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which allows generation of a spin current from magnetization
motion. STT is, in contrast, the reverse process of this spin pumping,
that is, the transfer of angular momentum from conduction-electron
spin to magnetization20–22: the magnetization receives torque by
absorbing a spin current20–22. These two phenomena enable the
mutual conversion of angular momentum between conduction-elec-
tron spin and magnetization. However, up to now, experiments on
these phenomena have been limited to electric conductors. In this
Letter we show that by using Pt/Y3Fe5O12 films, both phenomena23

occur even at insulator/metal interfaces, and the phenomena allow
transmission of a d.c. electric signal through the insulator for a long
distance in a controllable manner at room temperature.

First, we show evidence for spin pumping across a Pt/garnet-type
Y3Fe5O12 interface. Y3Fe5O12 is a ferrimagnetic insulator whose
charge gap is 2.7 eV. Owing to this huge gap, Y3Fe5O12 exhibits very
high resistivity (,1012V cm at room temperature, greater than that
of air). Also, the magnetization damping is very small:
a < 6.7 3 1025, where a is the Gilbert damping coefficient19,24 for
the sample used in the present study (Fig. 2b). Figure 2a is a schematic
illustration of the experimental set-up. The sample is a bilayer film
composed of a single-crystal Y3Fe5O12 layer and a Pt layer. Here, the

Pt layer is used as a spin-current detector, in which the inverse spin-
Hall effect9–11 (ISHE) converts a spin current into electromotive force
ESHE via the spin–orbit interaction. In ISHE, when a spin current
carries the spin polarization s along the spatial direction JS, ESHE is
given by9,11 (Fig. 1c):

ESHE // JS 3 s (1)

ISHE is known to be enhanced in heavy noble metals such as Pt (refs
9, 11).

During the measurements, a static in-plane magnetic field H is
applied and the sample is placed at the centre of a 9.44 GHz micro-
wave cavity. When H fulfils the ferromagnetic spin-wave resonance
(SWR) conditions14,15, precession of magnetization is induced. If this
precession pumps spin currents into the Pt layer, then voltage is
generated in the Pt layer via ISHE; spin pumping in this system is
sensitively detected by measuring the voltage difference V between
the ends of the Pt layer9,11.

Figures 2c and 2d are the SWR spectrum and the H dependence of
dV/dH, respectively, both measured with microwaves applied and
with the external magnetic field perpendicular (h 5 90u) to the dir-
ection across the electrodes. In the SWR spectrum, many resonance
signals appear, each dispersion corresponding to a SWR mode14,15 in
the Y3Fe5O12 layer. These resonance fields are much greater than the
in-plane magnetization saturation field (HC 5 20 Oe) of this
Y3Fe5O12 film. In the dV/dH spectrum, as shown in Fig. 2d, multiple
peaks appear at these SWR fields, indicating that electromotive force
is induced in the Pt layer concomitant with SWR in the Y3Fe5O12

layer. Figure 2g shows the microwave-power dependence of the max-
imum peak values Vmax in the V(H) curves. The experimental data
(filled circles) are well reproduced by a curve (solid line) calculated
from a longitudinal spin-pumping model in which the spin accu-
mulation in the Pt layer is taken into consideration (see
Supplementary Information section B for details). This voltage signal
was found to disappear in a Cu/Y3Fe5O12 system, where the Pt layer is
replaced by a Cu layer in which the spin–orbit interaction is very
weak22, indicating the important role of spin–orbit interaction, or
ISHE, in the voltage generation. The voltage signal also disappears in
a Pt/SiO2/Y3Fe5O12 system, where the Y3Fe5O12 and the Pt layers are
separated by a thin (10 nm) film of insulating SiO2, and also in a Pt/
Gd3Ga5O12 system, where the Y3Fe5O12 layer is replaced by a para-
magnetic Gd3Ga5O12 layer. These last two results indicate that direct
contact between the magnet Y3Fe5O12 and Pt is necessary for the
observed voltage generation; electromagnetic artefacts are irrelevant.
By changing the field direction h, the V signal for Pt/Y3Fe5O12 dis-
appears at h 5 0 (Fig. 2e, f) and then changes its sign at 290u, h , 0.
This behaviour is consistent with equation (1), and is direct evidence
for ISHE induced by spin pumping from the insulator Y3Fe5O12.

The spin pumping in Pt/Y3Fe5O12 can be attributed to the small
but finite spin-exchange interaction17,19 between a conduction elec-
tron in Pt and a localized moment in Y3Fe5O12, or to the mixing
conductance of the conduction electrons23 at the interface. By taking
this interaction into account in coupled equations for the magnet-
ization and spin accumulation (the Landau–Lifshitz–Gilbert equa-
tion24 and the Bloch equation with spin diffusion17,19), we obtain the
pumped spin current, which when combined with ISHE9–11 allows
calculation of V as a function of the spin-exchange interaction at the
interface. From the experimental values of V together with values of
microwave field strength and the spin-Hall angle for Pt (ref. 11), the
magnitude of the spin-exchange energy density at the interface is
estimated to be ,16 erg cm22; alternatively, the magnitude of the
mixing conductance23 is estimated as 3 3 1012 cm22 (see
Supplementary Information section B for details).

The above observation of the spin pumping in Pt/Y3Fe5O12 sug-
gests the possibility of the reverse process: STT20–22 acting on the
insulator Y3Fe5O12. Second, we demonstrate STT across the Pt/
Y3Fe5O12 interface using the same system as follows. We applied an
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Figure 2 | Spin pumping in Pt/Y3Fe5O12. a, Schematic illustration of the
experimental set-up. The sample is a Pt/Y3Fe5O12 bilayer film, 3 mm
3 1 mm, composed of a 1.3-mm-thick garnet-type Y3Fe5O12 layer and a 10-
nm-thick Pt layer. The voltage (V) electrodes attached to the Pt film are
3 mm apart. H denotes the in-plane external magnetic field. b, SWR
spectrum measured when a magnetic field is perpendicular to the film.
Arrows, fitting results for the exchange spin-wave resonance fields29. N, spin-
wave mode number along the direction perpendicular to the film. Spectral
width and a for the N 5 1 mode was estimated via a fitting procedure using
Lorentz-type dispersion functions (Supplementary Information section E).
P and H, the microwave absorption intensity and the strength of
H, respectively. c, Ferromagnetic SWR spectrum for the Pt/Y3Fe5O12 film at
h 5 90u (h is defined in a). d, H dependence of dV/dH for the Pt/Y3Fe5O12

film measured by applying 1 mW microwaves at h 5 90u. Inset, H
dependence of V for the Pt/Y3Fe5O12 film at h 5 90u. Galvanomagnetic
effects24 in magnets are irrelevant to V, as Y3Fe5O12 is an insulator. e, H
dependence of V measured by applying the microwaves at various values of
h. f, h dependence of the maximum peak values Vmax in the V(H) curves
measured with application of microwaves. g, Microwave-power dependence
of Vmax. The experimental data (filled circles) are well reproduced by a curve
(solid line) calculated from a longitudinal spin-pumping model.
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which allows generation of a spin current from magnetization
motion. STT is, in contrast, the reverse process of this spin pumping,
that is, the transfer of angular momentum from conduction-electron
spin to magnetization20–22: the magnetization receives torque by
absorbing a spin current20–22. These two phenomena enable the
mutual conversion of angular momentum between conduction-elec-
tron spin and magnetization. However, up to now, experiments on
these phenomena have been limited to electric conductors. In this
Letter we show that by using Pt/Y3Fe5O12 films, both phenomena23

occur even at insulator/metal interfaces, and the phenomena allow
transmission of a d.c. electric signal through the insulator for a long
distance in a controllable manner at room temperature.

First, we show evidence for spin pumping across a Pt/garnet-type
Y3Fe5O12 interface. Y3Fe5O12 is a ferrimagnetic insulator whose
charge gap is 2.7 eV. Owing to this huge gap, Y3Fe5O12 exhibits very
high resistivity (,1012V cm at room temperature, greater than that
of air). Also, the magnetization damping is very small:
a < 6.7 3 1025, where a is the Gilbert damping coefficient19,24 for
the sample used in the present study (Fig. 2b). Figure 2a is a schematic
illustration of the experimental set-up. The sample is a bilayer film
composed of a single-crystal Y3Fe5O12 layer and a Pt layer. Here, the

Pt layer is used as a spin-current detector, in which the inverse spin-
Hall effect9–11 (ISHE) converts a spin current into electromotive force
ESHE via the spin–orbit interaction. In ISHE, when a spin current
carries the spin polarization s along the spatial direction JS, ESHE is
given by9,11 (Fig. 1c):

ESHE // JS 3 s (1)

ISHE is known to be enhanced in heavy noble metals such as Pt (refs
9, 11).

During the measurements, a static in-plane magnetic field H is
applied and the sample is placed at the centre of a 9.44 GHz micro-
wave cavity. When H fulfils the ferromagnetic spin-wave resonance
(SWR) conditions14,15, precession of magnetization is induced. If this
precession pumps spin currents into the Pt layer, then voltage is
generated in the Pt layer via ISHE; spin pumping in this system is
sensitively detected by measuring the voltage difference V between
the ends of the Pt layer9,11.

Figures 2c and 2d are the SWR spectrum and the H dependence of
dV/dH, respectively, both measured with microwaves applied and
with the external magnetic field perpendicular (h 5 90u) to the dir-
ection across the electrodes. In the SWR spectrum, many resonance
signals appear, each dispersion corresponding to a SWR mode14,15 in
the Y3Fe5O12 layer. These resonance fields are much greater than the
in-plane magnetization saturation field (HC 5 20 Oe) of this
Y3Fe5O12 film. In the dV/dH spectrum, as shown in Fig. 2d, multiple
peaks appear at these SWR fields, indicating that electromotive force
is induced in the Pt layer concomitant with SWR in the Y3Fe5O12

layer. Figure 2g shows the microwave-power dependence of the max-
imum peak values Vmax in the V(H) curves. The experimental data
(filled circles) are well reproduced by a curve (solid line) calculated
from a longitudinal spin-pumping model in which the spin accu-
mulation in the Pt layer is taken into consideration (see
Supplementary Information section B for details). This voltage signal
was found to disappear in a Cu/Y3Fe5O12 system, where the Pt layer is
replaced by a Cu layer in which the spin–orbit interaction is very
weak22, indicating the important role of spin–orbit interaction, or
ISHE, in the voltage generation. The voltage signal also disappears in
a Pt/SiO2/Y3Fe5O12 system, where the Y3Fe5O12 and the Pt layers are
separated by a thin (10 nm) film of insulating SiO2, and also in a Pt/
Gd3Ga5O12 system, where the Y3Fe5O12 layer is replaced by a para-
magnetic Gd3Ga5O12 layer. These last two results indicate that direct
contact between the magnet Y3Fe5O12 and Pt is necessary for the
observed voltage generation; electromagnetic artefacts are irrelevant.
By changing the field direction h, the V signal for Pt/Y3Fe5O12 dis-
appears at h 5 0 (Fig. 2e, f) and then changes its sign at 290u, h , 0.
This behaviour is consistent with equation (1), and is direct evidence
for ISHE induced by spin pumping from the insulator Y3Fe5O12.

The spin pumping in Pt/Y3Fe5O12 can be attributed to the small
but finite spin-exchange interaction17,19 between a conduction elec-
tron in Pt and a localized moment in Y3Fe5O12, or to the mixing
conductance of the conduction electrons23 at the interface. By taking
this interaction into account in coupled equations for the magnet-
ization and spin accumulation (the Landau–Lifshitz–Gilbert equa-
tion24 and the Bloch equation with spin diffusion17,19), we obtain the
pumped spin current, which when combined with ISHE9–11 allows
calculation of V as a function of the spin-exchange interaction at the
interface. From the experimental values of V together with values of
microwave field strength and the spin-Hall angle for Pt (ref. 11), the
magnitude of the spin-exchange energy density at the interface is
estimated to be ,16 erg cm22; alternatively, the magnitude of the
mixing conductance23 is estimated as 3 3 1012 cm22 (see
Supplementary Information section B for details).

The above observation of the spin pumping in Pt/Y3Fe5O12 sug-
gests the possibility of the reverse process: STT20–22 acting on the
insulator Y3Fe5O12. Second, we demonstrate STT across the Pt/
Y3Fe5O12 interface using the same system as follows. We applied an
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Figure 2 | Spin pumping in Pt/Y3Fe5O12. a, Schematic illustration of the
experimental set-up. The sample is a Pt/Y3Fe5O12 bilayer film, 3 mm
3 1 mm, composed of a 1.3-mm-thick garnet-type Y3Fe5O12 layer and a 10-
nm-thick Pt layer. The voltage (V) electrodes attached to the Pt film are
3 mm apart. H denotes the in-plane external magnetic field. b, SWR
spectrum measured when a magnetic field is perpendicular to the film.
Arrows, fitting results for the exchange spin-wave resonance fields29. N, spin-
wave mode number along the direction perpendicular to the film. Spectral
width and a for the N 5 1 mode was estimated via a fitting procedure using
Lorentz-type dispersion functions (Supplementary Information section E).
P and H, the microwave absorption intensity and the strength of
H, respectively. c, Ferromagnetic SWR spectrum for the Pt/Y3Fe5O12 film at
h 5 90u (h is defined in a). d, H dependence of dV/dH for the Pt/Y3Fe5O12

film measured by applying 1 mW microwaves at h 5 90u. Inset, H
dependence of V for the Pt/Y3Fe5O12 film at h 5 90u. Galvanomagnetic
effects24 in magnets are irrelevant to V, as Y3Fe5O12 is an insulator. e, H
dependence of V measured by applying the microwaves at various values of
h. f, h dependence of the maximum peak values Vmax in the V(H) curves
measured with application of microwaves. g, Microwave-power dependence
of Vmax. The experimental data (filled circles) are well reproduced by a curve
(solid line) calculated from a longitudinal spin-pumping model.
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図 1.1 図 a：スピンホール効果の模式図．電流 Je を流すと，それと直交する方向にスピン流 Js が
流れる．図 b：逆スピンホール効果の模式図．スピン流 Js が流れると，それと直交する方向に電流
Je が流れる．

1.4 スピンゼーベック効果
前節で述べたスピンポンピングでは，交流磁場によって誘起された非平衡な磁化ダイナミクスがスピ
ン流を生成する．この節では，温度勾配によってスピン流が生成される現象である，スピンゼーベック
効果を概観する．強磁性体と金属の接合系に温度勾配を与えると，金属にスピン流が注入される．この
現象はスピンゼーベック効果と呼ばれる [13, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43]．
強磁性体と金属の接合系に温度勾配をどのような向きに与えるかで，スピンゼーベック効果は大きく
以下の 2種類に分類される．

1. 横型スピンゼーベック効果
強磁性体/金属接合界面に対して平行になるように，強磁性体に温度勾配を与える場合 (図 1.4)．

2. 縦型スピンゼーベック効果
強磁性体/常磁性金属接合面に対して垂直になるように，温度勾配を与える場合 (図 1.5)．

初めて観測されたスピンゼーベック効果 [13]は「横型」に属する．強磁性体としてパーマロイ (鉄と
ニッケルの合金)が，金属として白金がそれぞれ用いられた．
「縦型」スピンゼーベック効果は文献 [32]で初めて観測された．強磁性体として，絶縁体であるイッ
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図 1.1 図 a：スピンホール効果の模式図．電流 Je を流すと，それと直交する方向にスピン流 Js が
流れる．図 b：逆スピンホール効果の模式図．スピン流 Js が流れると，それと直交する方向に電流
Je が流れる．
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以下の 2種類に分類される．

1. 横型スピンゼーベック効果
強磁性体/金属接合界面に対して平行になるように，強磁性体に温度勾配を与える場合 (図 1.4)．

2. 縦型スピンゼーベック効果
強磁性体/常磁性金属接合面に対して垂直になるように，温度勾配を与える場合 (図 1.5)．

初めて観測されたスピンゼーベック効果 [13]は「横型」に属する．強磁性体としてパーマロイ (鉄と
ニッケルの合金)が，金属として白金がそれぞれ用いられた．
「縦型」スピンゼーベック効果は文献 [32]で初めて観測された．強磁性体として，絶縁体であるイッ
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mm!, and 1 mm "15 nm!, respectively. An external magnetic
field H was applied in the x-y plane at an angle ! to the x
direction #see Fig. 1"b!$. A temperature gradient !T was ap-
plied along the +z "downward! direction by generating a
temperature difference "T between the top and the bottom of
the YIG/Pt sample; the sample was sandwiched between two
heat baths of which the temperatures were stabilized to 300
K and 300 K+"T #see Fig. 1"c!$. In this setup, we measured
the electric voltage difference V between the ends of the Pt
wire. Here we note that, if ferromagnetic metallic slabs are
used as the F layer, the ISHE signal not only is suppressed
significantly by short-circuit currents in the F layer due to the
electric conduction of F but also is overlapped with the sig-
nal of the anomalous Nernst–Ettingshausen effect19 in F. In
this longitudinal configuration, by using a spin-Seebeck in-
sulator such as YIG, we overcome these artifacts.11

Figure 2"a! shows V as a function of the temperature
difference "T at H=1 kOe. When a magnetic field is applied
along the y direction "!=90°!, the magnitude of V is ob-
served to be proportional to "T. This V signal disappears
when the magnetic field is applied along the x direction "!
=0!, a situation consistent with Eq. "1!. As shown in the inset
to Fig. 2"a!, the sign of the V signal at finite values of "T is
clearly reversed by reversing the !T direction. This result
indicates that the observed signal is attributed to the longitu-
dinal SSE, on the basis that the direction of the thermally
generated spin current at the YIG/Pt interface is reversed by
reversing !T. We also confirmed that the sign of V is re-
versed by reversing H when !=90° and %H%#500 Oe #see
Fig. 2"b!$. This sign reversal is consistent with the aforemen-
tioned prediction of the ISHE induced by the longitudinal
SSE #see Eq. "1!$.

The V signal in Fig. 2 indicates that the sign of the spin
current generated by the longitudinal SSE at the YIG/Pt in-
terface is opposite to that by the conventional SSE previ-
ously reported in similar films.11 We interpret this result in

the following way. First, recall that the SSE in insulator/
metal systems can be understood in terms of the imbalance
between an effective magnon temperature Tm

! in the F "YIG!
layer and an effective conduction-electron temperature Te

! in
the attached N "Pt! layer, since we can relate thermal fluc-
tuation in each element to its effective temperature through
the fluctuation-dissipation theorem.20–22 The former fluctua-
tion injects spins into N, while the latter ejects spins from N.
Then, the sign reversal between the longitudinal and conven-
tional SSE signals may be explained as follows under the
conditions; "i! most of the heat currents in the YIG/Pt system
at 300 K are carried by phonons,23 and "ii! the electron-
phonon interaction He−p in Pt is much stronger than the
magnon-phonon interaction Hm−p in YIG.24 In the longitudi-
nal SSE setup, the Pt layer has a direct contact to the heat
bath, thereby being exposed to the phonon heat currents due
to the condition "i! #see Figs. 1"b! and 1"c!$. Then, because
of the condition "ii!, conduction electrons in Pt is heated up
faster than magnons in YIG, and the resultant Te

! in Pt is
higher than Tm

! in YIG at the YIG/Pt interface. In the con-
ventional SSE setup, by contrast, the N wires are out of
contact to the heat baths and the phonon heat current does
not flow through N, while the F layer has a contact to the
heat baths, resulting in an increase in Tm

! in the lower-
temperature region of F #see Fig. 1"a!$. Therefore, in this
region, Te

! in N is lower than Tm
! in F.25 This difference can

be the origin of the sign reversal of the SSE signals between
the longitudinal and conventional setups.

Up to now, we have discussed the longitudinal SSE sig-
nal under the condition that the magnetization of YIG is
saturated. Finally, we move the discussion to the V signal
behavior in a low-magnetic-field range. In Fig. 3"a!, we com-
pare the H dependence of V in the present YIG/Pt sample
and the magnetization M curve of the YIG slab. In the range
of %H%$300 Oe, the V-H curve deviates from the M-H one;
a clear threshold appears in the V-H curve at %H%=300 Oe.
The H dependence of dV /dH in Fig. 3"b! and the M depen-
dence of V in Fig. 3"c! also indicate the existence of this
threshold magnetic field in the longitudinal SSE signal of the
YIG/Pt system. The threshold may be explained by the scat-
tering of magnons by domain walls in the low-magnetic-field
range, which suppresses the SSE signal.21,22 Detailed inves-
tigations on this threshold left to be done in further studies
but here we can emphasize that the mismatch between M and
V can be evidence that the Pt layer is not magnetized by
proximity effects near the YIG/Pt interface.

In summary, we have measured, using a YIG/Pt system,
a spin current generated in the Pt film along the temperature
gradient: the longitudinal SSE, by means of the ISHE in Pt.
We found that the sign of the thermally generated spin volt-
age at the YIG/Pt interface is opposite between the longitu-
dinal and conventional setups and that the ISHE voltage in-
duced by the longitudinal SSE in the present YIG/Pt system
is suppressed below 300 Oe. Since the longitudinal SSE re-
quires only simple and versatile systems, it will extend the
range of device application and experimental investigation of
the SSE.

The authors thank G. E. W. Bauer, J. Xiao, S. Takahashi,
J. Ohe, J. Ieda, A. Kirihara, B. J. van Wees, and J. Sinova for
valuable discussions. This work was supported by a Grant-
in-Aid for Scientific Research in Priority Area “Creation
and Control of Spin Current” "Grant Nos. 19048009 and
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FIG. 2. "Color online! "a! "T dependence of V between the ends of the Pt
wire at H=1 kOe, measured when a temperature gradient !T is applied
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We propose a longitudinal spin-Seebeck effect !SSE", in which a magnon-induced spin current is
injected parallel to a temperature gradient from a ferromagnet into an attached paramagnetic metal.
The longitudinal SSE is measured in a simple and versatile system composed of a ferrimagnetic
insulator Y3Fe5O12 slab and a Pt film by means of the inverse spin-Hall effect. The experimental
results highlight the intriguing character of the longitudinal SSE due to its own geometric
configuration. © 2010 American Institute of Physics. #doi:10.1063/1.3507386$

Recent studies on spintronics1,2 and spin caloritronics3–5

have revealed that a spin current,6–8 a flow of spin angular
momentum, is strongly coupled with a heat current in vari-
ous magnetic systems. From both basic science and applied
engineering points of view, the interplay of these two cur-
rents is of crucial importance. The spin-Seebeck effect !SSE"
!Refs. 9–12" is a phenomenon enabling the conversion of
heat currents into spin voltage, a potential for driving non-
equilibrium spin currents, in a ferromagnet and it was re-
cently observed by using the inverse spin-Hall effect13–18

!ISHE". In this paper, by means of the ISHE in a paramag-
netic metal Pt, we demonstrate a longitudinal SSE in a mag-
netic insulator Y3Fe5O12 !YIG" slab, where a spin current is
generated along a temperature gradient unlike the conven-
tional experiments.9–12 As discussed below, this experimental
setup cannot be realized if electrically conductive magnets
are used as a spin-current source. The longitudinal SSE ex-
pands the variety of sample design for driving the SSE, and
will be useful for constructing future spintronic and energy-
saving devices.

In Fig. 1, we show schematic illustrations of the conven-
tional and longitudinal setups for measuring the SSE. The
conventional SSE device consists of a ferromagnet !F" with
one or several normal-metal !N" wires attached on the F
surface #see Fig. 1!a"$.9–12 When an in-plane temperature
gradient "T is applied to the F layer in the direction perpen-
dicular to the N wires, spin voltage is thermally generated
and injects a spin current with a spatial direction Js and a
spin-polarization vector ! parallel to the magnetization M of
F into the N wire #see Fig. 1!a"$. In the N wire, this injected
spin current is converted into an electric field EISHE due to
the ISHE. When M is along the "T direction, EISHE is gen-
erated along the N wire because of the relation13,17

EISHE = !!SH""Js # ! , !1"

where !SH and " denote the spin-Hall angle and electric re-
sistivity of N, respectively. By measuring EISHE, we can de-
tect the SSE electrically. In this conventional but complex
setup, the spatial direction of the spin current, Js, is perpen-
dicular to the temperature gradient #see Fig. 1!a"$. Here, we
propose a new setup where a thermally injected spin current

into the N layer along the "T direction is detected: the lon-
gitudinal SSE. In this case, to generate EISHE along the N
layer, F has to be magnetized perpendicular to "T #see Fig.
1!d" and Eq. !1"$. The observation of the longitudinal SSE in
a magnetic insulator has been yet to be reported.

Figure 1!b" shows a schematic illustration of the experi-
mental system used in this study. The sample comprises a
single-crystal YIG slab and a Pt film attached on the !100"
surface !x-y plane" of the YIG. The length, width, and thick-
ness of the YIG slab !Pt film" are 6 mm !6 mm", 2 mm !0.5

a"Electronic mail: kuchida@imr.tohoku.ac.jp.
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FIG. 1. !Color online" !a" A schematic of the conventional setup for mea-
suring the ISHE induced by the SSE. Here, "T, M, Js, and EISHE denote a
temperature gradient, the magnetization vector of a ferromagnet !F", the
spatial direction of the spin current flowing across the F/normal metal !N"
interface, and an electric field generated by the ISHE in N, respectively.
Since the sign of the thermally generated spin voltage is reversed between
the ends of F, the sign of EISHE is also reversed between the ends of the F/N
system !Ref. 11". #!b" and !c"$ A schematic of the longitudinal SSE in an
YIG/Pt sample #!b" perspective view and !c" side view$. ! denotes the angle
between the external magnetic field H in the x-y plane and the x axis. !d"
The directions of "T, M, Js, and EISHE in the longitudinal setup.
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IS ≡ ∂tσ i
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i∈int
∑Spin current: 

Adachi  PRB (2011) 

2

a b

ISPump ISPump

Qph

FIG. 1: Schematic of the magnetic bilayer and phys-
ical picture of thermally driven microwave emission.
(a) In the absence of the temperature bias, a precessing mag-
netization in the ferromagnet F , or a magnon, creates spin
current Ipump

S pumped into the adjacent paramagnet P . This
effect always results in an enhancement of the Gilbert damp-
ing because the magnon loses its spin angular momentum.
(b) When the paramagnet is heated, the pumped spin cur-
rent tends to diffuse back into the paramagnet because of the
drag effect by the phonon heat current Qph and produces a
forced spin backflow. This spin backflow reduces the Gilbert
damping as the magnon gains additional spin angular mo-
mentum, thereby causing a magnon instability and leading to
a microwave emission.

The second term in equation (1) describes the dynam-
ics of paramagnetic spin density26 (spin accumulation)
represented by s±k = sxk ± isyk, and the retarded part of
the propagator is given by χR

k = χP /(1 + λ2k2 − iωτsf),
where χP is the uniform paramagnetic susceptibility, λ
is the spin diffusion length, and τsf is the spin-flip re-
laxation time, respectively27. The third term in equa-
tion (1) describes the the s-d exchange interaction at the
F/P interface, where Jsd(k− q) is the Fourier transform
of Jsd

∑
r0∈interface v0δ(r− r0) with Jsd and v0 being the

strength of the s-d interaction and the cell volume.
We begin by explaining how the damping of magnons

in this bilayer system, conventionally represented by the
effective Gilbert damping constant, is calculated in our
approach. Guided by an experimental fact that the use
of a poor spin sink such as Cu makes the temperature
bias effect invisible18,21, we assume that P is a good spin
sink with sizable spin-orbit scattering such as Pt. Since
an attachment of the good spin sink introduces a new
source of spin dissipation, the Gilbert damping in the bi-
layer is given as a sum of the intrinsic contribution α(0)

defined merely by F , and an enhanced Gilbert damping
δα caused by attached P , i.e., α = α(0) + δα. The en-
hanced Gilbert damping is calculated from the imaginary
part of the magnon selfenergy28 shown in Fig. 2a. Per-
forming a perturbative approach with respect to Jsd, the
enhanced Gilbert damping is calculated to be

δα = ⟨⟨J2
sd⟩⟩

∑

k

1

ω0
ImχR

k (ω0), (2)
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FIG. 2: Model and diagrammatic calculations. (a) Dia-
grammatic representation of the basic process giving the en-
hanced Gilbert damping, which is free from the temperature
bias effect. Here, the solid line and dotted line represent prop-
agators of magnon and spin accumulation, respectively. (b)
Temperature profile of the system, where the paramagnet P
is in contact with a heat source with temperature Thot and
the ferromagnet F is in contact with a heat sink with tem-
perature Tcold. In our modelling, the continuous temperature
profile (thick solid line) is replaced by a discrete three local
temperatures of T1, T2 and T3. (c) The phonon-drag pro-
cess giving the thermal control of the Gilbert damping. Here,
the dashed line represents phonon propagator. (d) Feynman
diagram for the longitudinal spin Seebeck effect.

where ⟨⟨J2
sd⟩⟩ = 2J2

sdS
2
0Nint/(!2NPNF ) with Nint, NF ,

NP being, respectively, the number of localized spins at
the interface, the number of lattice sites in F , and that in
P . Such enhancement in the Gilbert damping has been
confirmed experimentally by linewidth measurements us-
ing ferromagnetic resonance (FMR)29,30.

The result can be interpreted from the viewpoint
of spin transfer across the interface31,32, which is now
termed spin pumping. Because the exchange interaction
at the interface conserves the total spin, the enhanced
Gilbert damping, or spin angular momentum loss, should
be accompanied by a spin transfer from F into P where
the additional spin dissipation occurs. Following the pro-
cedure given in Ref. 25, a spin current Ipump

S that is
pumped from F into P at the FMR condition is shown
to be intimately connected to δα through the relation

Ipump
S = δα

S0NF(γhrf)2

(α(0))2ω0
, (3)

where γ and hrf are respectively the gyromagnetic ra-
tio and amplitude of oscillating microwave field. Since
a magnon carries spin minus one, this effect pumps a
negative spin accumulation into P (Fig. 1a). The exis-
tence of the pumped spin current has been demonstrated
experimentally using the inverse spin Hall effect33.

B. Effects of temperatur bias

Now, we discuss the effects of a temperature bias on
the enhanced Gilbert damping. We consider a situation
where F and P are, respectively, in contact with heat
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FIG. 3. (color online) (a)-(c) Measured transverse voltage
V
t

of sample A for selected temperatures showing two sign
changes as a function of temperature. (d) Temperature-
dependent magnetization of sample A recorded at a magnetic
field of 0.1T. (e) SSE signal I

SSE

as a function of tempera-
ture obtained from the di↵erence in V

t

at positive and nega-
tive saturation taking the temperature dependence of the Pt
resistance R(T ) into account. (f) Magnetization as a func-
tion of temperature of sample B measured at µ

0

H = 1T. (g)
I
SSE

signal of sample B derived from angular dependent mea-
surements. Here, the V

t

is recorded under di↵erent in-plane
orientations ↵ of the magnetic field at constant magnitude
of 1T. The SSE signal I

SSE

= V
SSE

/R(T ) is calculated from
V
SSE

= 1

2

[V
t

(+I
d

) + V
t

(�I
d

)]. The blue dashed lines mark
the zero-crossings of the I

SSE

signal. The temperature of the
magnetic compensation points T

comp

for sample A and B are
indicated by the black dashed lines.

earth sub-lattice.[9, 32] While the model by Ohnuma et
al. thus accounts for the rather abrupt sign change in
I
SSE

around T
sign1

, it fails to reproduce the second SSE
sign change at T

sign2

.
Based on these findings, we extend the theory of

Ohnuma et al., using a mean field description of the

three magnetic sub-lattices in GdIG as shown in Fig. 1
(cf. Ref. 25). We assume that all thermal magnetic exci-
tations in the di↵erent magnetic sub-lattices contribute
equally to the SSE – however only if the correspond-
ing sub-lattice is su�ciently ordered. In other words,
the magnons in the Fe sub-lattices will substantially con-
tribute to the SSE for T < T

C

⇡ 550K, while the Gd
sub-lattice exhibits a qualitatively di↵erent thermomag-
netic behavior and significantly contributes to the SSE
only for T . T

Gd

⇡ 65 � 85K. As mentioned above,
the latter temperature is often also referred to as the Gd
ordering temperature in the literature.[28] This assump-
tion is motivated by the existing literature investigating
finite temperature e↵ects on ferromagnets via the self
consistent renormalization of magnon dispersions.[33] In
particular, it has been shown that the magnons cease
to be the admissible eigenstates above a temperature
around the ordering temperature. In this scenario, only
the magnons from the Fe sub-lattices contribute to the
SSE for T

Gd

< T . T
Fe

. The net Fe magnetization
thereby determines the spin current spin polarization,
such that the inversion of the sub-lattice magnetization
orientation at the magnetization compensation point re-
sults in a sharp inversion of the SSE sign at this temper-
ature. For T . T

Gd

, however, the Gd magnons become
gradually more important. Since the Gd sub-lattice mag-
netization is oriented along the external magnetic field
at these temperatures, the corresponding spin current is
carrying angular momentum with an opposite direction
compared to the spin current from the Fe magnons. With
decreasing T , the Gd magnons eventually dominate, re-
sulting in a second, more gradual SSE sign change back
to the high temperature sign of the signal, as observed in
experiment. This means that the di↵erence in abruptness
of the transitions at T

sign1

and T
sign2

directly reflects the
di↵erent nature of the transitions (T

sign1

related to the
abrupt Fe sublattice reorientation at the magnetic com-
pensation point while T

sign2

comes from the gradually
increase of the influence of the magnetic Gd sub-lattice).
Note also that the Gd is weakly exchange-coupled to the
Fe sub-lattice, such that magnetic excitations caused by
the Gd sub-lattice could arise already for T > T

Gd

.

Clearly, the above model is too simplistic to quantita-
tively describe the observed behavior. For a consistent
and robust analysis, the full spin wave spectrum needs
to be calculated by taking into account all 32 magnetic
atoms in the unit cell (8 Fe atoms in the octahedral sites,
12 Fe atoms in the tetrahedral sites and 12 Gd atoms),
which is beyond the scope of this paper. Nevertheless,
our results clearly show that the magnon spectrum and
the temperature dependences of the individual magnon
branches are more complex than assumed in Ref. 9, which
can also contribute to the observed fact that the transi-
tion temperature T

sign1

is lower than the compensation
temperature T

comp

. Finally we note that a quantitative
analysis might also need to consider possibly di↵erent
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0
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signal of sample B derived from angular dependent mea-
surements. Here, the V
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earth sub-lattice.[9, 32] While the model by Ohnuma et
al. thus accounts for the rather abrupt sign change in
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around T
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, it fails to reproduce the second SSE
sign change at T
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.
Based on these findings, we extend the theory of

Ohnuma et al., using a mean field description of the

three magnetic sub-lattices in GdIG as shown in Fig. 1
(cf. Ref. 25). We assume that all thermal magnetic exci-
tations in the di↵erent magnetic sub-lattices contribute
equally to the SSE – however only if the correspond-
ing sub-lattice is su�ciently ordered. In other words,
the magnons in the Fe sub-lattices will substantially con-
tribute to the SSE for T < T

C

⇡ 550K, while the Gd
sub-lattice exhibits a qualitatively di↵erent thermomag-
netic behavior and significantly contributes to the SSE
only for T . T

Gd

⇡ 65 � 85K. As mentioned above,
the latter temperature is often also referred to as the Gd
ordering temperature in the literature.[28] This assump-
tion is motivated by the existing literature investigating
finite temperature e↵ects on ferromagnets via the self
consistent renormalization of magnon dispersions.[33] In
particular, it has been shown that the magnons cease
to be the admissible eigenstates above a temperature
around the ordering temperature. In this scenario, only
the magnons from the Fe sub-lattices contribute to the
SSE for T
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Fe

. The net Fe magnetization
thereby determines the spin current spin polarization,
such that the inversion of the sub-lattice magnetization
orientation at the magnetization compensation point re-
sults in a sharp inversion of the SSE sign at this temper-
ature. For T . T

Gd

, however, the Gd magnons become
gradually more important. Since the Gd sub-lattice mag-
netization is oriented along the external magnetic field
at these temperatures, the corresponding spin current is
carrying angular momentum with an opposite direction
compared to the spin current from the Fe magnons. With
decreasing T , the Gd magnons eventually dominate, re-
sulting in a second, more gradual SSE sign change back
to the high temperature sign of the signal, as observed in
experiment. This means that the di↵erence in abruptness
of the transitions at T

sign1

and T
sign2

directly reflects the
di↵erent nature of the transitions (T

sign1

related to the
abrupt Fe sublattice reorientation at the magnetic com-
pensation point while T

sign2

comes from the gradually
increase of the influence of the magnetic Gd sub-lattice).
Note also that the Gd is weakly exchange-coupled to the
Fe sub-lattice, such that magnetic excitations caused by
the Gd sub-lattice could arise already for T > T

Gd

.

Clearly, the above model is too simplistic to quantita-
tively describe the observed behavior. For a consistent
and robust analysis, the full spin wave spectrum needs
to be calculated by taking into account all 32 magnetic
atoms in the unit cell (8 Fe atoms in the octahedral sites,
12 Fe atoms in the tetrahedral sites and 12 Gd atoms),
which is beyond the scope of this paper. Nevertheless,
our results clearly show that the magnon spectrum and
the temperature dependences of the individual magnon
branches are more complex than assumed in Ref. 9, which
can also contribute to the observed fact that the transi-
tion temperature T

sign1

is lower than the compensation
temperature T

comp

. Finally we note that a quantitative
analysis might also need to consider possibly di↵erent
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of sample A for selected temperatures showing two sign
changes as a function of temperature. (d) Temperature-
dependent magnetization of sample A recorded at a magnetic
field of 0.1T. (e) SSE signal I
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as a function of tempera-
ture obtained from the di↵erence in V
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at positive and nega-
tive saturation taking the temperature dependence of the Pt
resistance R(T ) into account. (f) Magnetization as a func-
tion of temperature of sample B measured at µ

0

H = 1T. (g)
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signal of sample B derived from angular dependent mea-
surements. Here, the V

t

is recorded under di↵erent in-plane
orientations ↵ of the magnetic field at constant magnitude
of 1T. The SSE signal I
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= V
SSE

/R(T ) is calculated from
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= 1
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)]. The blue dashed lines mark
the zero-crossings of the I
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earth sub-lattice.[9, 32] While the model by Ohnuma et
al. thus accounts for the rather abrupt sign change in
I
SSE

around T
sign1

, it fails to reproduce the second SSE
sign change at T

sign2

.
Based on these findings, we extend the theory of

Ohnuma et al., using a mean field description of the

three magnetic sub-lattices in GdIG as shown in Fig. 1
(cf. Ref. 25). We assume that all thermal magnetic exci-
tations in the di↵erent magnetic sub-lattices contribute
equally to the SSE – however only if the correspond-
ing sub-lattice is su�ciently ordered. In other words,
the magnons in the Fe sub-lattices will substantially con-
tribute to the SSE for T < T

C

⇡ 550K, while the Gd
sub-lattice exhibits a qualitatively di↵erent thermomag-
netic behavior and significantly contributes to the SSE
only for T . T

Gd

⇡ 65 � 85K. As mentioned above,
the latter temperature is often also referred to as the Gd
ordering temperature in the literature.[28] This assump-
tion is motivated by the existing literature investigating
finite temperature e↵ects on ferromagnets via the self
consistent renormalization of magnon dispersions.[33] In
particular, it has been shown that the magnons cease
to be the admissible eigenstates above a temperature
around the ordering temperature. In this scenario, only
the magnons from the Fe sub-lattices contribute to the
SSE for T

Gd

< T . T
Fe

. The net Fe magnetization
thereby determines the spin current spin polarization,
such that the inversion of the sub-lattice magnetization
orientation at the magnetization compensation point re-
sults in a sharp inversion of the SSE sign at this temper-
ature. For T . T

Gd

, however, the Gd magnons become
gradually more important. Since the Gd sub-lattice mag-
netization is oriented along the external magnetic field
at these temperatures, the corresponding spin current is
carrying angular momentum with an opposite direction
compared to the spin current from the Fe magnons. With
decreasing T , the Gd magnons eventually dominate, re-
sulting in a second, more gradual SSE sign change back
to the high temperature sign of the signal, as observed in
experiment. This means that the di↵erence in abruptness
of the transitions at T

sign1

and T
sign2

directly reflects the
di↵erent nature of the transitions (T

sign1

related to the
abrupt Fe sublattice reorientation at the magnetic com-
pensation point while T

sign2

comes from the gradually
increase of the influence of the magnetic Gd sub-lattice).
Note also that the Gd is weakly exchange-coupled to the
Fe sub-lattice, such that magnetic excitations caused by
the Gd sub-lattice could arise already for T > T

Gd

.

Clearly, the above model is too simplistic to quantita-
tively describe the observed behavior. For a consistent
and robust analysis, the full spin wave spectrum needs
to be calculated by taking into account all 32 magnetic
atoms in the unit cell (8 Fe atoms in the octahedral sites,
12 Fe atoms in the tetrahedral sites and 12 Gd atoms),
which is beyond the scope of this paper. Nevertheless,
our results clearly show that the magnon spectrum and
the temperature dependences of the individual magnon
branches are more complex than assumed in Ref. 9, which
can also contribute to the observed fact that the transi-
tion temperature T

sign1

is lower than the compensation
temperature T

comp

. Finally we note that a quantitative
analysis might also need to consider possibly di↵erent
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as a function of tempera-
ture obtained from the di↵erence in V
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at positive and nega-
tive saturation taking the temperature dependence of the Pt
resistance R(T ) into account. (f) Magnetization as a func-
tion of temperature of sample B measured at µ

0

H = 1T. (g)
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signal of sample B derived from angular dependent mea-
surements. Here, the V

t

is recorded under di↵erent in-plane
orientations ↵ of the magnetic field at constant magnitude
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/R(T ) is calculated from
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= 1
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earth sub-lattice.[9, 32] While the model by Ohnuma et
al. thus accounts for the rather abrupt sign change in
I
SSE

around T
sign1

, it fails to reproduce the second SSE
sign change at T

sign2

.
Based on these findings, we extend the theory of

Ohnuma et al., using a mean field description of the

three magnetic sub-lattices in GdIG as shown in Fig. 1
(cf. Ref. 25). We assume that all thermal magnetic exci-
tations in the di↵erent magnetic sub-lattices contribute
equally to the SSE – however only if the correspond-
ing sub-lattice is su�ciently ordered. In other words,
the magnons in the Fe sub-lattices will substantially con-
tribute to the SSE for T < T

C

⇡ 550K, while the Gd
sub-lattice exhibits a qualitatively di↵erent thermomag-
netic behavior and significantly contributes to the SSE
only for T . T

Gd

⇡ 65 � 85K. As mentioned above,
the latter temperature is often also referred to as the Gd
ordering temperature in the literature.[28] This assump-
tion is motivated by the existing literature investigating
finite temperature e↵ects on ferromagnets via the self
consistent renormalization of magnon dispersions.[33] In
particular, it has been shown that the magnons cease
to be the admissible eigenstates above a temperature
around the ordering temperature. In this scenario, only
the magnons from the Fe sub-lattices contribute to the
SSE for T

Gd

< T . T
Fe

. The net Fe magnetization
thereby determines the spin current spin polarization,
such that the inversion of the sub-lattice magnetization
orientation at the magnetization compensation point re-
sults in a sharp inversion of the SSE sign at this temper-
ature. For T . T

Gd

, however, the Gd magnons become
gradually more important. Since the Gd sub-lattice mag-
netization is oriented along the external magnetic field
at these temperatures, the corresponding spin current is
carrying angular momentum with an opposite direction
compared to the spin current from the Fe magnons. With
decreasing T , the Gd magnons eventually dominate, re-
sulting in a second, more gradual SSE sign change back
to the high temperature sign of the signal, as observed in
experiment. This means that the di↵erence in abruptness
of the transitions at T

sign1

and T
sign2

directly reflects the
di↵erent nature of the transitions (T

sign1

related to the
abrupt Fe sublattice reorientation at the magnetic com-
pensation point while T

sign2

comes from the gradually
increase of the influence of the magnetic Gd sub-lattice).
Note also that the Gd is weakly exchange-coupled to the
Fe sub-lattice, such that magnetic excitations caused by
the Gd sub-lattice could arise already for T > T

Gd

.

Clearly, the above model is too simplistic to quantita-
tively describe the observed behavior. For a consistent
and robust analysis, the full spin wave spectrum needs
to be calculated by taking into account all 32 magnetic
atoms in the unit cell (8 Fe atoms in the octahedral sites,
12 Fe atoms in the tetrahedral sites and 12 Gd atoms),
which is beyond the scope of this paper. Nevertheless,
our results clearly show that the magnon spectrum and
the temperature dependences of the individual magnon
branches are more complex than assumed in Ref. 9, which
can also contribute to the observed fact that the transi-
tion temperature T

sign1

is lower than the compensation
temperature T

comp

. Finally we note that a quantitative
analysis might also need to consider possibly di↵erent
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FIG. 3. (color online) (a)-(c) Measured transverse voltage
V
t

of sample A for selected temperatures showing two sign
changes as a function of temperature. (d) Temperature-
dependent magnetization of sample A recorded at a magnetic
field of 0.1T. (e) SSE signal I

SSE

as a function of tempera-
ture obtained from the di↵erence in V

t

at positive and nega-
tive saturation taking the temperature dependence of the Pt
resistance R(T ) into account. (f) Magnetization as a func-
tion of temperature of sample B measured at µ

0

H = 1T. (g)
I
SSE

signal of sample B derived from angular dependent mea-
surements. Here, the V

t

is recorded under di↵erent in-plane
orientations ↵ of the magnetic field at constant magnitude
of 1T. The SSE signal I

SSE

= V
SSE

/R(T ) is calculated from
V
SSE

= 1

2

[V
t

(+I
d

) + V
t

(�I
d

)]. The blue dashed lines mark
the zero-crossings of the I

SSE

signal. The temperature of the
magnetic compensation points T

comp

for sample A and B are
indicated by the black dashed lines.

earth sub-lattice.[9, 32] While the model by Ohnuma et
al. thus accounts for the rather abrupt sign change in
I
SSE

around T
sign1

, it fails to reproduce the second SSE
sign change at T

sign2

.
Based on these findings, we extend the theory of

Ohnuma et al., using a mean field description of the

three magnetic sub-lattices in GdIG as shown in Fig. 1
(cf. Ref. 25). We assume that all thermal magnetic exci-
tations in the di↵erent magnetic sub-lattices contribute
equally to the SSE – however only if the correspond-
ing sub-lattice is su�ciently ordered. In other words,
the magnons in the Fe sub-lattices will substantially con-
tribute to the SSE for T < T

C

⇡ 550K, while the Gd
sub-lattice exhibits a qualitatively di↵erent thermomag-
netic behavior and significantly contributes to the SSE
only for T . T

Gd

⇡ 65 � 85K. As mentioned above,
the latter temperature is often also referred to as the Gd
ordering temperature in the literature.[28] This assump-
tion is motivated by the existing literature investigating
finite temperature e↵ects on ferromagnets via the self
consistent renormalization of magnon dispersions.[33] In
particular, it has been shown that the magnons cease
to be the admissible eigenstates above a temperature
around the ordering temperature. In this scenario, only
the magnons from the Fe sub-lattices contribute to the
SSE for T

Gd

< T . T
Fe

. The net Fe magnetization
thereby determines the spin current spin polarization,
such that the inversion of the sub-lattice magnetization
orientation at the magnetization compensation point re-
sults in a sharp inversion of the SSE sign at this temper-
ature. For T . T

Gd

, however, the Gd magnons become
gradually more important. Since the Gd sub-lattice mag-
netization is oriented along the external magnetic field
at these temperatures, the corresponding spin current is
carrying angular momentum with an opposite direction
compared to the spin current from the Fe magnons. With
decreasing T , the Gd magnons eventually dominate, re-
sulting in a second, more gradual SSE sign change back
to the high temperature sign of the signal, as observed in
experiment. This means that the di↵erence in abruptness
of the transitions at T

sign1

and T
sign2

directly reflects the
di↵erent nature of the transitions (T

sign1

related to the
abrupt Fe sublattice reorientation at the magnetic com-
pensation point while T

sign2

comes from the gradually
increase of the influence of the magnetic Gd sub-lattice).
Note also that the Gd is weakly exchange-coupled to the
Fe sub-lattice, such that magnetic excitations caused by
the Gd sub-lattice could arise already for T > T

Gd

.

Clearly, the above model is too simplistic to quantita-
tively describe the observed behavior. For a consistent
and robust analysis, the full spin wave spectrum needs
to be calculated by taking into account all 32 magnetic
atoms in the unit cell (8 Fe atoms in the octahedral sites,
12 Fe atoms in the tetrahedral sites and 12 Gd atoms),
which is beyond the scope of this paper. Nevertheless,
our results clearly show that the magnon spectrum and
the temperature dependences of the individual magnon
branches are more complex than assumed in Ref. 9, which
can also contribute to the observed fact that the transi-
tion temperature T

sign1

is lower than the compensation
temperature T

comp

. Finally we note that a quantitative
analysis might also need to consider possibly di↵erent
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FIG. 3. (color online) (a)-(c) Measured transverse voltage
V
t

of sample A for selected temperatures showing two sign
changes as a function of temperature. (d) Temperature-
dependent magnetization of sample A recorded at a magnetic
field of 0.1T. (e) SSE signal I

SSE

as a function of tempera-
ture obtained from the di↵erence in V

t

at positive and nega-
tive saturation taking the temperature dependence of the Pt
resistance R(T ) into account. (f) Magnetization as a func-
tion of temperature of sample B measured at µ

0

H = 1T. (g)
I
SSE

signal of sample B derived from angular dependent mea-
surements. Here, the V

t

is recorded under di↵erent in-plane
orientations ↵ of the magnetic field at constant magnitude
of 1T. The SSE signal I

SSE

= V
SSE

/R(T ) is calculated from
V
SSE

= 1

2

[V
t

(+I
d

) + V
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(�I
d

)]. The blue dashed lines mark
the zero-crossings of the I

SSE

signal. The temperature of the
magnetic compensation points T

comp

for sample A and B are
indicated by the black dashed lines.

earth sub-lattice.[9, 32] While the model by Ohnuma et
al. thus accounts for the rather abrupt sign change in
I
SSE

around T
sign1

, it fails to reproduce the second SSE
sign change at T

sign2

.
Based on these findings, we extend the theory of

Ohnuma et al., using a mean field description of the

three magnetic sub-lattices in GdIG as shown in Fig. 1
(cf. Ref. 25). We assume that all thermal magnetic exci-
tations in the di↵erent magnetic sub-lattices contribute
equally to the SSE – however only if the correspond-
ing sub-lattice is su�ciently ordered. In other words,
the magnons in the Fe sub-lattices will substantially con-
tribute to the SSE for T < T

C

⇡ 550K, while the Gd
sub-lattice exhibits a qualitatively di↵erent thermomag-
netic behavior and significantly contributes to the SSE
only for T . T

Gd

⇡ 65 � 85K. As mentioned above,
the latter temperature is often also referred to as the Gd
ordering temperature in the literature.[28] This assump-
tion is motivated by the existing literature investigating
finite temperature e↵ects on ferromagnets via the self
consistent renormalization of magnon dispersions.[33] In
particular, it has been shown that the magnons cease
to be the admissible eigenstates above a temperature
around the ordering temperature. In this scenario, only
the magnons from the Fe sub-lattices contribute to the
SSE for T

Gd

< T . T
Fe

. The net Fe magnetization
thereby determines the spin current spin polarization,
such that the inversion of the sub-lattice magnetization
orientation at the magnetization compensation point re-
sults in a sharp inversion of the SSE sign at this temper-
ature. For T . T

Gd

, however, the Gd magnons become
gradually more important. Since the Gd sub-lattice mag-
netization is oriented along the external magnetic field
at these temperatures, the corresponding spin current is
carrying angular momentum with an opposite direction
compared to the spin current from the Fe magnons. With
decreasing T , the Gd magnons eventually dominate, re-
sulting in a second, more gradual SSE sign change back
to the high temperature sign of the signal, as observed in
experiment. This means that the di↵erence in abruptness
of the transitions at T

sign1

and T
sign2

directly reflects the
di↵erent nature of the transitions (T

sign1

related to the
abrupt Fe sublattice reorientation at the magnetic com-
pensation point while T

sign2

comes from the gradually
increase of the influence of the magnetic Gd sub-lattice).
Note also that the Gd is weakly exchange-coupled to the
Fe sub-lattice, such that magnetic excitations caused by
the Gd sub-lattice could arise already for T > T

Gd

.

Clearly, the above model is too simplistic to quantita-
tively describe the observed behavior. For a consistent
and robust analysis, the full spin wave spectrum needs
to be calculated by taking into account all 32 magnetic
atoms in the unit cell (8 Fe atoms in the octahedral sites,
12 Fe atoms in the tetrahedral sites and 12 Gd atoms),
which is beyond the scope of this paper. Nevertheless,
our results clearly show that the magnon spectrum and
the temperature dependences of the individual magnon
branches are more complex than assumed in Ref. 9, which
can also contribute to the observed fact that the transi-
tion temperature T

sign1

is lower than the compensation
temperature T

comp

. Finally we note that a quantitative
analysis might also need to consider possibly di↵erent
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FIG. 3. (color online) (a)-(c) Measured transverse voltage
V
t

of sample A for selected temperatures showing two sign
changes as a function of temperature. (d) Temperature-
dependent magnetization of sample A recorded at a magnetic
field of 0.1T. (e) SSE signal I

SSE

as a function of tempera-
ture obtained from the di↵erence in V

t

at positive and nega-
tive saturation taking the temperature dependence of the Pt
resistance R(T ) into account. (f) Magnetization as a func-
tion of temperature of sample B measured at µ

0

H = 1T. (g)
I
SSE

signal of sample B derived from angular dependent mea-
surements. Here, the V

t

is recorded under di↵erent in-plane
orientations ↵ of the magnetic field at constant magnitude
of 1T. The SSE signal I

SSE

= V
SSE

/R(T ) is calculated from
V
SSE

= 1

2

[V
t

(+I
d

) + V
t

(�I
d

)]. The blue dashed lines mark
the zero-crossings of the I

SSE

signal. The temperature of the
magnetic compensation points T

comp

for sample A and B are
indicated by the black dashed lines.

earth sub-lattice.[9, 32] While the model by Ohnuma et
al. thus accounts for the rather abrupt sign change in
I
SSE

around T
sign1

, it fails to reproduce the second SSE
sign change at T

sign2

.
Based on these findings, we extend the theory of

Ohnuma et al., using a mean field description of the

three magnetic sub-lattices in GdIG as shown in Fig. 1
(cf. Ref. 25). We assume that all thermal magnetic exci-
tations in the di↵erent magnetic sub-lattices contribute
equally to the SSE – however only if the correspond-
ing sub-lattice is su�ciently ordered. In other words,
the magnons in the Fe sub-lattices will substantially con-
tribute to the SSE for T < T

C

⇡ 550K, while the Gd
sub-lattice exhibits a qualitatively di↵erent thermomag-
netic behavior and significantly contributes to the SSE
only for T . T

Gd

⇡ 65 � 85K. As mentioned above,
the latter temperature is often also referred to as the Gd
ordering temperature in the literature.[28] This assump-
tion is motivated by the existing literature investigating
finite temperature e↵ects on ferromagnets via the self
consistent renormalization of magnon dispersions.[33] In
particular, it has been shown that the magnons cease
to be the admissible eigenstates above a temperature
around the ordering temperature. In this scenario, only
the magnons from the Fe sub-lattices contribute to the
SSE for T

Gd

< T . T
Fe

. The net Fe magnetization
thereby determines the spin current spin polarization,
such that the inversion of the sub-lattice magnetization
orientation at the magnetization compensation point re-
sults in a sharp inversion of the SSE sign at this temper-
ature. For T . T

Gd

, however, the Gd magnons become
gradually more important. Since the Gd sub-lattice mag-
netization is oriented along the external magnetic field
at these temperatures, the corresponding spin current is
carrying angular momentum with an opposite direction
compared to the spin current from the Fe magnons. With
decreasing T , the Gd magnons eventually dominate, re-
sulting in a second, more gradual SSE sign change back
to the high temperature sign of the signal, as observed in
experiment. This means that the di↵erence in abruptness
of the transitions at T

sign1

and T
sign2

directly reflects the
di↵erent nature of the transitions (T

sign1

related to the
abrupt Fe sublattice reorientation at the magnetic com-
pensation point while T

sign2

comes from the gradually
increase of the influence of the magnetic Gd sub-lattice).
Note also that the Gd is weakly exchange-coupled to the
Fe sub-lattice, such that magnetic excitations caused by
the Gd sub-lattice could arise already for T > T

Gd

.

Clearly, the above model is too simplistic to quantita-
tively describe the observed behavior. For a consistent
and robust analysis, the full spin wave spectrum needs
to be calculated by taking into account all 32 magnetic
atoms in the unit cell (8 Fe atoms in the octahedral sites,
12 Fe atoms in the tetrahedral sites and 12 Gd atoms),
which is beyond the scope of this paper. Nevertheless,
our results clearly show that the magnon spectrum and
the temperature dependences of the individual magnon
branches are more complex than assumed in Ref. 9, which
can also contribute to the observed fact that the transi-
tion temperature T

sign1

is lower than the compensation
temperature T

comp

. Finally we note that a quantitative
analysis might also need to consider possibly di↵erent
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Figure 1 | Device structure and experimental set-up. a, A schematic illustration of the sample system used for 

measuring the spin Peltier effect (SPE). The sample comprises a U-shaped paramagnetic metal (PM; in 

experiments, Pt or W) film formed on a ferrimagnetic insulator (FI; in experiments, YIG). The squares on PM 

define the areas L, R, and C. b, The SPE induced by the spin Hall effect (SHE) near the PM/FI interface. H, M, Jc, 

Js, and�Jq denote the magnetic field vector (with the magnitude H), magnetization vector (with the magnitude M) 

of FI, charge current applied to PM, spatial direction of the spin current with the spin-polarization vector V 

generated by the SHE in PM, and heat current generated by the SPE, respectively. Due to the symmetry of the 

SHE, the�V directions on L, R, and C are respectively along the –x, +x, and –y (+x, –x, and +y) directions in Pt (W), 

the spin Hall angle of which is positive (negative). When M is along the x direction, the SPE appears on L and R 

because of M�|| V. c, Lock-in thermography (LIT) for the SPE measurements. When an a.c. charge current with 

rectangular wave modulation (with the amplitude Jc and frequency f) is applied to PM, the SPE-induced 

temperature modulation (v Jc) oscillates with f, while the Joule-heating-induced temperature modulation (v Jc
2) is 

constant in time. The LIT system extracts the first harmonic response of observed thermal images, enabling the 

pure detection of the SPE free from the Joule-heating contribution.  
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Figure 2 | Observation of spin Peltier effect in Pt/YIG using lock-in thermography. a,b, Lock-in amplitude A 

(a) and phase I (b) images for the Pt/YIG sample at Jc = 4.0 mA. The left, center, and right images were measured 

at H = +200 Oe, 0 Oe, and –200 Oe, respectively. c, A and I images for the Pt/YIG sample at H = +200 Oe for 

various values of Jc. d, Jc dependence of A on the areas L (red circles), R (blue squares), and C (gray triangles) of 

the Pt/YIG sample at H = +200 Oe. e, Jc dependence of I on L and R of the Pt/YIG sample at H = +200 Oe. f, H 

dependence of A on L, R, and C of the Pt/YIG sample at Jc = 4.0 mA and the M-H curve (black line) of the YIG. g, 

H dependence of I on L and R of the Pt/YIG sample at Jc = 4.0 mA and the M-H curve of the YIG. The data 

points in d-g are obtained by averaging the A or I values on L, R, and C, defined by the squares in the left images 

of a and b. The lock-in phase does not converge to a specific value when the signal amplitude is smaller than the 

sensitivity of the LIT; therefore, the I data for C are not shown in e and g.  
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Heat generation from spin current

Heat Energy 
of magnon= Number 

of magnon×

ImδGkω
<

= ImGkω
R,YIG ×δ fω

YIG

DOS Distribution 
Function

EYIG = !ω ImδGkω
<

kω∫
×

Heat = Damping  
of magnon

Spin 
Accumulation

EYIG = IS
2α

∝δµS
Pt

Rate equation

: Gilbert damping constantα

τ kω = 1
αω

δGkω
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τ kω
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int ω( )



Temperature change

x0 =
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kBT
, xM = !ωM

kBT

Daimon 2016
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FIG. 3. (color online) (a)-(c) Measured transverse voltage
V
t

of sample A for selected temperatures showing two sign
changes as a function of temperature. (d) Temperature-
dependent magnetization of sample A recorded at a magnetic
field of 0.1T. (e) SSE signal I

SSE

as a function of tempera-
ture obtained from the di↵erence in V

t

at positive and nega-
tive saturation taking the temperature dependence of the Pt
resistance R(T ) into account. (f) Magnetization as a func-
tion of temperature of sample B measured at µ

0

H = 1T. (g)
I
SSE

signal of sample B derived from angular dependent mea-
surements. Here, the V

t

is recorded under di↵erent in-plane
orientations ↵ of the magnetic field at constant magnitude
of 1T. The SSE signal I

SSE

= V
SSE

/R(T ) is calculated from
V
SSE

= 1

2

[V
t

(+I
d

) + V
t

(�I
d

)]. The blue dashed lines mark
the zero-crossings of the I

SSE

signal. The temperature of the
magnetic compensation points T

comp

for sample A and B are
indicated by the black dashed lines.

earth sub-lattice.[9, 32] While the model by Ohnuma et
al. thus accounts for the rather abrupt sign change in
I
SSE

around T
sign1

, it fails to reproduce the second SSE
sign change at T

sign2

.
Based on these findings, we extend the theory of

Ohnuma et al., using a mean field description of the

three magnetic sub-lattices in GdIG as shown in Fig. 1
(cf. Ref. 25). We assume that all thermal magnetic exci-
tations in the di↵erent magnetic sub-lattices contribute
equally to the SSE – however only if the correspond-
ing sub-lattice is su�ciently ordered. In other words,
the magnons in the Fe sub-lattices will substantially con-
tribute to the SSE for T < T

C

⇡ 550K, while the Gd
sub-lattice exhibits a qualitatively di↵erent thermomag-
netic behavior and significantly contributes to the SSE
only for T . T

Gd

⇡ 65 � 85K. As mentioned above,
the latter temperature is often also referred to as the Gd
ordering temperature in the literature.[28] This assump-
tion is motivated by the existing literature investigating
finite temperature e↵ects on ferromagnets via the self
consistent renormalization of magnon dispersions.[33] In
particular, it has been shown that the magnons cease
to be the admissible eigenstates above a temperature
around the ordering temperature. In this scenario, only
the magnons from the Fe sub-lattices contribute to the
SSE for T

Gd

< T . T
Fe

. The net Fe magnetization
thereby determines the spin current spin polarization,
such that the inversion of the sub-lattice magnetization
orientation at the magnetization compensation point re-
sults in a sharp inversion of the SSE sign at this temper-
ature. For T . T

Gd

, however, the Gd magnons become
gradually more important. Since the Gd sub-lattice mag-
netization is oriented along the external magnetic field
at these temperatures, the corresponding spin current is
carrying angular momentum with an opposite direction
compared to the spin current from the Fe magnons. With
decreasing T , the Gd magnons eventually dominate, re-
sulting in a second, more gradual SSE sign change back
to the high temperature sign of the signal, as observed in
experiment. This means that the di↵erence in abruptness
of the transitions at T

sign1

and T
sign2

directly reflects the
di↵erent nature of the transitions (T

sign1

related to the
abrupt Fe sublattice reorientation at the magnetic com-
pensation point while T

sign2

comes from the gradually
increase of the influence of the magnetic Gd sub-lattice).
Note also that the Gd is weakly exchange-coupled to the
Fe sub-lattice, such that magnetic excitations caused by
the Gd sub-lattice could arise already for T > T

Gd

.

Clearly, the above model is too simplistic to quantita-
tively describe the observed behavior. For a consistent
and robust analysis, the full spin wave spectrum needs
to be calculated by taking into account all 32 magnetic
atoms in the unit cell (8 Fe atoms in the octahedral sites,
12 Fe atoms in the tetrahedral sites and 12 Gd atoms),
which is beyond the scope of this paper. Nevertheless,
our results clearly show that the magnon spectrum and
the temperature dependences of the individual magnon
branches are more complex than assumed in Ref. 9, which
can also contribute to the observed fact that the transi-
tion temperature T

sign1

is lower than the compensation
temperature T

comp

. Finally we note that a quantitative
analysis might also need to consider possibly di↵erent
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Seebeck & Peltier effects in bulk materials
Charge current
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