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Figure 1 | Seebeck and spin Seebeck effects. a, A schematic illustration of the Seebeck effect. When a temperature gradient ∇T is applied to a conductor,
an electric voltage V is generated along the ∇T direction. b,c, Schematic illustrations of the spin Seebeck effect. When ∇T is applied to a magnet, a spin
voltage Vs is generated. d, A schematic illustration of the measurement set-up. The sample consists of a LaY2Fe5O12 film with two Pt wires attached to the
surface. An external magnetic field H (with magnitude H) and a uniform temperature gradient ∇T were applied along the x direction. The temperatures of
the lower- and higher-temperature ends of the sample were stabilized at T= 300K and T+�T, respectively, using a heater and thermocouples.
e, A schematic illustration of the inverse spin Hall effect (ISHE) in the Pt wire and the spin current induced across the LaY2Fe5O12/Pt interface.M,Js, and
EISHE denote the magnetization vector of the LaY2Fe5O12 layer, the spatial direction of the spin current, and the electric field generated by the ISHE in the Pt
layer, respectively. The spin-polarization vector σ in the Pt layer is parallel toM.
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Figure 2 |Measurements of thermal voltage generation. a, A schematic illustration of the LaY2Fe5O12/Pt sample. b,c, �T dependence of the electric
voltage difference V in the LaY2Fe5O12/Pt sample at H= 100Oe, measured when the Pt wires are attached to the lower-temperature (300K, b) and
higher-temperature (300K+�T, c) ends of the LaY2Fe5O12 layer. The error bars represent the 95% confidence level. d,e, H dependence of V in the
LaY2Fe5O12/Pt sample for various values of �T, measured when the Pt wires are attached to the lower-temperature (d) and higher-temperature (e) ends.
f, MagnetizationM curve of the LaY2Fe5O12 film at 300K. g, H dependence of V in the LaY2Fe5O12/Pt sample at �T= 20K when the in-plane magnetic
field H was applied at an angle θ to the x direction. h, H dependence of V in a LaY2Fe5O12/Cu sample at �T= 20K when H was applied along the
x direction. The measurements shown in g and h were performed at the higher-temperature end of the samples. i, H dependence of V in the LaY2Fe5O12/Pt
sample when the entire sample was uniformly heated to 320K using the same system in which the data shown in b–e were measured.
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nanometres, electron tunnelling could convey spin angular
momentum; in the present macroscopic-sized system, in contrast,
the tunnelling is clearly irrelevant. We confirmed that the electric-
signal transmission disappears again both in Pt/Gd3Ga5O12/Pt and
Cu/Y3Fe5O12/Cu systems. The results also indicate that the electric
polarization in the insulator is irrelevant. The inset to Fig. 4d showsV
at j5 16.63 108 Am22 as a function of magnetic field strength H
(0.2 kOe,H, 3 kOe) when h5 90u. In this field range, V is min-
imally affected by the field-strength change and the role of the field
seems to be no more than that of aligning the magnetization dir-
ection. This j dependence of V at h5 90u above j5 6.03 108 Am22

deviates from the linear dependence observed in Fig. 3g. This might
be because not all the modes contribute equally to this transmission
and the population of each mode may depend on the excitation
strength (because of the intermode coupling or the spin-wave non-
linearity), but this discrepancy needs to be quantitatively elucidated.

The observed voltage transmission in an insulator provides a new
method of signal transfer, and opens the door to insulator-based
spintronics. The observed magnetization oscillation induced by the
spin-Hall effect could also be applied to the construction of a micro-
wave generator. We note that spin pumping from the insulator
enables spin injection free from the conventional impedance-match-
ing condition12. Finally, we anticipate that use of this spin transfer in
insulators will lead to substantial advances in spintronics and elec-
tronics.

METHODS SUMMARY
A single-crystal Y3Fe5O12 (111) film was grown on a Gd3Ga5O12 (111) single-
crystal substrate by liquid phase epitaxy. For the film growth, we used PbO-B2O3

flux around 1,200K. Then, a 10-nm-thick Pt layer was sputtered on the Y3Fe5O12

layer. Immediately before the sputtering, the surface was cleaned through the
metal mask by Ar-ion bombardment in a vacuum. For the spin pumping mea-
surements shown in Fig. 2, the Pt/Y3Fe5O12 sample system was placed near the
centre of a TE011 microwave cavity; at this position, the magnetic-field compon-
ent of the microwave mode is maximized while the electric-field component is
minimized. The microwave power was less than 10mW, a value lower than the
saturation of the ferromagnetic resonance absorption for the present sample. For
measuring voltage induced by the spin pumping, a twisted pair of thin coated Cu
wires (0.08mm in diameter) are connected to the ends of the Pt layer.Microwave
emission spectra were measured by attaching a gold coplanar-waveguide
antenna to the Pt surface of the Pt/Y3Fe5O12 sample film. The microwave signal
received by the antenna was led to an amplifier via a microwave probe. The
amplified microwave signal was analysed and recorded by a spectrum analyser.
Micromagnetic simulation was performed by solving numerically the Landau–
Lifshitz–Gilbert equation in which the spin torque at the interface cells are taken
into consideration (for details, see Methods).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 28 September 2009; accepted 1 February 2010.

1. Ashcroft, N. W. & Mermin, N. D. Solid State Physics Ch. 9 (Saunders College,
1976).

2. Maekawa, S. (ed.) Concepts in Spin Electronics Ch. 7 and 8 (Oxford Univ. Press,
2006).

3. Schneider, T. et al. Realization of spin-wave logic gates. Appl. Phys. Lett. 92,
022505 (2008).

4. Dyakonov, M. I. & Perel, V. I. Current-induced spin orientation of electrons in
semiconductors. Phys. Lett. A 35, 459–460 (1971).

5. Hirsch, J. E. Spin Hall effect. Phys. Rev. Lett. 83, 1834–1837 (1999).
6. Takahashi, S. & Maekawa, S. Hall effect induced by a spin-polarized current in

superconductors. Phys. Rev. Lett. 88, 116601 (2002).
7. Kato, Y. K., Myers, R. C., Gossard, A. C. & Awschalom, D. D. Observation of the

spin Hall effect in semiconductors. Science 306, 1910–1913 (2004).
8. Wunderlich, J., Kaestner, B., Sinova, J. & Jungwirth, T. Experimental observation of

the spin-Hall effect in a two-dimensional spin-orbit coupled semiconductor
system. Phys. Rev. Lett. 94, 047204 (2005).

9. Saitoh, E., Ueda, M., Miyajima, H. & Tatara, G. Conversion of spin current into
charge current at room temperature: inverse spin-Hall effect. Appl. Phys. Lett. 88,
182509 (2006).

10. Valenzuela, S. O. & Tinkham, M. Direct electronic measurement of the spin Hall
effect. Nature 442, 176–179 (2006).

11. Kimura, T., Otani, Y., Sato, T., Takahashi, S. & Maekawa, S. Room-temperature
reversible spin Hall effect. Phys. Rev. Lett. 98, 156601 (2007).

12. Valet, T. & Fert, A. Theory of the perpendicular magnetoresistance in magnetic
multilayers. Phys. Rev. B 48, 7099–7113 (1993).

13. Takahashi, S. & Maekawa, S. Spin current in metals and superconductors. J. Phys.
Soc. Jpn 77, 031009 (2008).

14. Kittel, C. Introduction to Solid State Physics 8th edn, Ch. 12 and 13 (Wiley, 2005).
15. Demokritov, S. O., Hillebrands, B. & Slavin, A. N. Brillouin light scattering studies of

confined spin waves: linear and nonlinear confinement. Phys. Rep. 348, 441–489
(2001).

16. Bass, J. & Pratt, W. P. Jr. Spin-diffusion lengths in metals and alloys, and spin-
flipping at metal/metal interfaces: an experimentalist’s critical review. J. Phys.
Condens. Matter 19, 183201 (2007).

17. Silsbee, R. H., Janossy, A. & Monod, P. Coupling between ferromagnetic and
conduction-spin-resonance modes at a ferromagnetic-normal-metal interface.
Phys. Rev. B 19, 4382–4399 (1979).

18. Tserkovnyak, Y., Brataas, A. & Bauer, G. E. W. Enhanced Gilbert damping in thin
ferromagnetic films. Phys. Rev. Lett. 88, 117601 (2002).

19. Mizukami, S., Ando, Y. & Miyazaki, T. Effect of spin diffusion on Gilbert damping
for a very thin permalloy layer in Cu/permalloy/Cu/Pt films. Phys. Rev. B 66,
104413 (2002).

20. Kiselev, S. I. et al. Microwave oscillations of a nanomagnet driven by a spin-
polarized current. Nature 425, 380–383 (2003).

21. Ji, Y., Chien, C. L. & Stiles, M. D. Current-induced spin-wave excitations in a single
ferromagnetic layer. Phys. Rev. Lett. 90, 106601 (2003).

22. Ando, K. et al. Electric manipulation of spin relaxation using the spin Hall effect.
Phys. Rev. Lett. 101, 036601 (2008).

23. Brataas, A., Bauer, G. E. W. & Kelly, P. J. Non-collinear magnetoelectronics. Phys.
Rep. 427, 157–255 (2006).

24. Chikazumi, S. Physics of Ferromagnetism Ch. 20 and 21 (Oxford Univ. Press, 1997).

d

j (108 A m!2)j (108 A m!2)

y x
z

J

H
!

Pt (i)

Y3Fe5O12
Pt (o)

ESHE

JS

a b

1.00 0.5
|my,z| (a.u.)

x

y
1 mm

Pt !lm i

V

–10 –5 0 5 10–10 –5 0 5 10

–1

0

1

V 
(n

V)

–1

0

1

V 
(n

V)

! = 180º

! = –90º

! = 90º

! = 0º

Pt/Y3Fe5O12 
H = 2.3 kOe 

Pt/Y3Fe5O12 

H = 2.3 kOe 

c

0 3

V 
(n

V)

H (kOe)

1

1.2

Figure 4 | Electric-signal transmission via spin-wave spin currents. a, A
schematic illustration of the experimental set-up. The sample is a 1.3-mm-
thick single-crystal Y3Fe5O12 (111) film on which two separate 15-nm-thick
Pt films (i and o) are sputtered. The distance between the Pt films is 1mm.
The surfaces of the Y3Fe5O12 layer, Pt film i and Pt film o are rectangular
shapes of area (mm2) 35, 27.5 and 0.5, respectively. The distance between the
voltage electrodes (V) attached to the Pt film o is 5mm. b, In-plane spatial
distribution of the time average of the magnetization-precession amplitude
|my,z | in the Y3Fe5O12 layer numerically calculated using a stochastic

Landau–Lifshitz–Gilbert equation30 at room temperature. In the calculation,
STT22 that compensates the magnetization-damping torque at the Pt film
i/Y3Fe5O12 interface (dashed rectangle) is taken into consideration. Time
average is taken for 1ms (Supplementary Information section F). c, d, V as a
function of j in the Pt film i at h5 0u (red curve in c), h5 180u (blue curve in
c), h5 90u (red curve in d) and h5290u(blue curve in d). h is defined in
a. An in-plane magnetic field of 2.3 kOe is applied. Inset to d, V at
j5 16.63 108Am22 as a function of H (0.2 kOe,H, 3 kOe) when
h5 90u.
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nanometres, electron tunnelling could convey spin angular
momentum; in the present macroscopic-sized system, in contrast,
the tunnelling is clearly irrelevant. We confirmed that the electric-
signal transmission disappears again both in Pt/Gd3Ga5O12/Pt and
Cu/Y3Fe5O12/Cu systems. The results also indicate that the electric
polarization in the insulator is irrelevant. The inset to Fig. 4d showsV
at j5 16.63 108 Am22 as a function of magnetic field strength H
(0.2 kOe,H, 3 kOe) when h5 90u. In this field range, V is min-
imally affected by the field-strength change and the role of the field
seems to be no more than that of aligning the magnetization dir-
ection. This j dependence of V at h5 90u above j5 6.03 108 Am22

deviates from the linear dependence observed in Fig. 3g. This might
be because not all the modes contribute equally to this transmission
and the population of each mode may depend on the excitation
strength (because of the intermode coupling or the spin-wave non-
linearity), but this discrepancy needs to be quantitatively elucidated.

The observed voltage transmission in an insulator provides a new
method of signal transfer, and opens the door to insulator-based
spintronics. The observed magnetization oscillation induced by the
spin-Hall effect could also be applied to the construction of a micro-
wave generator. We note that spin pumping from the insulator
enables spin injection free from the conventional impedance-match-
ing condition12. Finally, we anticipate that use of this spin transfer in
insulators will lead to substantial advances in spintronics and elec-
tronics.

METHODS SUMMARY
A single-crystal Y3Fe5O12 (111) film was grown on a Gd3Ga5O12 (111) single-
crystal substrate by liquid phase epitaxy. For the film growth, we used PbO-B2O3

flux around 1,200K. Then, a 10-nm-thick Pt layer was sputtered on the Y3Fe5O12

layer. Immediately before the sputtering, the surface was cleaned through the
metal mask by Ar-ion bombardment in a vacuum. For the spin pumping mea-
surements shown in Fig. 2, the Pt/Y3Fe5O12 sample system was placed near the
centre of a TE011 microwave cavity; at this position, the magnetic-field compon-
ent of the microwave mode is maximized while the electric-field component is
minimized. The microwave power was less than 10mW, a value lower than the
saturation of the ferromagnetic resonance absorption for the present sample. For
measuring voltage induced by the spin pumping, a twisted pair of thin coated Cu
wires (0.08mm in diameter) are connected to the ends of the Pt layer.Microwave
emission spectra were measured by attaching a gold coplanar-waveguide
antenna to the Pt surface of the Pt/Y3Fe5O12 sample film. The microwave signal
received by the antenna was led to an amplifier via a microwave probe. The
amplified microwave signal was analysed and recorded by a spectrum analyser.
Micromagnetic simulation was performed by solving numerically the Landau–
Lifshitz–Gilbert equation in which the spin torque at the interface cells are taken
into consideration (for details, see Methods).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 28 September 2009; accepted 1 February 2010.

1. Ashcroft, N. W. & Mermin, N. D. Solid State Physics Ch. 9 (Saunders College,
1976).

2. Maekawa, S. (ed.) Concepts in Spin Electronics Ch. 7 and 8 (Oxford Univ. Press,
2006).

3. Schneider, T. et al. Realization of spin-wave logic gates. Appl. Phys. Lett. 92,
022505 (2008).

4. Dyakonov, M. I. & Perel, V. I. Current-induced spin orientation of electrons in
semiconductors. Phys. Lett. A 35, 459–460 (1971).

5. Hirsch, J. E. Spin Hall effect. Phys. Rev. Lett. 83, 1834–1837 (1999).
6. Takahashi, S. & Maekawa, S. Hall effect induced by a spin-polarized current in

superconductors. Phys. Rev. Lett. 88, 116601 (2002).
7. Kato, Y. K., Myers, R. C., Gossard, A. C. & Awschalom, D. D. Observation of the

spin Hall effect in semiconductors. Science 306, 1910–1913 (2004).
8. Wunderlich, J., Kaestner, B., Sinova, J. & Jungwirth, T. Experimental observation of

the spin-Hall effect in a two-dimensional spin-orbit coupled semiconductor
system. Phys. Rev. Lett. 94, 047204 (2005).

9. Saitoh, E., Ueda, M., Miyajima, H. & Tatara, G. Conversion of spin current into
charge current at room temperature: inverse spin-Hall effect. Appl. Phys. Lett. 88,
182509 (2006).

10. Valenzuela, S. O. & Tinkham, M. Direct electronic measurement of the spin Hall
effect. Nature 442, 176–179 (2006).

11. Kimura, T., Otani, Y., Sato, T., Takahashi, S. & Maekawa, S. Room-temperature
reversible spin Hall effect. Phys. Rev. Lett. 98, 156601 (2007).

12. Valet, T. & Fert, A. Theory of the perpendicular magnetoresistance in magnetic
multilayers. Phys. Rev. B 48, 7099–7113 (1993).

13. Takahashi, S. & Maekawa, S. Spin current in metals and superconductors. J. Phys.
Soc. Jpn 77, 031009 (2008).

14. Kittel, C. Introduction to Solid State Physics 8th edn, Ch. 12 and 13 (Wiley, 2005).
15. Demokritov, S. O., Hillebrands, B. & Slavin, A. N. Brillouin light scattering studies of

confined spin waves: linear and nonlinear confinement. Phys. Rep. 348, 441–489
(2001).

16. Bass, J. & Pratt, W. P. Jr. Spin-diffusion lengths in metals and alloys, and spin-
flipping at metal/metal interfaces: an experimentalist’s critical review. J. Phys.
Condens. Matter 19, 183201 (2007).

17. Silsbee, R. H., Janossy, A. & Monod, P. Coupling between ferromagnetic and
conduction-spin-resonance modes at a ferromagnetic-normal-metal interface.
Phys. Rev. B 19, 4382–4399 (1979).

18. Tserkovnyak, Y., Brataas, A. & Bauer, G. E. W. Enhanced Gilbert damping in thin
ferromagnetic films. Phys. Rev. Lett. 88, 117601 (2002).

19. Mizukami, S., Ando, Y. & Miyazaki, T. Effect of spin diffusion on Gilbert damping
for a very thin permalloy layer in Cu/permalloy/Cu/Pt films. Phys. Rev. B 66,
104413 (2002).

20. Kiselev, S. I. et al. Microwave oscillations of a nanomagnet driven by a spin-
polarized current. Nature 425, 380–383 (2003).

21. Ji, Y., Chien, C. L. & Stiles, M. D. Current-induced spin-wave excitations in a single
ferromagnetic layer. Phys. Rev. Lett. 90, 106601 (2003).

22. Ando, K. et al. Electric manipulation of spin relaxation using the spin Hall effect.
Phys. Rev. Lett. 101, 036601 (2008).

23. Brataas, A., Bauer, G. E. W. & Kelly, P. J. Non-collinear magnetoelectronics. Phys.
Rep. 427, 157–255 (2006).

24. Chikazumi, S. Physics of Ferromagnetism Ch. 20 and 21 (Oxford Univ. Press, 1997).

d

j (108 A m!2)j (108 A m!2)

y x
z

J

H
!

Pt (i)

Y3Fe5O12
Pt (o)

ESHE

JS

a b

1.00 0.5
|my,z| (a.u.)

x

y
1 mm

Pt !lm i

V

–10 –5 0 5 10–10 –5 0 5 10

–1

0

1

V 
(n

V)

–1

0

1

V 
(n

V)

! = 180º

! = –90º

! = 90º

! = 0º

Pt/Y3Fe5O12 
H = 2.3 kOe 

Pt/Y3Fe5O12 

H = 2.3 kOe 

c

0 3

V 
(n

V)

H (kOe)

1

1.2

Figure 4 | Electric-signal transmission via spin-wave spin currents. a, A
schematic illustration of the experimental set-up. The sample is a 1.3-mm-
thick single-crystal Y3Fe5O12 (111) film on which two separate 15-nm-thick
Pt films (i and o) are sputtered. The distance between the Pt films is 1mm.
The surfaces of the Y3Fe5O12 layer, Pt film i and Pt film o are rectangular
shapes of area (mm2) 35, 27.5 and 0.5, respectively. The distance between the
voltage electrodes (V) attached to the Pt film o is 5mm. b, In-plane spatial
distribution of the time average of the magnetization-precession amplitude
|my,z | in the Y3Fe5O12 layer numerically calculated using a stochastic

Landau–Lifshitz–Gilbert equation30 at room temperature. In the calculation,
STT22 that compensates the magnetization-damping torque at the Pt film
i/Y3Fe5O12 interface (dashed rectangle) is taken into consideration. Time
average is taken for 1ms (Supplementary Information section F). c, d, V as a
function of j in the Pt film i at h5 0u (red curve in c), h5 180u (blue curve in
c), h5 90u (red curve in d) and h5290u(blue curve in d). h is defined in
a. An in-plane magnetic field of 2.3 kOe is applied. Inset to d, V at
j5 16.63 108Am22 as a function of H (0.2 kOe,H, 3 kOe) when
h5 90u.
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electric current J to the Pt layer (Fig. 3a). In the Pt layer, J is converted
into a spin current via the spin-Hall effect7,8,11,22. This spin current
exerts STT on the magnetization in the Y3Fe5O12 layer. This is the
reverse process of the aforementioned spin pumping effect. When
J. 0 (J, 0) at h5 90u (h5290u), STT is antiparallel to the mag-
netization damping torque in the Y3Fe5O12 layer

22 (Fig. 3b). Here, h
represents the angle between J and themagnetization direction of the
Y3Fe5O12 layer. In this case, if the magnitude of STT is greater than
that of the damping torque, the damping is cancelled out by STT.
This means that when a sufficient amount of current is applied, the

magnetization spontaneously oscillates20–22 with the eigenfrequen-
cies14 and emits electromagnetic waves. As the magnetization damp-
ing in Y3Fe5O12 is very small3, this cancellation is achieved by a small
amount of STT. In contrast, when J, 0 (J. 0) at h5 90u
(h5290u), STT and the damping torque are parallel and cannot
be cancelled out22 (Fig. 3c).

We measured the power spectra S(j), where j is electric current
density, of microwaves emitted from the Pt/Y3Fe5O12 film using an
antenna while applying an electric current to the Pt layer. In Fig. 3d,
we show DS(j); S(j)2 S(2j) spectra at various values of j when
H5 1.2 kOe (.HC). When the applied magnetic field is in the dir-
ection along the electric current, h5 0, there are no emission signals
in DS(j). In contrast, when the field is perpendicular to the current,
h5 90u, multiple peak signals appear in the spectra when j is greater
than 4.43 108 Am22 (;jc), as shown in Fig. 3d. The peak frequen-
cies in the spectra vary with the magnetic field (Fig. 3f and i). The
solid curve in Fig. 3i represents the ferromagnetic resonance frequen-
cies calculated from the Kittel equation (see Supplementary
Information section C for details); these peaks evidently originate
from the spontaneous magnetization oscillations induced when
j. jc. Themultiple peaks (see Fig. 3d) may be attributed tomagneto-
static spin-wave modes which are excited simultaneously in the
Y3Fe5O12 layer (see Supplementary Information section D for
details), but the strong change in the whole spectral shape with cur-
rent and field strengths suggests the appearance of chaos25 or the
spin-diffusion-induced instability26 in magnetization dynamics. In
the j dependence of the frequency-integrated intensities for the
DS(j) spectra, a clear threshold is observed at jc (Fig. 3g). This implies
that STT compensates the magnetization damping torque at j5 jc.
The centroid frequency of the emission spectra decreases slightly with
the current, a tendency which follows that in current-injection-type
magnetization oscillations27,28. We checked that these peak signals
disappear both in Pt/Gd3Ga5O12 and Cu/Y3Fe5O12 (Fig. 3e and h)
films.

Finally, we show electric-signal transmission in the insulator
Y3Fe5O12 film by making use of these phenomena together.
Figure 4a is a schematic illustration of the experimental set-up.
Two Pt films (i and o) are sputtered on a single-crystal Y3Fe5O12 film
and an electric current is applied to the Pt film i. The distance
between the films i and o is 1mm, shorter than the spin-wave decay
length in Y3Fe5O12 crystals3. In this set-up, the electric current
applied to the Pt film i induces magnetization oscillation in the
Y3Fe5O12 layer due to the STT across the Pt/Y3Fe5O12 interface, as
demonstrated in Fig. 3. This magnetization oscillation then propa-
gates in the Y3Fe5O12 layer via a spin-wave spin current. Figure 4b
shows a numerical calculation of this propagation. When the oscil-
lation reaches the second interface, it generates electric voltage in the
Pt film o via spin pumping and ISHE, as demonstrated in Fig. 2. As
shown in Figs 1c and 3b, these effects are activated when j. 0 (j, 0)
at h5 90u (h5290u)9,22. We measured the voltage generated in the
Pt film o while applying electric currents to the Pt film i.

Figures 4c and d show the voltage difference V between the ends of
the Pt film o as a function of the electric current density j in the Pt film
i. When the magnetization of the Y3Fe5O12 layer is along the electric
current, h5 0 and 180u, no signal appears inV (Fig. 4c). At h5 0 and
180u, the above spin-transfer and voltage-generationmechanisms are
inactive, and this result also confirms that the two Pt films are
well isolated electrically. When h5 90u (h5290u), in contrast, the
voltage V signal appears with application of a current
j. 6.03 108 Am22 (j,26.03 108 Am22), as shown in Fig. 4d.
We found that there is a clear threshold at 6.03 108 Am22 in the j
dependence of V (Fig. 4d). This threshold current density is compar-
able to that for the current-induced magnetization oscillation shown
in Fig. 3g. All these results are consistent with the prediction that
electric-signal transmission in the Y3Fe5O12 is activated when j. jjcj
(j,2jjcj) at h5 90u (h5290u), where jjcj is a threshold current
density. If the distance between the Pt films were less than
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planemagnetic fieldH and the direction along the electric current J in the Pt
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amplitude of J; s, spin polarization of the spin current (SC) induced from
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(shown in e), respectively, as functions of j. i,H dependence of the centroid
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nonreciprocal. If s = 1, the frequency lies in the range 
WJ. < W < U>H + WM • (6.59) 

When kd —• oo, it approaches the frequency (6.44) of the wave propagating along 
the boundary of ferromagnet with metal. If s = —1, the frequency lies in the 
range (6.56) and approaches, when kd —> oo, the frequency (6.49) of the wave 
propagating along the boundary of a ferromagnet and a dielectric. The curves UJ 
vs k for both values of 5 are plotted in Figure 6.10(c). 

The dispersion relations of surface waves have been calculated, as well, for 
the structures shown in Figure 6.10(d),(e) [58, 457]. An interesting feature of 
these structures is the nonmonotonical dependence u(k) for s = 1: the wave is 
forward at small k values and is backward at large k values. Volume and surface 
waves in some other structures were also investigated (e.g., [8]). By varying the 
thicknesses and the magnetizations of the layers it is possible to approach the 
required dispersion relations, in particular, with approximately constant v& (for 
broadband delay lines) or with linear dependence V%X(UJ) (for pulse-compression 
devices [4]). 

6.2.3 Magnetostatic waves in waveguides with finite cross section 

The existence of slow electromagnetic waves in ferrite-loaded waveguides with 
small cross section was first demonstrated theoretically by Seidel [356]. His, 
rather complicated, analysis was based on full Maxwell's equations. But if the 
waves are regarded from the very beginning as magnetostatic, such problems can 
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Similar conditions exist for the optical surface spin wave in the region A ~< - 1 but, 
because the moment  of this mode  is so small, they have not been observed in any 
experiments. 

The spatial dependence of the transverse moment  of the first few low energy 
spin wave modes  for different values of the surface parameter is shown in Fig. 6. It is 
noted that as A varies from - oo to unity the precession amplitude of  the surface 
spins increases until the slope of  the transverse moment  at the surface is zero when 
A = 1. As A increases to + oo, the amplitude of the surface spins again decreases 
and, at A = + oo, the spin wave spectrum has transformed to be identical with that 
observed when A = - oo as the two surface modes  have zero moment  and will not 
be excited. For A slightly larger than unity, the first two modes  are surface modes  
whose position shifts to lower energies and whose  transverse moment  decreases 
rapidly. 
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nanometres, electron tunnelling could convey spin angular
momentum; in the present macroscopic-sized system, in contrast,
the tunnelling is clearly irrelevant. We confirmed that the electric-
signal transmission disappears again both in Pt/Gd3Ga5O12/Pt and
Cu/Y3Fe5O12/Cu systems. The results also indicate that the electric
polarization in the insulator is irrelevant. The inset to Fig. 4d showsV
at j5 16.63 108 Am22 as a function of magnetic field strength H
(0.2 kOe,H, 3 kOe) when h5 90u. In this field range, V is min-
imally affected by the field-strength change and the role of the field
seems to be no more than that of aligning the magnetization dir-
ection. This j dependence of V at h5 90u above j5 6.03 108 Am22

deviates from the linear dependence observed in Fig. 3g. This might
be because not all the modes contribute equally to this transmission
and the population of each mode may depend on the excitation
strength (because of the intermode coupling or the spin-wave non-
linearity), but this discrepancy needs to be quantitatively elucidated.

The observed voltage transmission in an insulator provides a new
method of signal transfer, and opens the door to insulator-based
spintronics. The observed magnetization oscillation induced by the
spin-Hall effect could also be applied to the construction of a micro-
wave generator. We note that spin pumping from the insulator
enables spin injection free from the conventional impedance-match-
ing condition12. Finally, we anticipate that use of this spin transfer in
insulators will lead to substantial advances in spintronics and elec-
tronics.

METHODS SUMMARY
A single-crystal Y3Fe5O12 (111) film was grown on a Gd3Ga5O12 (111) single-
crystal substrate by liquid phase epitaxy. For the film growth, we used PbO-B2O3

flux around 1,200K. Then, a 10-nm-thick Pt layer was sputtered on the Y3Fe5O12

layer. Immediately before the sputtering, the surface was cleaned through the
metal mask by Ar-ion bombardment in a vacuum. For the spin pumping mea-
surements shown in Fig. 2, the Pt/Y3Fe5O12 sample system was placed near the
centre of a TE011 microwave cavity; at this position, the magnetic-field compon-
ent of the microwave mode is maximized while the electric-field component is
minimized. The microwave power was less than 10mW, a value lower than the
saturation of the ferromagnetic resonance absorption for the present sample. For
measuring voltage induced by the spin pumping, a twisted pair of thin coated Cu
wires (0.08mm in diameter) are connected to the ends of the Pt layer.Microwave
emission spectra were measured by attaching a gold coplanar-waveguide
antenna to the Pt surface of the Pt/Y3Fe5O12 sample film. The microwave signal
received by the antenna was led to an amplifier via a microwave probe. The
amplified microwave signal was analysed and recorded by a spectrum analyser.
Micromagnetic simulation was performed by solving numerically the Landau–
Lifshitz–Gilbert equation in which the spin torque at the interface cells are taken
into consideration (for details, see Methods).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Electric-signal transmission via spin-wave spin currents. a, A
schematic illustration of the experimental set-up. The sample is a 1.3-mm-
thick single-crystal Y3Fe5O12 (111) film on which two separate 15-nm-thick
Pt films (i and o) are sputtered. The distance between the Pt films is 1mm.
The surfaces of the Y3Fe5O12 layer, Pt film i and Pt film o are rectangular
shapes of area (mm2) 35, 27.5 and 0.5, respectively. The distance between the
voltage electrodes (V) attached to the Pt film o is 5mm. b, In-plane spatial
distribution of the time average of the magnetization-precession amplitude
|my,z | in the Y3Fe5O12 layer numerically calculated using a stochastic

Landau–Lifshitz–Gilbert equation30 at room temperature. In the calculation,
STT22 that compensates the magnetization-damping torque at the Pt film
i/Y3Fe5O12 interface (dashed rectangle) is taken into consideration. Time
average is taken for 1ms (Supplementary Information section F). c, d, V as a
function of j in the Pt film i at h5 0u (red curve in c), h5 180u (blue curve in
c), h5 90u (red curve in d) and h5290u(blue curve in d). h is defined in
a. An in-plane magnetic field of 2.3 kOe is applied. Inset to d, V at
j5 16.63 108Am22 as a function of H (0.2 kOe,H, 3 kOe) when
h5 90u.
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jc � 6× 108A/m2

d = 1.3µm

in-plane q = 0



where ej = e−iq(j)x d, and the first equation is for the boundary condition for the magnetic field at x = 0 and x = −d,
the second (third) equation is for the boundary condition for the vanishing of the torque on the magnetization at
x = 0 (x = −d). There are six equations and six unknowns in Eq. (42): a1,2,3, b1,2,3, the vanishing of the determinant
of coefficient matrix gives the dispersion relation between ω and q‖.

For the special case with qz = 0 (qy = q):

q(1)x = ±





√

ω2 + 1
4ω

2
M − ω0 − iαω − 1

2ωM

Aex
− q2





1
2

, q(2)x = ±i





√

ω2 + 1
4ω

2
M + ω0 + iαω + 1

2ωM

Aex
+ q2





1
2

, q(3)x = ±iq.

(43)

A. Special case: d → ∞, q = 0,α = 0

For this case, we only have half of the boundary conditions at x = 0, and 3 out of the 6 solutions from Eq. (38a),

they are those with Im
(

q(j)x

)

≤ 0 and Re
(

q(j)x

)

≥ 0 such that the wave remain finite at x → ∞ and propogating

towards x → ∞. Therefore,

φ(x) =
∑3

j=1
aje

iq(j)x x, (44)

and Eq. (42) simplifies to

∑

j

[

iq(j)x

(

1 +
ωMΩj

Ω2
j − ω2

)

−

(

qyωMω

Ω2
j − ω2

− q

)]

aj = 0, (45a)

∑

j

1

Ω2
j − ω2

(

iq(j)x + ks −kr
kr iq(j)x

)(

Ωj −iω

iω Ωj

)(

q(j)x

−qy

)

aj = 0, (45b)

The eigenfrequency ω is determined by the vanishing of the coefficient matrix in Eq. (45), and the The numerical
solution is shown in Fig. 4, which shows a small current (about a tenth of that required for switching a film of
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the left panel) with d → ∞, which are anti-crossing each other near q∼10/µm. Left: the real part of ω; Right: the imaginary
part of ω for zero current injection (thick curves) and a finite current injection of kr = 4×104/m (thin cuves). This current
injection already makes the damping negative for most transverse modes, and the corresponding current denisity is about a
tenth of the critical current required for switching a film of thickness d = 1.3µm. The spikes are due to numerical instabilities.

9

qy 

(1/um)
qy

qy 

(1/um)

Surface	
  spin	
  wave	
  by	
  surface	
  anisotropy

10

electric current J to the Pt layer (Fig. 3a). In the Pt layer, J is converted
into a spin current via the spin-Hall effect7,8,11,22. This spin current
exerts STT on the magnetization in the Y3Fe5O12 layer. This is the
reverse process of the aforementioned spin pumping effect. When
J. 0 (J, 0) at h5 90u (h5290u), STT is antiparallel to the mag-
netization damping torque in the Y3Fe5O12 layer

22 (Fig. 3b). Here, h
represents the angle between J and themagnetization direction of the
Y3Fe5O12 layer. In this case, if the magnitude of STT is greater than
that of the damping torque, the damping is cancelled out by STT.
This means that when a sufficient amount of current is applied, the

magnetization spontaneously oscillates20–22 with the eigenfrequen-
cies14 and emits electromagnetic waves. As the magnetization damp-
ing in Y3Fe5O12 is very small3, this cancellation is achieved by a small
amount of STT. In contrast, when J, 0 (J. 0) at h5 90u
(h5290u), STT and the damping torque are parallel and cannot
be cancelled out22 (Fig. 3c).

We measured the power spectra S(j), where j is electric current
density, of microwaves emitted from the Pt/Y3Fe5O12 film using an
antenna while applying an electric current to the Pt layer. In Fig. 3d,
we show DS(j); S(j)2 S(2j) spectra at various values of j when
H5 1.2 kOe (.HC). When the applied magnetic field is in the dir-
ection along the electric current, h5 0, there are no emission signals
in DS(j). In contrast, when the field is perpendicular to the current,
h5 90u, multiple peak signals appear in the spectra when j is greater
than 4.43 108 Am22 (;jc), as shown in Fig. 3d. The peak frequen-
cies in the spectra vary with the magnetic field (Fig. 3f and i). The
solid curve in Fig. 3i represents the ferromagnetic resonance frequen-
cies calculated from the Kittel equation (see Supplementary
Information section C for details); these peaks evidently originate
from the spontaneous magnetization oscillations induced when
j. jc. Themultiple peaks (see Fig. 3d) may be attributed tomagneto-
static spin-wave modes which are excited simultaneously in the
Y3Fe5O12 layer (see Supplementary Information section D for
details), but the strong change in the whole spectral shape with cur-
rent and field strengths suggests the appearance of chaos25 or the
spin-diffusion-induced instability26 in magnetization dynamics. In
the j dependence of the frequency-integrated intensities for the
DS(j) spectra, a clear threshold is observed at jc (Fig. 3g). This implies
that STT compensates the magnetization damping torque at j5 jc.
The centroid frequency of the emission spectra decreases slightly with
the current, a tendency which follows that in current-injection-type
magnetization oscillations27,28. We checked that these peak signals
disappear both in Pt/Gd3Ga5O12 and Cu/Y3Fe5O12 (Fig. 3e and h)
films.

Finally, we show electric-signal transmission in the insulator
Y3Fe5O12 film by making use of these phenomena together.
Figure 4a is a schematic illustration of the experimental set-up.
Two Pt films (i and o) are sputtered on a single-crystal Y3Fe5O12 film
and an electric current is applied to the Pt film i. The distance
between the films i and o is 1mm, shorter than the spin-wave decay
length in Y3Fe5O12 crystals3. In this set-up, the electric current
applied to the Pt film i induces magnetization oscillation in the
Y3Fe5O12 layer due to the STT across the Pt/Y3Fe5O12 interface, as
demonstrated in Fig. 3. This magnetization oscillation then propa-
gates in the Y3Fe5O12 layer via a spin-wave spin current. Figure 4b
shows a numerical calculation of this propagation. When the oscil-
lation reaches the second interface, it generates electric voltage in the
Pt film o via spin pumping and ISHE, as demonstrated in Fig. 2. As
shown in Figs 1c and 3b, these effects are activated when j. 0 (j, 0)
at h5 90u (h5290u)9,22. We measured the voltage generated in the
Pt film o while applying electric currents to the Pt film i.

Figures 4c and d show the voltage difference V between the ends of
the Pt film o as a function of the electric current density j in the Pt film
i. When the magnetization of the Y3Fe5O12 layer is along the electric
current, h5 0 and 180u, no signal appears inV (Fig. 4c). At h5 0 and
180u, the above spin-transfer and voltage-generationmechanisms are
inactive, and this result also confirms that the two Pt films are
well isolated electrically. When h5 90u (h5290u), in contrast, the
voltage V signal appears with application of a current
j. 6.03 108 Am22 (j,26.03 108 Am22), as shown in Fig. 4d.
We found that there is a clear threshold at 6.03 108 Am22 in the j
dependence of V (Fig. 4d). This threshold current density is compar-
able to that for the current-induced magnetization oscillation shown
in Fig. 3g. All these results are consistent with the prediction that
electric-signal transmission in the Y3Fe5O12 is activated when j. jjcj
(j,2jjcj) at h5 90u (h5290u), where jjcj is a threshold current
density. If the distance between the Pt films were less than
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Figure 3 | Magnetization oscillation induced by spin-transfer torque in Pt/
Y3Fe5O12. a, Schematic illustration of the experimental set-up; the sample
film is that shown in Fig. 2a. h denotes the angle between the external in-
planemagnetic fieldH and the direction along the electric current J in the Pt
layer. b, c, Schematic illustrations of the directions of spin-transfer torque
(STT) acting on the magnetization (M) and the magnetization-damping
torque (DT) of the Y3Fe5O12 layer at h5 90u when J. 0 (b) and J, 0 (c). J,
amplitude of J; s, spin polarization of the spin current (SC) induced from
J by the spin-Hall effect in the Pt layer. d, e, DS(j); S(j)2 S(2j) spectra for
various values of the current density j in the Pt layer at h5 90u for Pt/
Y3Fe5O12 (d) and Cu/Y3Fe5O12 (e) films when H5 1.2 kOe. S(j), the
frequency f power spectrum of the microwaves (see Methods). In DS(j),
background noise is eliminated as the antisymmetric component with
respect to j is extracted. Inset to d, DS(j) spectrum at h5 0 for the Pt/
Y3Fe5O12 film measured with application of j5 11.13 108 Am22 when
H5 1.2 kOe. f, DS(j) spectra for various magnetic field strengths H for the
Pt/Y3Fe5O12 film measured when j5 13.33 108Am22 at h5 90u.
g, h, Values of the frequency integral from4.5GHzup to 5.5GHzof theDS(j)
spectra for the Pt/Y3Fe5O12 film (shown in d), and for the Cu/Y3Fe5O12 film
(shown in e), respectively, as functions of j. i,H dependence of the centroid
frequencies f0 of the DS(j) spectra shown in f.
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nanometres, electron tunnelling could convey spin angular
momentum; in the present macroscopic-sized system, in contrast,
the tunnelling is clearly irrelevant. We confirmed that the electric-
signal transmission disappears again both in Pt/Gd3Ga5O12/Pt and
Cu/Y3Fe5O12/Cu systems. The results also indicate that the electric
polarization in the insulator is irrelevant. The inset to Fig. 4d showsV
at j5 16.63 108 Am22 as a function of magnetic field strength H
(0.2 kOe,H, 3 kOe) when h5 90u. In this field range, V is min-
imally affected by the field-strength change and the role of the field
seems to be no more than that of aligning the magnetization dir-
ection. This j dependence of V at h5 90u above j5 6.03 108 Am22

deviates from the linear dependence observed in Fig. 3g. This might
be because not all the modes contribute equally to this transmission
and the population of each mode may depend on the excitation
strength (because of the intermode coupling or the spin-wave non-
linearity), but this discrepancy needs to be quantitatively elucidated.

The observed voltage transmission in an insulator provides a new
method of signal transfer, and opens the door to insulator-based
spintronics. The observed magnetization oscillation induced by the
spin-Hall effect could also be applied to the construction of a micro-
wave generator. We note that spin pumping from the insulator
enables spin injection free from the conventional impedance-match-
ing condition12. Finally, we anticipate that use of this spin transfer in
insulators will lead to substantial advances in spintronics and elec-
tronics.

METHODS SUMMARY
A single-crystal Y3Fe5O12 (111) film was grown on a Gd3Ga5O12 (111) single-
crystal substrate by liquid phase epitaxy. For the film growth, we used PbO-B2O3

flux around 1,200K. Then, a 10-nm-thick Pt layer was sputtered on the Y3Fe5O12

layer. Immediately before the sputtering, the surface was cleaned through the
metal mask by Ar-ion bombardment in a vacuum. For the spin pumping mea-
surements shown in Fig. 2, the Pt/Y3Fe5O12 sample system was placed near the
centre of a TE011 microwave cavity; at this position, the magnetic-field compon-
ent of the microwave mode is maximized while the electric-field component is
minimized. The microwave power was less than 10mW, a value lower than the
saturation of the ferromagnetic resonance absorption for the present sample. For
measuring voltage induced by the spin pumping, a twisted pair of thin coated Cu
wires (0.08mm in diameter) are connected to the ends of the Pt layer.Microwave
emission spectra were measured by attaching a gold coplanar-waveguide
antenna to the Pt surface of the Pt/Y3Fe5O12 sample film. The microwave signal
received by the antenna was led to an amplifier via a microwave probe. The
amplified microwave signal was analysed and recorded by a spectrum analyser.
Micromagnetic simulation was performed by solving numerically the Landau–
Lifshitz–Gilbert equation in which the spin torque at the interface cells are taken
into consideration (for details, see Methods).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Electric-signal transmission via spin-wave spin currents. a, A
schematic illustration of the experimental set-up. The sample is a 1.3-mm-
thick single-crystal Y3Fe5O12 (111) film on which two separate 15-nm-thick
Pt films (i and o) are sputtered. The distance between the Pt films is 1mm.
The surfaces of the Y3Fe5O12 layer, Pt film i and Pt film o are rectangular
shapes of area (mm2) 35, 27.5 and 0.5, respectively. The distance between the
voltage electrodes (V) attached to the Pt film o is 5mm. b, In-plane spatial
distribution of the time average of the magnetization-precession amplitude
|my,z | in the Y3Fe5O12 layer numerically calculated using a stochastic

Landau–Lifshitz–Gilbert equation30 at room temperature. In the calculation,
STT22 that compensates the magnetization-damping torque at the Pt film
i/Y3Fe5O12 interface (dashed rectangle) is taken into consideration. Time
average is taken for 1ms (Supplementary Information section F). c, d, V as a
function of j in the Pt film i at h5 0u (red curve in c), h5 180u (blue curve in
c), h5 90u (red curve in d) and h5290u(blue curve in d). h is defined in
a. An in-plane magnetic field of 2.3 kOe is applied. Inset to d, V at
j5 16.63 108Am22 as a function of H (0.2 kOe,H, 3 kOe) when
h5 90u.

NATURE |Vol 464 | 11 March 2010 LETTERS

265
Macmillan Publishers Limited. All rights reserved©2010



Summary

11

Spin	
  Seebeck	
  effect	
  can	
  be	
  explained	
  by	
  the	
  thermal	
  
spin	
  pumping	
  due	
  to	
  non-­‐equilibrium	
  magnon-­‐
phonon	
  temperature	
  originated	
  from	
  temperature	
  
gradient.

The	
  excitation	
  of	
  exchange	
  surface	
  spin	
  wave	
  due	
  to	
  
surface	
  anisotropy	
  requires	
  a	
  current	
  that	
  is	
  about	
  
20	
  times	
  smaller	
  than	
  that	
  of	
  bulk	
  modes,	
  and	
  
multiple	
  frequencies	
  are	
  excited	
  simultaneously.


