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Spin-wave interconversion via thermoelectric point-contact control
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The magnonic functionalities of magnonic devices, such as logic gates, majority gates, and multiplexers,
critically depend on anisotropic spin-wave dispersions. Further, each magnonic function utilizes the advantages
of distinct spin-wave modes. However, thus far, no method of directly combining magnonic functions to construct
an integrated magnonic circuit has been proposed. Therefore, this paper presents a method for the interconversion
of surface spin-waves and backward volume spin-waves using a thermoelectrically controlled magnetization
gradient. The results of time- and frequency-domain spectroscopies, heat transfer analyses, and micromagnetic
simulations demonstrate the effectiveness of the proposed method, through which spin-wave interconversion via
thermoelectric control may be employed to develop integrated magnonic circuits.

DOI: 10.1103/PhysRevResearch.4.033135

I. INTRODUCTION

Magnonics is a promising field that is expected to lead
to the achievement of next-generation information process-
ing (spin-wave computing). Magnons, which are quanta of
spin-waves, enable the attainment of low-power-consumption
data processing because they are noncharged information
carriers. Thus far, many magnonic functionalities have been
realized by considering the highly anisotropic spin-wave
dispersion relations [1–8]. A previously fabricated magnon
transistor employed backward volume magnetostatic spin-
waves (BVMSWs) to exploit the nonlinear gating effect
[9–12]. In contrast, magnonic majority gates favor the use of
forward volume magnetostatic spin-waves (FVMSWs) as an
architecture of multiple inputs requiring isotropic propagation
with respect to the in-plane magnonic circuit [13,14]. Further,
owing to their advantageous features, such as fast propa-
gation and nonreciprocal excitation, magnetostatic surface
spin-waves (MSSWs) are often employed in magnonic mul-
tiplexers and logic circuits [7,15–19]. Among these modes,
FVMSWs require strong magnetic fields to direct magnetiza-
tion normal to the circuit plane. Such strong magnetic fields
can only be produced by traditional electromagnets and affect
the overall magnonic device. They cannot be generated by
present semiconductor lithography methods for controlling a
single nanoscale magnonic circuit, preventing the integration
of magnonic functionalities. BVMSWs and MSSWs exhibit
substantial potential for the integration of magnonic func-
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tionalities because in-plane magnetization can be controlled
by a locally generated weak Oersted field or shape mag-
netic anisotropy. Further, the interconnection between the
magnonic functions of BVMSWs and MSSWs is crucial for
realizing spin-wave computing.

Pioneering research on the conversion between BVMSWs
and MSSWs was conducted using two magnonic waveguide
interconnections [8,20–22]. By careful tuning of the direc-
tion of the applied magnetic field, an inhomogeneous internal
magnetic field was induced in the interconnection areas, and
the MSSWs (BVMSWs) propagation were clearly converted
into BVMSWs (MSSWs) in a frequency-selective manner.
In addition to the structure-induced inhomogeneous mag-
netization control, another method was developed using a
laser-induced magnetization gradient [23–27]. The active (or
switchable) heat control promotes the future development of
magnonic circuits. However, an inverse conversion method for
the active thermal conversion of MSSWs into BVMSWs has
not been developed to date. Such a method, which would be
a complementary version of the laser-based method, would
provide further magnonic functions to fabricate magnonic
integrated circuits.

Herein, we report the interconversion of MSSWs and
BVMSWs using a thermoelectrically controlled point con-
tact. Compared with the laser-based methods, our method is
free from massive laser apparatus containing lasers, mirrors,
objective lenses, and piezo elements, which are difficult to
implement on integrated chips. Furthermore, the laser-based
system provides a single function of heating; however, our
method provides the double functions of heating and cooling
by employing simple polarity control of the electric current
flowing in a single Peltier element. The requirement for the
electromagnet to magnetize the magnonic waveguide is the
common limitation of integration in both methods, whereas
the Peltier element is widely used in ferrimagnetic yttrium
iron garnet (YIG)-based generators with a feedback loop to
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FIG. 1. Simulations of spin-wave properties in temperature gradients. (a) Schematic of our magnonic device architecture. A pure Cu
rod was contacted to the YIG waveguide at (x, y) = (5, 1.8) in millimeters. (b) Simulated thermal distribution around the point contact in
a cooling process (T = 273 K), and simulated effect of cooling on transmission signals (c) S31 and (d) S21. The carrier frequency of the
spin-waves was ω/2π = 4.683 GHz. (e) Simulated thermal distribution in a heating process (T = 333 K), and the simulated effect of heating
on the transmission signals (f) S31 and (g) S21. The carrier frequency of the spin-waves was ω/2π = 3.468 GHz.

stabilize the temperature-dependent frequency shift [28,29].
The spin-wave interconversion signals are clearly detected via
real-time propagating spin-wave spectroscopy and multiport
transmission spectroscopy. We demonstrate that thermoelec-
tric control can be employed to control the magnetization
gradient in a ferrimagnetic insulator film efficiently. Notably,
the method reported in this paper is applicable to miniaturized
integrated devices; thus, it can facilitate the development of
magnonic integrated circuits.

II. MATERIALS AND METHODS

In our experiment, the spin-wave waveguide was a YIG
film with a thickness of t = 5.1 μm, as shown in Fig. 1(a).
The YIG film was grown by INNOVENT e.V. Technolo-
gieentwicklung Jena, Germany. The length and width of the
waveguide were 16.0 and 2.0 mm, respectively. The spin-
waves were excited by excitation antenna 1 and detected by
antennas 2 and 3. The width of the antenna was 75 μm. An-
tennas 1 and 2 were located at x = 0 and 10 mm, respectively.
Antenna 3 was located at (4 < x < 6 mm, y = 2 mm).

A Peltier device was connected to the point contact be-
tween a pure Cu rod and the YIG waveguide; the contact
diameter was 0.5 mm, and the contact center was at (5 mm,
1.8 mm). The temperature of the point contact was monitored
by a Pt thermometer. Our scheme is based on the following
relations: the magnetization gradient Ms (x, y) in the xy plane
is induced by thermoelectric cooling and heating T (x, y), and
the saturation magnetization Ms is modified as

Ms(x, y) = Ms,300 K − κ[T (x, y) − 300 K], (1)

where Ms,300 K is the saturation magnetization of YIG at room
temperature (experimentally determined to be Ms,300 K =

141 kA/m using a vibrating sample magnetometer), and κ

is a thermomagnetization coupling factor [30]. This calcu-
lation was performed by employing the Néel model and
verified using the work of Vogel et al. [24]. The conversion of
MSSWs into BVMSWs was performed by cooling the point
contact with a magnetic field in the y direction. In contrast,
the conversion of BVMSWs into MSSWs was performed
by heating the point contact with a magnetic field in the x
direction.

To confirm the effect of the magnetization gradient ∇M on
propagating spin-waves, we performed a set of heat transfer
analyses and MuMax3 calculations [31]. The thermal dis-
tribution of the YIG waveguide under a cooling process is
displayed in Fig. 1(b). Note that the temperature near the
point contact is approximately T = 273 K, forming a thermal
gradient in the waveguide. Further, the thermal gradient is
converted into ∇M according to Eq. (1), with κ = 313 A/Km
[27]. The results of the MuMax3 calculations with ∇M and
Hy = 79.58 kA/m are shown in Figs. 1(c) and 1(d). The spin-
waves were excited by the excitation pulse with a duration
of 25 ns, which was also used for subsequent experiments.
The carrier frequency of the spin-waves was set to ω/2π =
4.683 GHz. The z component of the magnetization m on an-
tenna 3, mz, corresponds to a curved spin-wave signal S31. As
shown in Fig. 1(c), there is no spin-wave packet at T = 300 K.
The small signal originates from the excited spin-wave prop-
agating straight near antenna 3, as it covers the edge area
and detects the small oscillation of the magnetization at the
edge generated by the passing spin-wave. However, a spin-
wave packet emerges at t = 142.4 ns when the temperature
is decreased to T = 273 K. Further, as shown in Fig. 1(d),
mz on antenna 2, corresponding to S21, exhibits an amplitude
that is attenuated by 69% compared with that of the MSSW,
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FIG. 2. Conversion from magnetostatic surface spin-waves (MSSWs) into backward volume magnetostatic spin-waves (BVMSWs).
(a) Magnetic field dependence of transmission spectra �S21 of the MSSW. The inset represents the dispersion relation of the MSSW. The
error bar represents the width of the resonance spectra. (b) Real-time waveforms of the MSSW in different external magnetic fields. The inset
shows the dispersion relation of the MSSW. (c) Schematic of the mixing of spin-wave dispersions via point-contact cooling (T = 273 K).
Cooling effect on real-time waveforms (d) S31 and (e) S21. Cooling effect on the transmission spectra (f) �S31 and (g) �S21. The cooling effect
on the phase responses (h) S31 and (i) S21. The white area represents the predicted conversion frequency range.

indicating that the MSSW power was efficiently converted
into BVMSWs.

For the BVMSW-to-MSSW conversion at Hx =
51.73 kA/m, we used a heating process, as shown in
Fig. 1(e). The spin-wave carrier frequency was set to
ω/2π = 3.468 GHz. As shown in Fig. 1(f), there is
no spin-wave packet in S31 at T = 300 K; however, a
spin-wave packet emerges at t = 173.7 ns upon increasing
the temperature to T = 333 K. Figure 1(g) displays the
67% attenuated amplitude of straight BVMSW signal
S21, showing a conversion effect like that in the cooling
process.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the magnetic field (Hy) dependence of
typical transmission spectra �S21 in the MSSW configuration.
As the spectra �S21 represent the property of incident spin-
waves, the resonance frequency ( f ) was analyzed using the
formula [32]:

fMSSW = μ0γ

2π

√(
Hy + Ms

2

)2

−
(

Ms

2

)2

exp (−2kd ), (2)

where μ0 is the permeability in vacuum, γ = 2.21 ×
105 Hz/(A/m), Ms = 141 kA/m, k = 8474 rad/m, and
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d = 5.1 μm. As shown in the inset, the f -H curve agrees
with the MSSW dispersion. As shown in Fig. 2(b), the real-
time waveforms of the incident spin-waves also prove the
propagation of MSSWs, as the group velocity decreases as the
magnetic field increases. The dispersion relation of MSSWs is
also reproduced by the fast Fourier transform (FFT) analysis
(see inset).

Figure 2(c) presents a diagram of MSSW-BVMSW con-
version at Hy = 79.58 kA/m. Cooling the point contact to
T = 273 K introduces a magnetization gradient ∇M in the
YIG film, and the frequency ω[Ms(T)] for BVMSWs forms
a band between the BVMSW dispersion curves with maxi-
mum Ms = 149 kA/m (solid blue line) and minimum Ms =
141 kA/m (solid black line). The frequency ω[Ms(T)] for
MSSWs forms a band between the MSSW dispersion curves
with maximum Ms = 149 kA/m (broken blue line) and mini-
mum Ms = 141 kA/m (broken black line). Because ∇M also
introduces a change in magnetization direction, the spin-wave
dispersions mix in the white area shown in Fig. 2(c). As dis-
cussed in detail by Vogel et al. [24], the conversion frequency
range is regulated by low-energy resonance, particularly the
ferromagnetic resonance frequency (dotted lines). For the
time-resolved measurement of spin-wave conversion [33], we
transmitted pulse-modulated radiofrequency (RF) signals with
ω/2π = 4.683 GHz, power Prf = 5 dBm, and duration �t =
25 ns to antenna 1.

Figure 2(d) shows the real-time spin-wave waveforms de-
tected by antenna 3 (S31). At room temperature (T = 300 K),
there was no spin-wave packet, as shown by the solid black
line. When the point contact cooled to T = 273 K, a clear
spin-wave packet with a 2.559 mV amplitude emerged at
t = 119.5 ns, as shown by the solid blue line. The ampli-
tude and arriving time of the packet were defined by the
maximum signal position. The group velocity of the spin-
wave packets was deduced as follows: vg(T = 273 K) =
l13/119.5 ns = 42 km/s, where l13 = 5 mm is assumed to be
the median value of the propagation distance between anten-
nas 1 and 3. This value agrees with the analytically calculated
vg(T = 273 K) = 41 km/s for MSSWs. Note that the signal
at 0 < t < 25 ns originates from direct coupling between the
excitation and detection antennas, which is caused by the
electromagnetic waves at the speed of light [7].

Figure 2(e) shows the real-time waveforms detected by
antenna 2 (S21). We can observe a spin-wave packet at
265.7 ns and an electromagnetic excitation signal at 0 < t <

25 ns. The amplitude of the spin-wave packet decreases from
6.947 to 1.458 mV, exhibiting 81% attenuation. The group
velocity at 300 K was deduced to be 38 km/s, which agrees
with the calculated vg(T = 300 K) = 38 km/s for MSSWs.
This finding demonstrates that S21 originated from the initially
input spin-waves.

To check the validity of our experiment, the transmission
spectra were measured using a vector network analyzer. Fig-
ure 2(f) depicts transmission signal �S31 measured with Prf =
5 dBm. Under point-contact cooling to T = 273 K, the �S31

(T = 273 K) spectrum is exactly located in the conversion
frequency range 4.662 < ω/2π < 4.746 GHz, whereas �S31

(T = 300 K) is out of this range. By choosing an appropriate
carrier frequency, e.g., ω/2π = 4.683 GHz, the MSSWs can
be efficiently converted into BVMSWs. Figure 2(g) shows

the transmission (MSSW) signal �S21. Compared with the
magnitude of �S21(T = 300 K) in the conversion fre-
quency range (4.662 < ω/2π < 4.746 GHz), the magnitude
of �S21(T = 273 K) is clearly diminished, indicating that
the MSSWs decreased in magnitude owing to the BVMSW
conversion. Figure 2(h) shows the phase signals of S31. The
phase of S31 at 300 K originates from an excited MSSW and
shows a small but positive increase of the phase dϕ/df > 0,
whereas that of �S31 at 273 K shows a large phase decrease
dϕ/df < 0, illustrating the propagation of the BVMSW. As
shown in Fig. 2(i), S21 simply shows the propagations of
excited MSSWs and represents small but positive phase shifts.
As reported by Sadovnikov et al. [21], these phase responses
are characteristic of spin-wave modes.

Next, we present the results of the complementary experi-
ment. Figure 3(a) shows the magnetic field (Hx) dependence
of typical transmission spectra �S21 in the BVMSW config-
uration. The resonance frequency ( f ) was analyzed using the
formula [32]:

fBVMSW = μ0γ

2π

√
Hx

{
Hx + MS

[
1 − exp (−kd )

kd

]}
, (3)

where μ0 is the permeability in vacuum, γ = 2.21 ×
105 Hz/(A/m), Ms = 141 kA/m, k = 11070 rad/m and d =
5.1 μm. As shown in the inset, the f -H curve agrees with
the BVMSW dispersion. As shown in Fig. 3(b), the real-time
waveforms of the incident spin-waves also prove the propa-
gation of the BVMSW because the group velocity increases
as the magnetic field increases. The dispersion relation of the
BVMSW is also reproduced by the FFT analysis (see inset).

Figure 3(c) presents a diagram of the conversion of a
BVMSW into a MSSW at Hx = 51.73 kA/m. The point-
contact heating (T = 333 K) introduces the magnetization
gradient ∇M and mixes the spin-wave dispersions. We trans-
mitted pulse-modulated RF signals with ω/2π = 3.468 GHz,
power Prf = 5 dBm, and duration �t = 25 ns.

The real-time spin-wave waveforms are presented in
Figs. 3(d) and 3(e). As shown in Fig. 3(d), when the point
contact was heated to T = 333 K, a spin-wave packet could
be observed at t = 193.6 ns. The deduced group velocity is
vg = 26 km/s, which is slightly larger than the analytical
group velocity vg = 20 km/s for BVMSWs, suggesting that
the converted MSSW is detected at closer positions, l13 <

5 mm. Under point-contact heating, the amplitude of the wave
packet at antenna 3 is clearly enhanced to 1.679 mV, evidently
yielding an on/off ratio. At antenna 2, as shown in Fig. 3(e),
the attenuation of the BVMSW is clearly detected. The ampli-
tude decreases from 1.725 to 0.393 mV, corresponding to 77%
attenuation. The group velocity is 20 km/s, which is in accor-
dance with the analytically determined value vg = 20 km/s for
the initial BVMSW.

Figure 3(f) shows the transmission spectrum for �S31.
Under point-contact heating, as shown by the solid red line,
the magnitude of �S31(T = 333 K) is clearly enhanced in
the conversion frequency range 3.411 < ω/2π < 3.513 GHz.
In contrast, �S31(T = 300 K) is out of this range, and
the carrier frequency ω/2π = 3.468 GHz can be converted
with a high on/off ratio. Figure 3(g) presents the transmis-
sion spectrum for �S21 (BVMSWs). Compared with the
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FIG. 3. Conversion from backward volume magnetostatic spin-waves (BVMSWs) to magnetostatic surface spin-waves (MSSWs).
(a) Magnetic field dependence of transmission spectra �S21 of the BVMSW. The inset represents the dispersion relation of the BVMSW.
(b) Real-time waveforms of the BVMSW in different external magnetic fields. The inset shows the dispersion relation of the BVMSW. (c)
Schematic of spin-wave dispersion mixing via point-contact heating (T = 333 K). Heating effect on real-time waveforms (d) S31 and (e) S21.
Heating effect on transmission spectra (f) �S31 and (g) �S21. Heating effect on the phase responses (h) S31 and (i) S21. The white area represents
the predicted conversion frequency range.

magnitude of �S21(T = 300 K) in the conversion frequency
range 3.411 < ω/2π < 3.513 GHz, the resonance magnitude
of �S21(T = 333 K) is diminished. This characteristic in-
dicates that BVMSW lost its magnitude owing to MSSW
conversion. Figure 3(h) shows the phase signals of S31. The
phase of S31 at 333 K shows a small but positive phase in-
crease, dϕ/df > 0, proving the propagation of the converted
MSSW. As shown in Fig. 3(i), the phase of S21 at 300 K had
a large phase decrease, dϕ/df < 0, proving the passing of the
excited BVMSW.

The relationship between the temperature gradient and
spin-wave modes was experimentally investigated; the results
are summarized in the Supplemental Material [33]. No spin-

wave signals were converted from the BVMSW to the MSSW
configuration in the cooling gradient and from the MSSW
to the BVMSW configuration in the heating gradient. These
experiments also verify that the results presented in this paper
originate from spin-wave interconversion. Another effect on
the interconversion, that is, lateral confinement, is also pre-
sented in the Supplemental Material [33], and it was revealed
to cause no crucial differences.

Finally, the point-contact-temperature T dependence of
spin-wave interconversion was analyzed, as presented in
Fig. 4. To deduce the conversion signal-to-noise ratio (SNR),
the power-spectral density p(ω) was calculated using the time-
domain waveform of the spin-wave packets, as each packet
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FIG. 4. Temperature dependence of signal-to-noise ratio and
conversion ratio. The broken lines show the linear fits. The region in
which the temperature is negative corresponds to the conversion of
magnetostatic surface spin-waves (MSSWs) into backward volume
magnetostatic spin-waves (BVMSWs), whereas the region where the
temperature is positive corresponds to the conversion of BVMSWs
to MSSWs. Each point represents the average of 10 independent
measurements. The averaged conversion ratio of 60.5% is depicted
by a dotted line.

exhibits the frequency dispersion near the carrier frequency:

SNR(dB) = 10log10

(
PS31,T

PS31,300 K

)

= 10log10

[ ∫
pS31,T (ω)dω∫

pS31,300 K(ω)dω

]
, (4)

where PS31,T and PS31,300 K represent the total power of packet
S31 at temperatures T and 300 K, respectively, and pS31, T (ω)
and pS31,300 K(ω) are the power-spectral densities at tempera-
tures T and 300 K, respectively. Further, the conversion ratio
η was defined as follows:(

PS31,T − PS31,300 K
) = −η

(
PS21,T − PS21,300 K

)
. (5)

To evaluate the SNR and conversion ratio, two important
points were considered. The S31 and S21 signals were attenu-
ated by the magnetic damping during approximately 5.0 and
1.0 mm propagation, corresponding to the distances from the
point contact to antennas 3 and 2 (half of length and width).
The magnetic damping itself was modulated by cooling and
heating. By measuring the propagation distance and temper-
ature dependences of the spin-wave amplitude, as shown in
the Supplemental Material [33], we compensated for these
effects.

Figure 4 shows that the SNR exhibits a linear depen-
dence on �T (= T −300 K). The gains are 6.38 dB at �T =
−27 K and 3.69 dB at �T = 33 K. Compared with the cool-
ing process, the heating process showed smaller magnitudes
of gain, possibly owing to the leakage of the BVMSW signal
in S31 at 300 K. The reason for the small leakage of the

BVMSW signal in our geometry was not resolved experimen-
tally. However, if this leakage signal vanishes, the SNR would
have the same magnitude in both the cooling and heating
processes. The SNRs at �T = −27 K deviate from the linear
dependence and show smaller magnitudes. This is because
the temperature gradient in the YIG waveguide was saturated
because of the finite thermal conductivity of YIG. This fea-
ture was also observed upon heating to �T = 33 K, where
a decrease in the temperature gradient resulted in a lower
magnitude of SNR. On the contrary, the conversion ratio η

exhibits an approximately constant value of 60.5% in both the
cooling and heating processes. The exact value of the conver-
sion ratio could be improved if we can develop the geometry
of antenna 3 to detect the entire signal of vending spin-waves.
However, this proves that the physics of conversion due to
the thermal gradient ∇T , i.e., the magnetization gradient ∇M,
was unchanged because the conversion represents the angular
momentum transfer from one mode to another, or the magnons
simply changed their propagating direction. The linear de-
pendence of the conversion SNR on ∇T demonstrates that
spin-wave interconversion via thermoelectric control is a ro-
bust method.

IV. CONCLUSIONS

The spin-wave interconversions via thermoelectric point-
contact control were demonstrated using a time-domain
spin-wave experiment. The conversion SNR and conversion
ratio were directly evaluated based on the waveforms of the
spin-wave packets. The thermoelectric point contact clearly
controlled the transmission of the spin-wave packet. The
frequency-domain experiment detected the mixing of the
spin-wave bands and transmissions. The modes of the con-
verted spin-waves were confirmed by the phase response of
the transmission signals. The agreements with micromag-
netic and analytical calculations supported the interconversion
mechanism. In this paper, the point-contact temperature was
controlled using a conventional electric Peltier element; how-
ever, with further improvements of point contact, the proposed
technique will be able to serve as a standard method for
combining magnonic circuits.
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APPENDIX A: TIME- AND FREQUENCY-DOMAIN
PROPAGATING SPIN-WAVE SPECTROSCOPIES

For the time-resolved measurement of spin-wave con-
version, we transmitted pulse-modulated RF signals with
ω/2π = 3.468 and 4.683 GHz and duration �t = 25 ns to
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antenna 1. The propagating spin-wave signals were detected
as induced voltages by a 6 GHz real-time oscilloscope. Mul-
tiport transmission spectroscopy was performed with a vector
network analyzer (Agilent Technology, N5230A). To enhance
the signal clarity, we used a background subtraction pro-
cedure, i.e., the background-subtracted transmission signals
�S31 = S31(H) − S31(H = 0) and �S21 = S21(H) − S21(H =
0) were employed to detect the MSSWs and converted BVM-
SWs, respectively.

APPENDIX B: HEAT TRANSFER ANALYSIS

The thermal distribution in our sample was calculated us-
ing Fusion360. The thermal conductivities for the YIG, GGG
substrate, and Cu point contact were λYIG = 7.4 W/mK,
λGGG = 7.05 W/mK, and λCu = 403 W/mK, respectively.

APPENDIX C: MICROMAGNETIC SIMULATION

Micromagnetic simulations were performed by numeri-
cally solving the Landau-Lifshitz-Gilbert equation, ∂m/∂t =
−γgμ0m × Heff + αGm × ∂m/∂t , where m is the unit vec-
tor along the magnetization, Heff is the effective magnetic
field including the exchange, magnetostatic, and external
fields, and αG is the Gilbert damping. The following pa-
rameters were used: dimensions of the YIG film = 12 mm ×
2.1 mm × 5.1 μm; number of cells = 1024 × 512 × 1; αG =
0.0001; exchange stiffness constant Aex = 3.7 × 10−12 J/m;
and saturation magnetization Ms = 1.41 × 105 A/m. A differ-
ent cell size with a different number of cells = 1024 × 512 ×
5 had a longer calculation time but gave the same spin-wave
packet reduction ratio, except for the detailed shape of the
packet.
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