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Spin caloritronics is the fusion research field based on the combination of spintronics, thermoelectrics, and thermal
energy engineering, where the interplay between spin, charge, and heat currents has been extensively investigated.
Recently, we have clarified detailed behaviors of various magneto-thermoelectric and thermo-spin effects and
demonstrated novel thermal control functionalities realized by spin caloritronics by means of the active heat detection
techniques called the lock-in thermography and lock-in thermoreflectance methods. In this article, we explain the
measurement principles and features of these lock-in heat detection techniques, and review recent developments in spin
caloritronics. These techniques are useful not only for elucidating physics of spin caloritronics but also for finding good

magneto-thermoelectric and thermo-spin conversion materials.
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thermoreflectance.
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Fig.1 Applications of the lock-in thermography and lock-in thermoreflectance methods.
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Fig.2 Experimental setup and measurement principle of the lock-in thermography method. f'and fcamera denote the lock-in
frequency and the frame rate of an infrared camera, respectively.
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Fig.3 Experimental setup and measurement principle of the lock-in thermoreflectance method.
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Table 1 Comparison between the lock-in thermography and
lock-in thermoreflectance methods.

Lock- in Lock- in
thermography thermoreflectance
Spatial resolution ~ ~10 um <1 um

(imaging)

Temp. resolution
(typical values for
1h measurement)

0.1 mK (imaging) 0.1 mK (spot)

1 mK (imaging)

Lock-in frequency ~ Min: no limit Min: no limit

Max: ~100 Hz Max: >1 MHz
Measurement Min: ~270 K Min: ~30 K
temperature range ~ Max: >1000 K Max: >1000 K
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Fig.4 (a),(b) Schematics of the FePt/SrTiOs and PV/YIG
samples used for the lock-in thermography measurements of
the anomalous Ettingshausen effect (AEE) and spin Peltier
effect (SPE), respectively. (c)-(f) Schematics of the symmetry
of AEE and SPE and the lock-in thermal images for the
FePt/SrTiOs and Pt/YIG samples in the in-plane magnetized
(IM) and perpendicularly magnetized (PM) configurations.'?)
Je, Js, VT, and M denote the charge current, spatial direction
of the spin current, temperature gradient, and magnetization
vector, respectively. During the lock-in thermography
measurements, a square-wave-modulated AC charge current
with the amplitude Jc = 10 mA and frequency /=25 Hz was
applied to the FePt and Pt layers.

.- frange covered by lock-in thermography

=
@ spin Peltier effect ]
Q0 anomalous Ettingshausen effect

Aodd (mK)

f(Hz)

Fig.5 f dependence of the lock-in amplitude showing the
odd dependence on a magnetic field Aoda for the P/YIG
sample and Ni thin film, measured by the lock-in
thermoreflectance method.'®
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Fig.6 (a) Schematic of the composition (x)-spread CooMnAl,.,Six film. (b) x dependence of the Co, Mn, Al, and Si concentrations
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