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The spin Peltier effect (SPE) in Pt/WSe,/Y3zFes01» (YIG) and PYWS,/YIG heterostructures is investigated using lock-in thermography. Since
inserting atomically thin transition metal dichalcogenides (TMDs), such as WSe,, between Pt and YIG is known to enhance the voltage induced by
the spin Seebeck effect, similar enhancement is expected for SPE. Contrary to this expectation, the SPE-induced temperature modulation is
strongly suppressed in the TMD-inserted regions compared with bare Pt/YIG regions. Raman spectroscopy reveals sputtering-induced structural
degradation of WSe,, hindering spin-current injection into YIG. These results highlight the sensitivity of spin-current transport to interface quality
in spin-caloritronic devices incorporating atomically thin TMDs. © 2026 The Japan Society of Applied Physics. All rights, including for text and

data mining, Al training, and similar technologies, are reserved.

he integration of thermoelectric conversion into

spintronics has led to the development of spin

caloritronics,'™ which provides novel energy con-
version principles. The representative phenomena of spin-
current transport in spin caloritronics include the spin
Seebeck effect (SSE)*® and the spin Peltier effect
(SPE).”® SSE and SPE enable interconversion between
heat and spin currents in magnetic materials, functioning as
a transverse thermoelectric conversion through the spin—orbit
coupling in metals attached to the magnetic materials.”'®
SSE and SPE have been extensively investigated in para-
magnet/ferromagnet (or ferrimagnet) junctions such as
Pt/Y;FesO, (YIG),®"'~13 where the strong spin—orbit
coupling in Pt enables interconversion between charge and
spin currents via the (inverse) spin Hall effect.'*'® The
output voltage induced by SSE and temperature modulation
induced by SPE are much smaller than those of the
conventional Seebeck and Peltier effects. However, SSE
and SPE exhibit unique functionalities including the trans-
verse thermoelectric conversion using insulators owing to
their magnon origin.

SSE and SPE are strongly influenced by the efficiency of
spin-angular-momentum transfer across paramagnet/ferro-
magnet interfaces,'®") which is quantified by the spin-mixing
conductance.”>*> Recently, the inverse spin Hall voltage
induced by SSE was found to be enhanced by insertion of
atomically thin transition metal dichalcogenides (TMDs)***>
into the paramagnet/ferromagnet interfaces, e.g., in
Pt/WSe,/YIG heterostructures [Fig. l(a)].zf’) However, the
influence of the TMD-inserted interfaces on spin-current
transport remains unclear since SSE signals reflect average
information of the entire sample and is determined by multiple
parameters including the spin mixing conductance and spin
Hall angle. To investigate the effect of TMDs on SSE or SPE
signals, spatially resolved measurements are useful.

In this letter, we investigate SPE in Pt/WSe,/YIG and
Pt/WS,/YIG heterostructures through active thermal imaging

measurements based on lock-in thermography (LIT).*® We
first focus on Pt/WSe,/YIG, where enhanced SPE-induced
temperature modulation is expected to occur owing to the
reciprocity between SSE and SPE. The LIT measurements
show that, contrary to the expectation, SPE-induced signals
are suppressed in the WSe,-inserted regions, suggesting
suppression of the spin-current injection from Pt into YIG.
Raman spectroscopy shows that the inserted WSe, layer may
be damaged during Pt sputtering. The same behaviors were
observed in Pt/WS,/YIG. These observations indicate that
spin transport across the Pt/YIG interface is strongly affected
by the damage of atomically thin TMD interlayers, high-
lighting the importance of careful interface engineering in
the integration of atomically thin materials into spin-calor-
itronic devices.

Our Pt/WSe,/YIG sample was prepared as follows. WSe,
flakes were synthesized by salt-assisted chemical vapor
deposition (CVD). An optical micrograph shows atomically
flat triangular flakes [Fig. 2(a)], characteristic of CVD-grown
monolayer WSe, with zigzag edges.”” The as-grown flakes
were characterized by Raman spectroscopy and atomic force
microscopy (AFM). The Raman spectrum exhibits a char-
acteristic peak at ~250 cm ', corresponding to E’ and A,’
modes of WSe,, respectively [Fig. 2(b)].28) An AFM
topographic image [Fig. 2(c)] and its line profile
[Fig. 2(d)] reveal a thickness of the CVD-grown WSe, to
be ~0.7 nm, consistent with monolayer WSe,. The as-grown
WSe, flakes were subsequently transferred onto single-
crystalline YIG, grown on a single-crystalline Gd;GasO;
(111) substrate by a liquid phase epitaxy method, using a
poly(methyl methacrylate)-assisted wet-transfer process. The
thickness of YIG was 17 pm, much larger than the
characteristic length of SPE,29’30) and the substrate was cut
into a rectangular shape with a size of 2mm in width and
7 mm in length. Finally, a 5-nm-thick Pt layer was deposited
on the YIG substrate with WSe, flakes at room temperature
by RF magnetron sputtering with a power of 50 W under an
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Fig. 1. (a) Schematic of the crystal structure of WSe, and the

Pt/WSe,/YIG heterostructure. (b) Schematic of SPE measurements using
LIT. J., Js, H, and VT denote the square-wave-modulated AC charge
current with amplitude J, spatial direction of the spin current, magnetic
field, and temperature gradient, respectively.
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Fig. 2. (a) Optical microscope image of an as-grown WSe, flake. (b)
Raman spectrum of WSe,. (c) AFM image of WSe,. (d) Height profile
along the white line in (c).
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Fig. 3. (a) Optical microscope image of the Pt/WSe,/YIG sample

corresponding to the LIT measurement region. (b) Raman spectra of
WSe, before and after Pt sputtering. (c), (d) H-odd-dependent components
of the Ayqq and @oqq images for the P/WSe,/YIG sample at J. = 60 mA,
f=5Hz, and polHl = 100 mT, where 1 is the vacuum permeability. (e),
(f) J. dependence of the Ayqq and ¢oqq signals for the P/YIG
(Pt/WSe,/YIG) region, marked with a pink (light blue) square in (c) and
(d), at f=5 Hz and polHl = 100 mT. The dotted line in (e) represents a
linear fit. (g), (h) A and ¢ images at J. = 60 mA, f = 25 Hz, and

tolHl = 0 mT.

Ar pressure of 0.3 Pa. As shown in an optical micrograph in
Fig. 3(a), the transferred WSe, flakes result in the formation
of a WSe, interlayer only on certain areas of YIG, where the
presence of WSe, is confirmed by the Raman spectrum in
Fig. 3(b). This allows for simultaneous comparison of SPE
signals within a single sample between regions with and
without the interlayer.

Applying a charge current J. to the Pt layer of the
Pt/WSe,/YIG sample generates a spin current perpendicular
to the interface due to the spin Hall effect [Fig. 1(b)]. This
spin current is injected into the YIG layer in areas where
WSe, is absent. In areas where WSe, is present, the spin-
current injection is affected by the interlayer. The spin
current injected into the YIG layer generates a heat current
near the interface via SPE, resulting in a temperature change
on the sample surface that is linearly proportional to the
applied charge current. This process occurs when the
magnetization of YIG is in-plane and perpendicular to J.*

The spatial distribution of the SPE-induced temperature
modulation in the Pt/WSe,/YIG sample was measured using

LIT under an in-plane magnetic field H (with the magnitude
© 2026 The Japan Society of Applied Physics. All rights, including for
text and data mining, Al training, and similar technologies, are reserved.
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H) [Fig. 1(b)]. During the LIT measurements, a square-
wave-modulated AC charge current with the amplitude J,
and frequency f was applied to the Pt layer in the direction
perpendicular to H and the first harmonic response of the
detected signals was decomposed into lock-in amplitude A
and phase ¢ images by Fourier analysis. When a charge
current with zero DC offset is applied, SPE-induced signals
(xJ.) can be detected separately from Joule-heating con-
tributions (xJ.%).® In contrast, applying an ON-OFF-modu-
lated charge current, i.e., the square-wave-modulated AC
current with a finite DC offset, produces Joule-heating-
induced signals, which are utilized to evaluate the spatial
distribution of the charge current density (note that the
contribution of SPE in this measurement condition is
negligibly small compared to Joule-heating-induced signals).
Since the SPE-induced signals exhibit an antisymmetric
dependence on H, the odd components of the LIT amplitude
and phase were calculated from raw LIT images measured
under a positive or negative field as: Aygg = IA(—}—H)e*"d’(“LH)
—A(-H)e ™12 and  Poaq = —arg[A(+H)e T — A(-H)
¢ By doing so, we can separate the H-independent
Peltier signals at the boundaries between areas with and
without WSe,. For the LIT measurements, insulating black
ink was coated on the sample surface to obtain high (>0.94)
and uniform infrared emissivity.

Figures 3(c) and 3(d) display the Aoqq and ¢,qq images for
the Pt/WSe,/YIG sample, measured at J,=60mA,
f=5.0Hz, and polHI=100 mT, where pu, denotes the
vacuum permeability and the region of interest corresponds
to the area shown the optical micrograph in Fig. 3(a). At this
magnetic field, the magnetization of the YIG layer is
uniformly aligned perpendicular to the J. direction, satis-
fying the symmetry required for SPE signals to manifest.® In
the Pt/YIG region without the WSe, interlayer, clear SPE-
induced signals were observed, where the sign and magni-
tude of the temperature modulation are consistent with the
results in Ref. 31. The magnitude of the A,qq signals was
proportional to J. [Fig. 3(e)], while ¢oqq¢ ~0° remained
unchanged as a function of J. [Fig. 3(f)]. In contrast, as
shown in Figs. 3(c)-3(f), tiny A,qq and undefined ¢yqq
signals appear in the Pt/WSe,/YIG region, indicating the
disappearance of SPE-induced temperature modulation (note
that, at a small magnetic field of 100 mT, the contribution
from the ordinary Ettingshausen effect in the Pt layer is
negligibly small). The signals were reduced in all the
WSe,-inserted areas, irrespective of the WSe, thickness.
The averaged magnitude of the Ayqgq/j. signal at polHl = 100
mT for the regions with and without the WSe, interlayers
was estimated to be 0.04 x 107" Km?A~" and 1.79 x 10"
Km?A ™!, respectively.

The non-uniform SPE signal is not due to non-uniform
charge-current distribution in the Pt layer. To verify the
current distribution within the sample, the Joule-heating
signal was measured using LIT at a high f value.
Increasing f suppresses the broadening of temperature
changes caused by thermal diffusion, enabling visualization
of the charge current path. Figures 3(g) and 3(h) show the A
and ¢ images for the same Pt/WSe,/YIG sample, measured
at J. =60 mA and f=25.0 Hz in the absence of a magnetic
field. The Joule-heating signals were observed to be nearly
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Fig. 4. (a) Optical microscope image of as-grown WS,. (b) Raman

spectrum of as-grown WS,. (¢), (d) H-odd-dependent components of the
Aoaa and @oqq images for the PYWS,/YIG sample at J. = 50 mA,
f=5Hz, and polHl = 100 mT. (e), (f) A and ¢ images at J. = 50 mA,
f=25Hz, and polHl =0 mT.

uniform across the entire area, indicating the uniform charge-
current distribution.

To further confirm the effect of TMDs on spin-current
transport, we performed SPE measurements on WS,-inserted
Pt/YIG heterostructures. First-principles calculations have
shown that WSe, and WS, possess spin—orbit interactions of
comparable strength.*>*® In addition, inserting WS, be-
tween Pt and permalloy was shown to enhance the inverse
spin Hall voltage due to thermally induced spin currents.*®
Therefore, WSe, and WS, are expected to exert similar
effects on SSE and SPE as interlayers, but their insertion into
Pt/YIG systems and SPE measurements have not been
reported. Figure 4 presents the measurement results for the
Pt/WS,/YIG sample. The triangular shape observed in the
optical micrograph [Fig. 4(a)] and the characteristic Raman
peaks measured before forming the Pt layer [Fig. 4(b)]
confirm the high crystallinity of CVD-grown WS,. As shown
in Figs. 4(c) and 4(d), the SPE-induced signals were
markedly suppressed in the dispersed WS, regions (dark
spots), similar to the behavior observed in Pt/WSe,/YIG. We
also confirmed the uniform current distribution in the
Pt/WS,/YIG sample [Figs. 4(e) and 4(f)].

In our experiments, the SPE-induced signals were sig-
nificantly suppressed in the TMD-inserted regions. This is
inconsistent with the previous studies reporting an increase
in SSE-induced voltage due to TMD insertion.”® One
possible origin of the suppression of the SPE-induced signals
in our samples is the formation of interfacial alloy layers at
the Pt/TMD interfaces. Although metals deposited on TMDs
are generally separated by a van der Waals gap, density
functional theory calculations have suggested that certain
metals can form covalent bonds with TMDs,35 ) such as Pd on

© 2026 The Japan Society of Applied Physics. All rights, including for
text and data mining, Al training, and similar technologies, are reserved.
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WSe,.*® During sputter deposition, the collision of high-
energy atoms onto the TMD surface can induce structural
damage®’ ™ and promote the formation of covalent metal—
chalcogen bonds. For WSe,, Nakajima et al. reported the
formation of a metallic alloy layer composed of WO,, SeO,,
and PtSe, at the interface between sputtered Pt and WSe,.*?
In fact, the Raman peaks characteristic of WSe, disappeared
after Pt deposition in our samples, suggesting significant
damage or structural modification of WSe, during sputtering
[Fig. 3(b)]. We repeated experiments while decreasing the
DC power during sputter deposition to 20 W, but the results
remained unchanged. However, considering the uniform
charge-current distribution in our samples, the formation of
alloy layers may occur only near the interfaces and not affect
the electrical resistivity and spin Hall effect within the bulk
of the Pt layer. Therefore, we conclude that the formation of
the alloy layers significantly reduces the spin injection
efficiency at the interfaces,*’*? leading to a reduction in
the SPE-induced signals. Although Pt was sputtered also in
Ref. 26, the degree of damage to WSe, and structure and
composition of the alloys formed near the Pt/WSe, interface
may depend on deposition conditions, such as the sputtering
power and target—substrate distance (note that the sputtering
power is not provided in Ref. 26). Even with the same
method, such variations may account for the discrepancy
between the present results and the results in Ref. 26. Since
materials with strong spin—orbit coupling, such as Pt, are
typically deposited by high-energy sputtering due to their
high melting points, low-damage deposition processes are
required to preserve the structural integrity of TMDs and
ensure efficient interfacial spin transport.

In conclusion, we observed significant suppression of the
SPE-induced temperature modulation signals in the
Pt/WSe,/YIG and Pt/WS,/YIG heterostructures by the LIT
technique. Raman spectroscopy indicates that WSe, under-
goes sputtering-induced damage, which hinders spin-current
injection from Pt to YIG. Our results highlight the necessity
of low-energy deposition processes for integrating TMDs
into spin-caloritronic devices.
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