a temperature gradient
applied to a magnetic material generates a spin current (a
flow of spin-angular momentum) [5], a field called “spin
caloritronics” [6,7] that fuses spintronics and thermal
transport has progressed rapidly. The name spin caloritronics was first proposed by Hatami et al. [8] in 2007
and quickly spread worldwide as studies on the SSE became popular.
Early studies on spin caloritronics mainly focused on
phenomena that generate a spin current from a heat
current, such as the SSE, toward the development of
versatile thermoelectric generators [9,10]. In contrast,
there are many heat-generation phenomena that use
a spin current or magnetic field as input, e.g., the spin
Peltier effect (SPE) [11-17], which is the reciprocal of the
SSE (Fig. 1); the anisotropic magneto-Peltier effect [18],
in which the charge-to-heat current conversion efficiency
depends on the angle between the charge current and
magnetization in a ferromagnet; the Ettingshausen effect
[19-21], in which a heat current is generated in the direction perpendicular to both the applied charge current
and magnetic field or magnetization; and the magnetocaloric effect, in which the temperature of a magnetic
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material changes with the magnetic field [22-24]. Recently, we successfully observed the thermal response from
these phenomena by means of active infrared emission
microscopy called lock-in thermography (LIT) [25-27],
and demonstrated thermal control functions that cannot

Fig. 1: Physical phenomena enabling the conversion between spin, charge, and
heat currents [17]. A spin current is typically carried by conduction electrons and
magnons; the conduction-electron spin currents can be converted into the
magnon spin currents, and vice versa, via the exchange interaction at the
paramagnet/ferro- or ferrimagnet interface.

AUGUST 2018 vol. 28 no. 4

Physics Focus

be actualized without magnetic materials and spintronics. This article outlines our LIT experiments for measuring the SPE and shows the usefulness of this method
in condensed-matter physics and materials science.
Lock-in thermography method
Because thermography can measure temperature distribution without contact, it is widely used, regardless of
the industry or fundamental research. In recent years, a
highly-sensitive temperature-distribution measurement
method based on LIT was introduced for the operation
and failure analyses of integrated circuits in the semiconductor industry [26]. In LIT, thermal images are measured using an infrared camera while the measurement
object is periodically excited, and only the temperature
change component following the excitation is extracted
via Fourier analyses in real time. The temperature resolution that can be realistically achieved with conventional
thermographic measurements is approximately 20–30
mK. In the LIT method, due to LIT’s ability to accumulate thermal images for a long time, temperature resolution is improved; thus, highly-sensitive temperaturedistribution measurements with a temperature resolution
of <0.1 mK are possible. We applied the LIT method
to the measurements of several thermoelectric, thermospin, and magnetocaloric phenomena that generate
temperature changes by inputting a charge current, spin
current, and magnetic field, respectively; consequently,
we were able to elucidate properties and functions that
were previously unknown.
As an example, we show a schematic of the LIT measurement for thermoelectric or thermo-spin effects in Fig.
2. Since a spin current is often generated from a charge
current through spin-orbit interaction (e.g., the spin
Hall effect [28-30]), the input is a charge current and the
output is a temperature change induced by the thermoelectric or thermo-spin effects in this LIT measurement.
Here, let us consider the case where a square-wave-modulated AC charge current with the frequency f and zero
offset is applied to a sample. Because the thermoelectric
or thermo-spin effect linearly responds to the input
charge current, the temperature-change signals that vary
with the same frequency f can be extracted through Fourier analyses of the obtained thermal images. In LIT, the
thermal images are divided into an amplitude image that
expresses the intensity distribution of the first harmonic
component of the temperature change in response to
the input signal and a phase image that expresses the

Fig. 2: Schematic of lit measurement [12,16,17]. thermal images are measured
by an infrared camera and transferred to a processing system for extracting the
first harmonic response of the temperature change induced by the periodicallyoscillating input current.

phase-delay distribution of the temperature change
(Fig. 2). The phase image indicates the time delay of the
temperature change due to the thermal diffusion and
also contains information on the sign of the temperature
change. When the effect of thermal diffusion can be neglected, heating (cooling) corresponds to the case where
the input charge current and output temperature change
oscillate at the same (opposite) phase, which is defined
as 0° (180°). Importantly, the Joule-heating background
accompanying the zero-offset square-wave-modulated
charge current is constant over time; thus, by extracting the first harmonic response via Fourier analyses, it
is eliminated. Therefore, the LIT method allows for the
pure and highly-sensitive detection of the thermoelectric
or thermo-spin effects.
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The advantages of the LIT method are summarized as
follows:
I . It can eliminate background, such as fluctuations in
the ambient temperature, etc., that do not synchronize
with the input-signal frequency.
II. By appropriately selecting the measurement condition and input-signal type, various thermal-response
phenomena can be measured and evaluated.
III. It can obtain time information (thermal-diffusion information) from the phase delay.
IV. By increasing the lock-in frequency, the position of
heat sources can be identified.
In general, LIT thermal images measured at low lockin frequency show the temperature distribution nearly
at steady states, while those at high frequency show the
distribution at transient states, where the temperature
broadening due to thermal diffusion is suppressed,
providing the above advantage IV. In failure analyses
of integrated circuits, by measuring the Joule heating
concomitant with a charge current under a high lockin frequency, the positions of the broken parts of the
circuits are specified. Because depth information can
also be obtained from the phase delay owing to thermal
diffusion (as long as thermal diffusivity is known), nondestructive analyses of stacked devices can be realized
without exposing electrode surfaces. In contrast, LIT
also may be used for measurements of thermal diffusivity
or thermal conductivity [31]. To apply the LIT method
to spin-caloritronics research, our LIT system consists of
not only standard components, such as an infrared camera, a lock-in input source (charge-current source), and
an analysis system (personal computer), but we also have
an electromagnet, which we put beneath the camera. By
using the electromagnet, we can measure the magneticfield dependence of temperature modulation. The imaging measurements of the SPE discussed below were
performed using this system at room temperature and
atmospheric pressure.
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thermopile temperature sensor prepared through microfabrication. The typical sample structure for measuring
the SPE is a paramagnetic metal (PM) film with a large
spin-orbit interaction formed on a ferrimagnetic insulator (FI). If a charge current JC is applied to the PM film,
the spin Hall effect generates a conduction-electron spin
current JS in the film thickness direction, generating spin
accumulation polarized in the direction that satisfies the
following relationship near the PM/FI interface [28-30]:
,

(1)

where e (>0), θSH, and σ are the elemental charge, spin
Hall angle, and spin polarization vector, respectively. The
generated spin accumulation is converted to a spin current carried by magnetization dynamics, i.e., magnons, in
FI through an interfacial exchange interaction (Fig. 1). As
a result of this spin-current transport and conversion, the
spin-transfer torque [32] suppresses or enhances the precession amplitude of magnetic moments in FI depending
on the direction of the spin current, which corresponds to
the situation where the number of magnons is decreased
or increased, respectively (Figs. 3(b) and 3(c)). Here,

Thermal imaging of spin Peltier effect
A. Spin Peltier effect
The SPE is the reciprocal phenomenon of the SSE, in
which a heat current is generated by a spin current. Experimental observation of the SPE was first reported by
Flipse et al. [11] in 2014. They electrically detected the
temperature change due to the spin injection that occured in a junction comprised of a ferrimagnetic insulator, yttrium iron garnet (YIG), and a Pt film, by using a
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Fig. 3: (a) Schematic of the PM/Fi sample used for measurements of the SPe [14].
the sample comprises a u-shaped PM (typically, Pt) film and an Fi (typically, YiG).
(b)-(d) Schematic illustrations of the SPe induced by the SHe [14] on areas l, R,
and C. JC, JS, M, and H denote the charge current applied to PM, spin current with
the spin polarization vector σ generated by the spin Hall effect in PM,
magnetization vector, and magnetic field vector, respectively. ∇t represents the
temperature gradient appearing as a result of the SPe-induced heat current.
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decreasing (increasing) the magnon number can be regarded as decreasing (increasing) magnon temperature.
Because the magnon and lattice systems interact with
each other, this spin-angular-momentum transfer induces a heat current across the PM/FI interface and changes
the temperature near the interface with respect to the
magnitude and direction of the spin current. Owing to a
characteristic of spin-transfer torque, the direction of the
heat current is dependent on whether the spin-polarization direction σ in PM is parallel or antiparallel to the
magnetization M of FI. If σ is perpendicular to M, a heat
current is not generated (Fig. 3(d)). Consequently, the
symmetry of the heat current JQ generated by the SPE is
expressed as
,

(2)

where n is the normal vector of the PM/FI interface
[12,14].
B. Detection of temperature change induced by spin
current
We realized the thermal imaging of the SPE by extracting the temperature change dependent on the spin
polarization using the LIT method [12-14]. Figure 3(a)
shows a schematic of the sample structure used in this
study. A U-shaped Pt film is formed on the surface of a
single-crystalline YIG substrate. By combining this structure with spatial information obtained from the imaging
measurement, the symmetry of the SPE (Eq. (2)) can be
verified. If the YIG layer is magnetized in the x direction, the direction of the spin polarization generated by
the spin Hall effect becomes parallel or antiparallel to
the magnetization in areas L and R; thus, temperature
change due to the SPE appears. In contrast, in area C,
these are perpendicular; thus, no temperature change is
generated (Fig. 3(d)). Importantly, because the directions
of the charge current and spin polarization in areas L are
opposite to those in R, the direction of the SPE-induced
heat current is reversed between these areas (Figs. 3(b)
and (c)).
Figure 4 shows the results of the LIT measurements for
the Pt/YIG sample. The LIT amplitude image in Fig.
4(a) clearly indicates that the current-induced temperature change appears in areas L and R, where the charge
current is perpendicular to the magnetic field. In area C,
where the current is parallel to the field, no temperature
change is generated, which is consistent with Eq. (2). The
temperature-change signals in areas L and R have phases
that differ by 180°, indicating that the sign of the tem-

Fig. 4: (a),(b) lock-in amplitude and phase images [12] for the Pt/YiG sample at
the charge current amplitude of J C = 4.0 mA and the magnetic field of
H = +16 kA/m. (c),(d) lock-in amplitude and phase images [12] for the Pt/YiG
sample at J C = 4.0 mA and H = -16 kA/m. (e),(f ) J C dependence of the lock-in
amplitude and phase [12] on areas l (red circles), R (blue squares),
and C (grey triangles) of the Pt/YiG sample at H = +16 kA/m. (g),(h) H
dependence of the lock-in amplitude and phase [12] on l, R, and C of the Pt/YiG
sample at J C = 4.0 mA and the magnetization curve (black line) of the YiG.

perature change is reversed depending on the chargecurrent direction (Fig. 4(b)). The sign of the temperature
change was also reversed by the reversal of the magnetic
field (Figs. 4(c) and (d)). This behavior is clearly different from the temperature change due to Joule heating,
which is independent of the direction of the charge current or the magnetic field.
To show that the observed signals originate from the
SPE, we systematically measured the charge-current and
magnetic-field dependence of the temperature change.
Figures 4(e) and (f) respectively show the LIT amplitude
and phase on areas L, R, and C for the Pt/YIG sample
as a function of the charge-current amplitude. The magnitude of the temperature change increases in propor-
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Fig. 5: (a) lock-in amplitude and phase images [12] for the Pt/YiG sample at J C = 4.0 mA, H = +16 kA/m, and f = 1.0 Hz, measured when the offset of the square-wavemodulated AC charge current is zero (SPe condition). (b) lock-in amplitude profiles [12] along the x direction across areas l and R of the Pt/YiG sample at J C = 4.0 mA,
H = +16 kA/m, and f = 1.0 Hz or 25.0 Hz, measured in the SPe condition. (c) lock-in amplitude and phase images [12] for the Pt/YiG sample at H = 0 kA/m and f = 1.0 Hz,
measured when the offset and amplitude of the square-wave-modulated AC charge current is J C0 = 4.0 mA and ΔJ C = 0.4 mA, respectively (Joule-heating condition).
(d) lock-in amplitude profiles [12] along the x direction across l and R of the Pt/YiG sample at J C0 = 4.0 mA, ΔJ C = 0.4 mA, H = 0 kA/m, and f = 1.0 Hz or 25.0 Hz, measured
in the Joule-heating condition.

tion to the current, while the phase difference between
L and R remains 180°. This result is consistent with the
characteristics of the SPE, which appears in linear response to the spin current injected in the YIG layer. It
was confirmed that the magnetic-field dependence of
the temperature-change signals corresponds to the magnetization process of the YIG layer (Fig. 4(g) and (h)).
Furthermore, the sign of the temperature change was
observed to be reversed when the Pt layer is replaced
with a W film, where the sign of θSH of W is opposite to
that of Pt [12,14]. By inserting a thin insulating film of
Al2O3 that prevents the interaction of the spin accumulation and magnons between Pt and YIG, the temperaturechange signal disappears. These results are consistent
with Eqs. (1) and (2), supporting the interpretation that
the observed temperature-change signal is attributed to
the SPE. As shown here, by using the LIT method, the
temperature modulation induced by a spin current can
be visualized with high sensitivity.
C. Spatial distribution of temperature change and
dipolar heat source
Figures 5(a) and (b) show the spatial distribution and
profile along the x direction of the SPE-induced temperature change, respectively. Surprisingly, the temperature change was localized in the vicinity of the Pt/YIG
junction where the spin current was injected. This result
differs significantly from the temperature change due
to standard heat sources, such as Joule heating, which is
broadened from the heat-source positions through ther-
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mal diffusion (Figs. 5(c) and (d)). The spatial distribution
of the Joule-heating-induced temperature change has
strong lock-in frequency dependence, where the LIT images measured at low lock-in frequencies show a temperature distribution close to that at a steady state (Fig. 5(c)).
In contrast, when the lock-in frequency increases, the
temperature change is observed only near the heatsource positions (Fig. 5(d)). However, the temperature
change induced by the SPE has completely different behavior and is not dependent on the lock-in frequency, at
least in the range of 0.8–106.1 Hz (Fig. 5(b)) [16]. This
experimental result indicates that the SPE signals reach
the steady state in an extremely short time. These behaviors cannot be explained by single heat-source generation, showing the uniqueness of the heat source generated by the spin current.
In this study, we demonstrated that the unique temperature distribution accompanying the SPE is reproduced by
assuming that the spin current generates a “dipolar heat
source” near the PM/FI interface [12]. This dipolar heat
source consists of an adjacent pair of a heat source and
heat sink of equal magnitude. In contrast to a usual single heat source, the temperature change generated by a
dipolar heat source is anisotropic (Figs. 6(a) and (b)). To
explain the observed temperature distribution induced
by the SPE in the PM/FI sample, we performed numerical simulations by means of a two-dimensional finite
element method; here, we calculated the cross-sectional
temperature distribution for a system where the dipolar
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Localized heating and cooling effects accompanying the
SPE were discovered through the imaging measurements
based on the LIT method. In traditional studies where
spatial distribution information could not be obtained,
this unique temperature distribution was not taken into
account in the analyses, and the amplitude of the temperature change was underestimated by more than one
order of magnitude [11,12]. Presently, by redesigning an
experimental setup considering the localized temperature distribution, the SPE-induced temperature change
can be observed even with commercial thermocouple
wires [15]. Systematic measurements and principle elucidation of the SPE are rapidly progressing, and recent
years have seen developments in not only phenomenological model calculations [33,34] but also in microscopic
theory [35].

Fig. 6: (a),(b) Calculated temperature distributions [12] induced by a dipolar heat
source comprised of a symmetric pair of a positive component +Q and a negative
component -Q and a single heat source +q . the finite element calculations were
performed by using CoMSol Multiphysics software. (c),(d) Calculated
temperature difference Δt distributions induced by dipolar heat sources on the
Pt/YiG interfaces and the single heat sources on the Pt of the Pt/YiG model system
(see Ref. [12] for details). the temperature of the bottom of the Pt/YiG system is
fixed at 300 K and Δt is defined as the difference from 300 K. (e),(f ) Δt profiles
at the sample surface induced by the dipolar heat sources on the Pt/YiG
interfaces and by the single heat sources on the Pt of the Pt/YiG system.

heat sources are set on the PM/FI interfaces. As shown in
Figs. 6(c) and (e), the temperature distribution due to the
dipolar heat sources is localized near the interfaces, consistent with the SPE experiments. For localized temperature change to occur, the magnitude of the heat sources
and sinks must be exactly equal, and in this case, the
net amount of heat is macroscopically zero; therefore,
at a position away from the heat sources and sinks, no
temperature change is generated. It is qualitatively interpreted that the dipolar heat-source generation due to a
spin current is a consequence of the energy conservation
in the conversion between the spin accumulation in PM
and magnons in FI at the interface.

Fig. 7: Conventional and developing applications of the lit method [17].

39

Physics Focus

Development of spin caloritronics
using LIT method
In the aforementioned experiments, by using the periodic injection of the spin current as the lock-in input source, the imaging measurement of the SPE was
achieved. However, the potential of the LIT method is
not limited to SPE studies; it can be applied to various
thermal-response phenomena by selecting the measurement condition and input-signal type. As shown in Fig. 7,
we applied this method to spin-caloritronics studies from
the viewpoints of both fundamental physics and materials science. Recently, the LIT method has allowed us to
observe the anisotropic magneto-Peltier effect in a ferromagnetic metal [18], which had not been observed so
far, and the anomalous Ettingshausen effect in a film [21].
The thermal imaging of such thermoelectric effects can
be achieved through measurements similar to those performed in this study (Fig. 2). Furthermore, by extracting
the temperature change induced by periodic magnetic
fields using the LIT method, the magnetocaloric effect
[24] can also be imaged. Importantly, the LIT method
enables high-throughput measurements of adiabatic
temperature change induced by the magnetocaloric
effect, where measurement time can be significantly reduced in comparison to conventional methods. The fact
that thermal-response properties of a large number of
materials can be simultaneously evaluated and compared
without increasing the measurement time is a major advantage in imaging measurements, and the LIT method
is expected to contribute to the development of highperformance thermoelectric, thermo-spin, and magnetocaloric materials.
Conclusion
In this article, we introduced our recent works on spin
caloritronics based on the LIT method, with a focus on
the SPE. By using this method, temperature distribution can be resolved with high temperature and spatial
resolutions, and thermal responses of spin-caloritronic
phenomena can be investigated in a systematic and
quantitative manner. An important point regarding the
application of SPE clarified through the imaging measurements is the potential for actualizing local temperature control of spintronic devices. By using dipolar heat
sources, one canrealize pinpoint temperature modulation without changing the surrounding temperature; this
can lead to novel thermal management techniques. The
temperature change generated by the SPE is presently
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small but can be increased by multi-layering PM/FI junctions [13]. In addition, materials exploration to improve
the efficiency of the spin-to-heat current conversion
is also dramatically developing [10]. We hope that the
method proposed here paves the way for understanding
detailed physics of spin-caloritronic phenomena, searching good materials, and creating new application technologies.
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