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Transmission of electrical signals by spin-wave
interconversion in a magnetic insulator

Y. Kajiwara'?, K. Harii', S. Takahashi'?, J. Ohe'?, K. Uchida', M. Mizuguchi', H. Umezawa®, H. Kawai’, K. Ando"?,

K. Takanashi', S. Maekawa'”® & E. Saitoh"**

The energy bandgap of an insulator is large enough to prevent
electron excitation and electrical conduction’. But in addition to
charge, an electron also has spin?, and the collective motion of spin
can propagate—and so transfer a signal—in some insulators’. This
motion is called a spin wave and is usually excited using magnetic
fields. Here we show that a spin wave in an insulator can be gen-
erated and detected using spin-Hall effects, which enable the direct
conversion of an electric signal into a spin wave, and its sub-
sequent transmission through (and recovery from) an insulator
over macroscopic distances. First, we show evidence for the trans-
fer of spin angular momentum between an insulator magnet
Y;Fes0,;, and a platinum film. This transfer allows direct conver-
sion of an electric current in the platinum film to a spin wave in the
Y;Fes0,, via spin-Hall effects*"'. Second, making use of the trans-
fer in a Pt/Y;Fe;0,,/Pt system, we demonstrate that an electric
current in one metal film induces voltage in the other, far distant,
metal film. Specifically, the applied electric current is converted
into spin angular momentum owing to the spin-Hall effect”®'>'" in
the first platinum film; the angular momentum is then carried by a
spin wave in the insulating Y;Fe;0, layer; at the distant platinum
film, the spin angular momentum of the spin wave is converted
back to an electric voltage. This effect can be switched on and off
using a magnetic field. Weak spin damping® in YsFe;0,, is
responsible for its transparency for the transmission of spin angu-
lar momentum. This hybrid electrical transmission method poten-
tially offers a means of innovative signal delivery in electrical
circuits and devices.
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Figure 1| Two types of non-equilibrium spin currents in solids. a, A
schematic illustration of a conduction-electron spin current: spin angular
momentum Js carried by electron diffusion. b, A schematic illustration of a
spin-wave spin current: spin angular momentum carried by collective
magnetic-moment precession. ¢, A schematic illustration of the spin-
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A flow of spin angular momentum is called a spin current®. In
solids, there are two types of carriers for non-equilibrium spin cur-
rents. One is a conduction electron>'>"* (Fig. 1a). The other is col-
lective motion of magnetic moments (Fig. 1b)—spin waves'*',
comprising magnetostatic and exchange spin-wave modes
Here we call a spin current carried by spin waves a ‘spin-wave spin
current’ (see Supplementary Information section A for details).

Extensive studies of conduction-electron spin currents in metals
and semiconductors have clarified that the currents have a critical
problem; they disappear within a very short distance, typically hun-
dreds of nanometres'®. In contrast, it has been shown that a spin-
wave spin current may persist for much greater distances because it is
carried by the collective motion of spins coupled by exchange inter-
action'*". Significantly, a spin-wave spin current exists even in mag-
netic insulators, in which its decay is typically suppressed. This is
because the decay is caused mainly by conduction electrons, which
are absent in insulators. For instance, in the magnetic insulator
Y;Fes0,,, the spin-wave decay length can be several centimetres’
and thus the waves are propagated over a relatively long distance;
Y;Fes0;, is an ideal conductor for spin-wave spin currents even
though it is an insulator for electric currents.

To make use of the spin-wave spin currents in insulators, it is
necessary to find methods for getting a d.c. spin current into and
out of the insulators. We show that this can be done by using spin
pumping and spin-transfer torque (STT). Here, spin pumping refers
to the transfer of spin angular momentum from magnetization-
precession motion to conduction-electron spin”'”~*?, a phenomenon
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pumping detection mechanism in the present system. If the magnetization
(M) dynamics in the Y;FesO;, layer (on the top face of the block) pumps a
spin current Jg into the Pt layer, the current generates electromotive force

Esyr via ISHE.
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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 magnetization®***: the magnetization receives torque by
absorbing a spin current® . 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/Y;FesO;, films, both phenomena®
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
Y;FesO;, interface. Y;FesOy, is a ferrimagnetic insulator whose
charge gap is 2.7 eV. Owing to this huge gap, Y;FesO;, exhibits very
high resistivity (~10'*Q cm at room temperature, greater than that
of air). Also, the magnetization damping is very small:
o=~ 6.7 X 107>, where « is the Gilbert damping coefficient'*** 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 Y;FesO,, layer and a Pt layer. Here, the
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Figure 2 | Spin pumping in Pt/Y3Fe504,. a, Schematic illustration of the
experimental set-up. The sample is a Pt/Y;FesO,; bilayer film, 3 mm
X 1 mm, composed of a 1.3-pm-thick garnet-type Y;FesO,, 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 fields*. N, spin-
wave mode number along the direction perpendicular to the film. Spectral
width and o for the N = 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. ¢, Ferromagnetic SWR spectrum for the Pt/Y;Fe;0;, film at
0 =90° (0 is defined in a). d, H dependence of dV/dH for the Pt/Y;Fe;0;,
film measured by applying 1 mW microwaves at 0 = 90°. Inset, H
dependence of V for the Pt/Y;FesO,, film at 6 = 90°. Galvanomagnetic
effects* in magnets are irrelevant to V, as Y3FesO,;, is an insulator. e, H
dependence of V measured by applying the microwaves at various values of
0. f, 0 dependence of the maximum peak values V. in the V(H) curves
measured with application of microwaves. g, Microwave-power dependence
of Vinax- The experimental data (filled circles) are well reproduced by a curve
(solid line) calculated from a longitudinal spin-pumping model.
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Pt layer is used as a spin-current detector, in which the inverse spin-
Hall effect®" (ISHE) converts a spin current into electromotive force
Egup via the spin—orbit interaction. In ISHE, when a spin current
carries the spin polarization ¢ along the spatial direction Js, Esyy, is
given by (Fig. 1¢):

Espyp // Js X 6 (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) conditions'*'?, 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 layer™'".

Figures 2¢ 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 (60 = 90°) to the dir-
ection across the electrodes. In the SWR spectrum, many resonance
signals appear, each dispersion corresponding to a SWR mode'*'® in
the Y;5FesO;, layer. These resonance fields are much greater than the
in-plane magnetization saturation field (Hc=200e) of this
Y;FesO;, film. In the d V/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 Y;FesO,,
layer. Figure 2g shows the microwave-power dependence of the max-
imum peak values V. 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/Y3FesO,, system, where the Ptlayer is
replaced by a Cu layer in which the spin—orbit interaction is very
weak?, indicating the important role of spin—orbit interaction, or
ISHE, in the voltage generation. The voltage signal also disappears in
a Pt/Si0,/Y;FesO, system, where the Y;FesO1, and the Pt layers are
separated by a thin (10 nm) film of insulating SiO,, and also in a Pt/
Gd;GasOy; system, where the Y;FesO,, layer is replaced by a para-
magnetic Gd;GasO; layer. These last two results indicate that direct
contact between the magnet Y;FesO;, and Pt is necessary for the
observed voltage generation; electromagnetic artefacts are irrelevant.
By changing the field direction 0, the V signal for Pt/Y;FesO;, dis-
appears at 0 = 0 (Fig. 2e, f) and then changes its sign at —90° < 0 <0.
This behaviour is consistent with equation (1), and is direct evidence
for ISHE induced by spin pumping from the insulator Y;FesO,.

The spin pumping in Pt/Y;FesO;, can be attributed to the small
but finite spin-exchange interaction'”'* between a conduction elec-
tron in Pt and a localized moment in Y;FesO,, or to the mixing
conductance of the conduction electrons® at the interface. By taking
this interaction into account in coupled equations for the magnet-
ization and spin accumulation (the Landau-Lifshitz—Gilbert equa-
tion** and the Bloch equation with spin diffusion'”'?), we obtain the
pumped spin current, which when combined with ISHE*'" 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 ~16ergcm™ % alternatively, the magnitude of the
mixing conductance” is estimated as 3X10Zcm ? (see
Supplementary Information section B for details).

The above observation of the spin pumping in Pt/Y;FesO;, sug-
gests the possibility of the reverse process: STT?*** acting on the
insulator Y;FesO,,. Second, we demonstrate STT across the Pt/
Y;Fes0,, interface using the same system as follows. We applied an
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electric current J to the Ptlayer (Fig. 3a). In the Pt layer, J is converted
into a spin current via the spin-Hall effect”®'"*>. This spin current
exerts STT on the magnetization in the Y;FesO;, layer. This is the
reverse process of the aforementioned spin pumping effect. When
J>0 (J<0)at 0=90° (0 =—90°), STT is antiparallel to the mag-
netization damping torque in the Y;FesO, layer® (Fig. 3b). Here, 0
represents the angle between J and the magnetization direction of the
Y;Fe;0,, 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
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Figure 3 | Magnetization oscillation induced by spin-transfer torque in Pt/
Y3Fes0q;. a, Schematic illustration of the experimental set-up; the sample
film is that shown in Fig. 2a. 0 denotes the angle between the external in-
plane magnetic field H and the direction along the electric current J in the Pt
layer. b, ¢, Schematic illustrations of the directions of spin-transfer torque
(STT) acting on the magnetization (M) and the magnetization-damping
torque (DT) of the Y;FesO,; layer at § = 90° when J> 0 (b) and J <0 (c). ],
amplitude of J; o, spin polarization of the spin current (SC) induced from
J by the spin-Hall effect in the Pt layer. d, e, AS(j) = S(j) — S(—j) spectra for
various values of the current density j in the Pt layer at 6 = 90° for Pt/
Y;Fe50;, (d) and Cu/Y;Fes0;; (e) films when H = 1.2 kOe. S(j), the
frequency f power spectrum of the microwaves (see Methods). In AS(j),
background noise is eliminated as the antisymmetric component with
respect to j is extracted. Inset to d, AS(j) spectrum at 0 = 0 for the Pt/
Y;Fes0,, film measured with application of j = 11.1 X 10° Am ™2 when

H = 1.2 kOe. f, AS(j) spectra for various magnetic field strengths H for the
Pt/Y;FesO, film measured when j=13.3 X 10 Am ™ 2 at 0 = 90°.

8, h, Values of the frequency integral from 4.5 GHz up to 5.5 GHz of the AS(j)
spectra for the Pt/Y;Fe;Oq; film (shown in d), and for the Cu/Y3FesOq, film
(shown in e), respectively, as functions of j. i, H dependence of the centroid
frequencies f; of the AS(j) spectra shown in f.
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magnetization spontaneously oscillates®®** with the eigenfrequen-

cies' and emits electromagnetic waves. As the magnetization damp-
ing in Y3Fes50,, is very small’, this cancellation is achieved by a small
amount of STT. In contrast, when J<0 (J>0) at 0=90°
(0= —90°), STT and the damping torque are parallel and cannot
be cancelled out®* (Fig. 3c).

We measured the power spectra S(j), where j is electric current
density, of microwaves emitted from the Pt/Y;FesO;, film using an
antenna while applying an electric current to the Pt layer. In Fig. 3d,
we show AS(j) = S(j) — S(—j) spectra at various values of j when
H=1.2kOe (>Hc). When the applied magnetic field is in the dir-
ection along the electric current, 0 = 0, there are no emission signals
in AS(j). In contrast, when the field is perpendicular to the current,
0 = 90°, multiple peak signals appear in the spectra when j is greater
than 4.4 X 10°Am™? (=j,), 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
7> jo. The multiple peaks (see Fig. 3d) may be attributed to magneto-
static spin-wave modes which are excited simultaneously in the
Y;FesO;, 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 chaos® or the
spin-diffusion-induced instability*® in magnetization dynamics. In
the j dependence of the frequency-integrated intensities for the
AS(j) spectra, a clear threshold is observed at j. (Fig. 3g). This implies
that STT compensates the magnetization damping torque at j = j.
The centroid frequency of the emission spectra decreases slightly with
the current, a tendency which follows that in current-injection-type
magnetization oscillations®**. We checked that these peak signals
disappear both in Pt/Gd;GasO;, and Cu/Y;FesO;, (Fig. 3e and h)
films.

Finally, we show electric-signal transmission in the insulator
Y;FesO, film by making use of these phenomena together.
Figure 4a is a schematic illustration of the experimental set-up.
Two Pt films (i and 0) are sputtered on a single-crystal Y3FesO, film
and an electric current is applied to the Pt film i. The distance
between the films i and o is 1 mm, shorter than the spin-wave decay
length in Y;FesO,, crystals’. In this set-up, the electric current
applied to the Pt film i induces magnetization oscillation in the
Y;FesO, layer due to the STT across the Pt/Y;Fe;O, interface, as
demonstrated in Fig. 3. This magnetization oscillation then propa-
gates in the Y;Fe;O,, 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 1¢ and 3b, these effects are activated when j> 0 (j < 0)
at 0 =90° (0 = —90°)>**. 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 Vbetween the ends of
the Pt film o as a function of the electric current density jin the Pt film
i. When the magnetization of the Y;Fe;O, layer is along the electric
current, 0 = 0 and 180°, no signal appears in V (Fig. 4c). At 0 = 0 and
180°, the above spin-transfer and voltage-generation mechanisms are
inactive, and this result also confirms that the two Pt films are
well isolated electrically. When 0 = 90° (0 = —90°), in contrast, the
voltage V signal appears with application of a current
i>6.0x10°Am™? (j<—6.0X10°Am ?), as shown in Fig. 4d.
We found that there is a clear threshold at 6.0 X 10° Am™? 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 Y;FesOy, is activated when j > |j|
(G<—li|) at 0=90° (0 = —90°), where |j| is a threshold current
density. If the distance between the Pt films were less than

©2010 Macmillan Publishers Limited. All rights reserved
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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-pm-
thick single-crystal Y;FesO;, (111) film on which two separate 15-nm-thick
Pt films (i and o) are sputtered. The distance between the Pt films is 1 mm.
The surfaces of the Y;Fe;Oq, layer, Pt film i and Pt film o are rectangular
shapes of area (mm?) 35,27.5and 0.5, respectively. The distance between the
voltage electrodes (V) attached to the Pt film o is 5 mm. b, In-plane spatial
distribution of the time average of the magnetization-precession amplitude
\my,z\ in the Y;FesO,, layer numerically calculated using a stochastic

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/Gd;GasO;,/Pt and
Cu/Y5Fes0,/Cu systems. The results also indicate that the electric
polarization in the insulator is irrelevant. The inset to Fig. 4d shows V
at j=16.6 X 10°Am’ ? as a function of magnetic field strength H
(0.2kOe < H<3kOe) when 0 =90°. 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 Vat 0 = 90° above j= 6.0 X 10 Am™?
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 condition'. 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 Y;FesO;, (111) film was grown on a Gd;GasO;, (111) single-
crystal substrate by liquid phase epitaxy. For the film growth, we used PbO-B,0;
flux around 1,200 K. Then, a 10-nm-thick Pt layer was sputtered on the Y;FesO,
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/Y;FesO;, sample system was placed near the
centre of a TE(;; 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 10 mW, 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 (0.08 mm 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/Y;Fe;O;, 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).
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Landau-Lifshitz-Gilbert equation® at room temperature. In the calculation,
STT?* that compensates the magnetization-damping torque at the Pt film
1/Y;Fes0;, interface (dashed rectangle) is taken into consideration. Time
average is taken for 1 pis (Supplementary Information section F). ¢,d, Vasa
function of jin the Pt filmiat 6 = 0° (red curvein c), 6 = 180° (blue curve in
¢), 0 =90° (red curve in d) and 0 = —90°(blue curve in d). 0 is defined in
a. An in-plane magnetic field of 2.3 kOe is applied. Inset to d, V at
j=16.6 X 10 Am ™2 as a function of H (0.2 kOe < H < 3 kOe) when
0=90°.

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

Film preparation. A single-crystal Y;FesO; (111) film was grown on a 0.5-mm-
thick Gd;GasO;, (111) single-crystal substrate by liquid phase epitaxy. For the
film growth, we used PbO-B,0; flux around 1,200 K. Then, a 10-nm-thick Pt
layer was sputtered on the Y;Fe;O;; layer through a metal mask using a sputter-
ing and etching system (K-Science KE604TT1-S2B). Immediately before the
sputtering, the surface was cleaned through the metal mask by Ar-ion bombard-
ment in a vacuum. The chemical composition and crystalline structure of the
film were confirmed by X-ray fluorescence spectroscopy and X-ray diffractome-
try, respectively. The magnetization-saturation field for the Y;FesO, layer was
estimated by measuring the magnetic-field dependence of a magneto-optical
Kerr effect signal induced by He-Ne laser light (632.8 nm) in a cross-Nicol
configuration.

Spin pumping measurements shown in Fig. 2. The Pt/Y;FesO,, sample system
was placed near the centre of a TE(;; microwave cavity at which the magnetic-
field component of the microwave mode is maximized while the electric-field
component is minimized. During the measurements, the microwave mode with
a frequency of 9.44 GHz was exited in the cavity, and an external static magnetic
field H was applied along the film. The microwave power was less than 10 mW, a
value lower than the saturation of the ferromagnetic resonance absorption for
the present sample. The microwave absorption was detected using a spectro-
meter (JEOL JES-FA200) connected to the cavity. For voltage measurements,
two 100-nm-thick 0.5-mm-wide Pt electrodes were sputtered on the ends of the
Pt film. A twisted pair of thin coated Cu wires (0.08 mm in diameter) is con-
nected to the electrodes with silver paste. The voltage difference between these
two wires was measured using a lock-in amplifier (NF LI5640) and a volt meter
(Keithley 2000) via an amplifier (DL-instruments 1201).

Microwave emission measurements shown in Fig. 3. A gold coplanar-wave-
guide antenna, whose centre-conductor width is 100 pm, was attached to the Pt
surface of the Pt/Y;FesO;, sample film. The microwave signal received by the
antenna was led to an amplifier (Miteq AFS44-00102000-30-10P-44) via a micro-
wave probe (Picoprobe 40A-GSG-100-VP-NM). The amplified microwave signal
was analysed and recorded by a spectrum analyser (Anritsu MS2687B).
Non-local I-V measurements shown in Fig. 4. The sample film was fixed on a
sample stage of a micro-prober system (Nagase GRAIL-103054LVMG) and

nature

electric connections were made with the microprobes. An electric current was
applied to the Pt film i with a voltage-function generator (NF WF1946B) and a
hand-made current amplifier. The voltage signal in the Pt film o was led to a
storage scope (Tektronix TDS1001) and to a lock-in amplifier (NF LI5640) via a
preamplifier (DL-instruments 1201). Precise -V measurements were performed
with the lock-in amplifier by modulating sinusoidally the input d.c. current and
then by integrating the lock-in signal with respect to the current. Before the
precise measurement, we performed rough measurements to see the overall
behaviour of V; we measured d.c. voltage V using the storage scope with chan-
ging input current without sinusoidal modulations.

Micromagnetic simulation. We numerically solved the Landau-Lifshitz—
Gilbert equation:

dr dr

by using the object-oriented micromagnetic framework®" extended to the fourth
order Runge-Kutta method. Here, 7 = 1.76 X 10’ Oe ~'s™ ' is the gyromagnetic
ratio, 4nM = 1,956 Oe is the saturation magnetization and o« = 6.7 X 107° is
the Gilbert damping coefficient. The field H.g is an effective magnetic field
which includes an applied magnetic field Hy. = 2.3kOe, an exchange field
H., = (2A/M?)V*M due to the ferromagnetic coupling where the exchange stiff-
ness A=4.73X10 "2Jm™ !, the demagnetization field Hyemag and the random
magnetic field due to the thermal effect™. T, = ¢M X (s X M) represents the spin
torque term due to the transmission of angular momentum from Pt film i to
Y;FesO;, via an exchange interaction (see Supplementary Information section B
for details). When the static field Hy. is applied, the spin torque term T, points
to the direction opposite to the damping vector M X dM/dt. For realizing the
experimental condition where the input is the threshold current, the parameter ¢
was chosen so that the magnitude is that of the damping term. We calculated the
time average of the out-of-plane component of the magnetization. The gradation
of the colour indicates that the spin-wave spin current propagates in the x
direction.

dM o dM
= —y(Her X M)+ HMX — T T

31. Donahue, M. J. & Porter, D. G. OOMMF v1.2a3 Object Oriented MicroMagnetic
Framework Software (NIST, 2004).
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SUPPLEMENTARY INFORMATION

A. Spin current and spin-wave spin current

Conduction electrons in metallic conductors carry charge and spin. In a ferromagnetic
metal (F), both charge and spin currents flow by application of bias voltage, since the spins of
conduction electrons are spontaneously polarized. In a nonmagnetic metal (N), spin current is
created by spin injection from a ferromagnet attached to N or by the spin Hall effect in N, in
which up-spin and down-spin electrons flow in the opposite directions without charge current,
resulting in the so-called “pure spin current”. In this way, the spin current is able to flow in
metallic conductors”.

Ferromagnetic insulators, on the other hand, have different properties that they are
electrically inactive with frozen charge degrees of freedom, but magnetically active due to the
spins of localized electrons. The low-lying magnetic excitations are spin waves whose
propagation carries spin angular momentum.

The low-lying magnetic excitation of spin waves is described by the Landau-Lifshitz-

Gilbert equation®
0 D ) a 0
ZM(r,t) = yH, x M(r,t) ——— M x V> M(r, t) + —— M(r, t) x — M(r, S1
é,t(r)ﬂflx(l’)thx (F)MS (l’)><at (r,1) (SD)

where yis the gyromagnetic ratio, H, =(0,0,H,) is an internal field along the z direction, D

is the exchange stiftness, « is the Gilbert damping constant. Equation (S1) has solutions

M, (r,t) =M, (r,t) +iM (r,1) oc exp(iq - r +io,t) exp(—am,t) with the spin wave dispersion
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ho,=hyH, + Dq*and the damping aa, . In the following, the Gilbert damping term is
disregarded for simplicity. Then, equation (S1) is rewritten as

0 M

aM(r,t) =yH, xM(r,t)-V-J" (r,1) (S2)
where J¥ is the magnetization current, which we call the spin-wave spin current, whose

components are

D D

M(I —_— P
I = MV M, =—me, MV M, (S3)

S S

Here, label « is the a-th component of the magnetization vector, label j is the j-th component

of the flow direction, ¢ _,, is Levi-Civita antisymmetric symbol. Note that the z-component of

auv
equation (S2) gives the conservationo,M, +V -J™ =0in case of o = 0.

By introducing w(r,t)=M (r,t)=M (r,t)+iM (r,t)and its conjugate complexy*(r,t),

the z-component of the spin-wave spin current is written as

. =%h—h[;s[w*<r,t)v V(e D) -y (e OV (0] (S4)

Using the creation and annihilation operators (b; , b,) of spin-wave excitations with energy
and momentum q by the transformations, i = M, = /2iy M, zq bqei“‘r andy =M_=
x\[2hy M Zq bg e 9", the spin-wave spin current is expressed in the second-quantized form,

whose expectation value is

JM =h;/Zanq (S5)
q
where v, = 0w, / 6q =2(D/h)q is the spin-wave velocity andn, = (b; b, ) is the distribution
function of spin-waves. Equation (S5) indicates that, when the population of spin waves is

different between q and —q in the wave-vector space, the spin waves carry the spin-wave spin
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current.
In metals, on the other hand, the spin current is carried by conduction electrons, and is

expressed by

g =

=12 v(fe = 1) (36)
k

where j is the gyromagnetic ratio, v, is the velocity, and f, _ is the distribution function of

conduction electrons with spin o-and momentum k. In the spin transport of drift-diffusion,
j™ =-DVém; , where Dy is the diffusion constant and Sm{, is the magnetization due to spin
accumulation in N.

We next consider a junction which consists of a ferromagnetic insulator (FI) and normal
metal (N), and investigate how the spin current flows through the interface of the junction,
when spins are accumulated in the N layer. The spin accumulation is represented by the
splitting o = 4, — p; of the up-spin and down-spin chemical potential. The magnetizations of
FI and N are assumed to be oriented in the z direction. In this situation, the exchange
interaction between spins of conduction electrons and localized spins at the interface play a
crucial role for the flow of spin current through the interface.

When conduction electrons in N are incident on FI, the electrons are reflected back at the
FI/N interface, since electrons are prohibited to enter FI due to the large energy gap at the
Fermi energy. At the scattering, there are quantum-mechanical spin-flip processes due to the

spin-exchange interaction, in which an electron reverses its spin, thereby emitting or

absorbing a spin wave in FI. The spin-flip scattering with spin-wave excitation gives rise to
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transfer of spin angular momentum between FI and N. When the up-spin chemical potential is
higher than the down-spin chemical potential, the spin-flip process from up-spin to down-spin
state dominates over the reversed process, so that the spin current flows from N to FI across
the FI/N interface™.

We describe the exchange interaction between local moments and conduction electrons at

the interface by the s-d exchange interaction,

J, < .
_Sdz Sn ’ lr//:r'(rn )ca'al//a(rn) (87)

H, =
sd Ne —

where S, are local moments at position ry on the interface, [ (r,) andy_(r,) are the creation
and annihilation operators of an incident electron with spin o at position ry, respectively, Gis
the Pauli spin operator, N¢ is the number of electrons in the N layer and, N is the number of
local moments that interact with conduction electrons at the interface. Making use of the
Fourier transformationy, (r)=Y c,e*"andS; =S} i) = N;'"* Zq S;e", where Ns is
the number of localized spins in the FI layer, equation (S1) can be written in the momentum
representation.

Using the Heisenberg equation of motion, the spin current J™ = z,(d/ dt)(NeT - Nj )

(N7 is the number of conduction electrons with spin ¢) is expressed as

‘J "= i7e‘]eff z eib‘#t/hS:q (t)C;T (t)cp¢ (t)p;—p+k - i}/e‘]effz e_igﬂt/hs(: (t)C;J, (t)CkT (t)pq—erk (Sg)

kp.q K'.p
where J , = J, /(N,N{?), ¢/ _(c,,) is the creation (annihilation) operator of an electron with

N;

momentum k and spin o; and p, ., = g4 P,

n=1

The spin current across the interface is calculated by the linear-response theory
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(a) (b)

FI —<-f---- N FI - > N

spin current spin current

Figure S1: Feynman diagrams for the spin current through the FI/N interface in the left
direction (a) and the right direction (b). The wavy lines in FI represent the spin-wave
propagators and the solid lines in N the electron propagators. Spin waves are emitted or
absorbed by spin-flip reflection of electrons at the interface, by which spin angular
momentum is transferred between FI and N.

m, __ _L t ’ "mz 1]
"= [ at <[J (1), H, (t )}> (S9)
Figure S1 shows the Feynman diagrams for the spin current flowing in the left and right
directions across the interface. At the interface, spin waves are emitted or absorbed by
spin-flip reflection of electrons at the interface. Using the Green’s function methods, we have

the spin current across the interface®

n ] 1 1
J z:47zyeNI<SZ>[JsdveN(0)]2Nslz(ha)q+5,u)[e(mq+5m/kBT i J (S10)
- _ _

where N(0) is the density of states of conduction electrons at the Fermi level and v, is the
volume per electron. Equation (S10) indicates that the spin accumulation ou plays a role of
spin voltage which generates the spin current across the interface. Therefore, the spin current
carried by conduction electrons given in equation (S6) is converted to the current carried by

spin waves in equation (S5) through the interface spin current given in equation (S10).
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B. Interface spin exchange coupling in Pt/Y;FesO1,

We show that the spin pumping in Pt/Y3FesO;, originates from the spin exchange
interaction between a conduction electron in Pt and a localized moment in Y3FesO;;, at the
interface. We take into account the exchange interaction in the Landau-Lifshitz-Gilbert
equation for the magnetization of Y;FesO,, and the Bloch equation with spin diffusion for

. . . 17.18.34-
spin accumulation in Pt'"!#43¢

, and solve these coupled equations to calculate the spin
current pumped from Y;FesO;; into Pt. By combining the pumped spin current with the
inverse spin-Hall effect (ISHE), we derive the output voltage V appeared between the Pt ends
as a function of the exchange coupling.

At the interface of a normal metal (N) and a ferromagnetic insulator (FI), conduction

electrons in N interact with magnetic moments of FI through the so-called s-d exchange

interaction,

a :_Jsdzsi'si (S11)

iel
where s; and S; are the conduction-electron spin and the localized spin at site i on the interface,
and Jyq 1s the exchange coupling strength between them. In the presence of microwave field,
we assume a uniform precession of aligned localized spins, in which case S; is replaced by the
magnetization M using the relationS,/S =M /M, 36 and rewrite equation (S11) as 7183433
H,= —Jex.fdxM(t)aeffd(x)mN (x,t) (S12)

where J, =J_S/(hiy ,M,)is the dimensionless exchange coupling constant, S is an effective

block spin per unit cell, ye is the gyromagnetic ratio of conduction electron,a,, =V,/a] is the
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effective interaction range, Ve is the volume per conduction electron, as is the lattice constant
of localized spins at the interface, and m, (X, t) is the magnetization of conduction electrons.
Equation (S12) indicates that [M(t)/ M ]a ;0(X) plays a role of the interface magnetization,
which exerts the exchange spin torque onm (X, t)

[dm (x,t)/dt] =—y,J m(X,t)x M(t)a,,S5(X) (S13)

exchange
through the exchange interaction at the interface. The magnetization of conduction electrons
is written as m (X,t) =m,a_;5(X) + dmy(X,t), where m, = y,J_ M is the local equilibrium
spin density, y, = 1N (0)is the spin susceptibility of conduction electrons, and Sm, (X,t)is
spin accumulation.
By taking into account the exchange spin torque as well as the spin diffusion, the Bloch

equation form, (X,t)is given by

omy (X,t)

= 3 [y (DX M) ]a, 500 - 2D

+ D V?6my (x,t) (S14)
ot T

where 7y is the spin-flip relaxation time and Dy is the diffusion constant. By requiring that the
precession frequency (~GHz) is much smaller than the spin-flip relaxation rate (zg '~10'*s™)

and neglecting the small terms M ,,dm{ , we obtain the solutions of equation (S14) for the

X(¥)
transverse spin accumulation Smy, (X,t) = Sm{ (x,t) £idm} (x,t), which are used to calculate

the longitudinal spin accumulation SmZ (x) = (1/T) Im[Sm}, (0,t)(M_/M)]e ™" and the spin
g P N N z p

current j. =—(e/ u;)DV,0m{, which yields the pumped spin current

20 = L Ox MXOM), s, R0 0y 1 ('V'N—je—ww (S15)

4e A, 1417 4e A, 1407 M?

z
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where @ =27 (fis amicrowave frequency), M, (t)=M (H)£iM (1), A, = m is the
spin-diffusion length, I' =(z_ /7, )(A /@) andz, =7/(S),). Note that the factor

(Ay/a, ) appears in I' due to the exchange interaction restricted at the interface. Thus, the
spin current strongly depends on the magnitude of the exchange coupling through I'. For I'?
<< 1, the spin current is independent of the exchange coupling. For I'*>> 1, the spin current is
proportional to the square of the exchange coupling. In in ordinary ferromagnets, (Tex/Tsr) <<
1, whereas (An/a.sr) >> 1 due to the interface effect.

Using the solution of the Landau-Lifshitz-Gilbert equation for M, we have

(M+I\;Ij:25|\/|z _ (7h§c)2 : (S16)
M M, (o-yH) +(aw)

where h,_is the amplitude of microwave field, yis the gyromagnetic ratio of FI, and « is the
Gilbert damping constant which includes the additional damping o' due to spin pumping:
a'=(m/M,)(a./d )T /1+T%)=[J v,N(0)](ag/4d )T /(1+T?)*"*,

By taking into account the boundary condition that the spin current vanishes at the

surface of N, j: (x=dy) =0, we have the pumped spin current

o ()=

ho oy sinh[(d, -x)/ 4] tanh(d,/4) (MM (S17)
4e A, sinh(dy/A,) 1+Ttanh’(dy/A)( M?

which gives rise to the electric field E along the y direction by the inverse spin-Hall effect
(ISHE). Usingo\E = ag,:( j (X)), where (] (X)) is the average of j.' (X) over X, the
induced voltageV = arg,; Wy, ox { o (X)) between the Pt ends with length wy due to ISHE is

given by

www.nature.com/nature 8
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Vo ho( W | tanh(d,/4,) tanh(d/24,) [ M,M_ S18)
M 4e(dy ) 1+ tanh?(d/4y) M2

4e ;

Equation (S18) enables us to estimate the magnitude of exchange interaction Jyg from a
measured value of voltage V at resonance (@ = yH). Using the measured value V =4.8uV,
together with experimental parameters: d, =10nm, W, =3mm, 4, = 7nm, a,,; = 0.0037,
y=1.76x10"0e”'s™", a=6.7x10", f=9.4x10’s", h_=0.110e, we obtain the value
of T'~19.From this " value and 7, =0.3x10""%s, 4nM;=1,956 Oe, a ~1.24nm, and
S =M.a] /(hy) =16, the magnitude of the spin-exchange energy is estimated to be Jsg ~ 10
meV, which is two orders of magnitude smaller than those of typical ferromagnets ( Jq
~ 1 eV for Co, Fe, Ni and their alloys). The spin-exchange energy density at the interface is
SJ /a2 ~16 erg/em’.

The ISHE voltage in equation (S18) at resonance depends linearly on the microwave
power. However, as the microwave power becomes large, one may expect that the pumped
spin current will give rise to an additional backflow current due to the spin accumulation in N,

which further modifies the Gilbert damping. If one writes the pumped spin current as

j. = jo(rh/aw)’ with @=a+ B(]/j,,) (Bisa constant), one obtains the non-linear

dependence of the microwave power as j, =2 j., (yh,./aw)’ /[1+ \/1 +8(B/a)(yh,/aw)’ ].
Therefore, the ISHE voltage V (< j, ) behaves asV oc (yh, /aw)’ for a low microwave power
whileV o (yh,./aw) for a high microwave power, which are in agreement with experimental
observation in Fig. 2g.

According to the theory of spin-pumping based on the scattering formalism, we can also
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estimate the spin mixing conductance g,, at the FI/N interface. Following the formalism in

Refs. 23, 38 and 39, we obtain the pumped spin current into the N layer, which induces the

voltage due to ISHE,
2¢” Gy
———~*tanh(d,/2
ho(wy) h Gy (A/24) M.M_
V=t e 0, | 20 g E (19)
N1+ 522 coth(d /Ay :
h G,

where G} = o A,/Ay - By comparing equation (S19) with equation (S18), we find that the
mixing conductance is related with the parameter I" by g, = (Gy/T*)(h/2€%) in the case of r
>> 1, and obtain the mixing conductance s ¢/AN ~ 3x10”cm™ at the interface of Pt/Y3FesOys.

We note that if the voltages in (S18) and (S19) are plotted as a function of I'*and

(2e*/ h)g,, /Gy, respectively, these curves have nearly the same values with each other.

C. Analysis of microwave emission frequencies

The variation of the centroid frequency of the emission spectra shown in Fig. 31 with
changing the magnetic field is consistent with the Kittel equation for ferromagnetic resonance.
The solid curve in Fig. 3i represents the ferromagnetic resonance frequencies calculated from

the Kittel equation:

f =%\/(H+Han+Hd)(H+Han+Hd+47rMeff) (S20)
where 4ntM.=1,956 Oe is the saturation magnetization of this YsFesOj, film. Hay, the

effective anisotropy field, is the fitting parameter. The fitting result is H,,=8 Oe.
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D. A hypothesis on the role of MSSW modes

Magnetostatic-surface-wave (MSSW) modes may be expected to be first excited by the
spin torque since the modes are localized near the Y;FesO;, surface and thus sensitive to the
spin-transfer torque at the Pt/Y;FesO;, interface. This excitation can be transferred into the

other volume modes via the intermode coupling.

E. Experimental estimation of the Gilbert-damping coefficient for the Y;FesO;; film

Figure 2b is the spectrum measured when a magnetic field is perpendicular to the film, a
configuration where the resonance-field intervals among different SWR modes are enhanced.
The arrows represent the fitting result for the spin-wave (exchange mode) resonance fields®,
from which the saturation magnetization 4tM.r=1,956 Oe and the spin-exchange stiffness
A=4.73x10""2 J/m for the present YsFesO,; film are obtained. N represents the spin-wave
mode number along the direction perpendicular to the film. We estimated the spectral width
for the N=1-mode via a fitting procedure using Lorentz-type dispersion functions. From the
spectral width, we estimated the Gilbert-damping coefficient for the present YsFesOy; film to

be 6.7x107°.

F. Micromagnetic simulation for the Y;FesO,; layer

In order to calculate the spin dynamics excited by the spin pumping from the Pt-film i, we
numerically solve the Landau-Lifshitz-Gilbert (LLG) equation (S1) by using the
object-oriented micromagnetic framework (OOMMEF)*! extended to the 4th order

Runge-Kutta method. We consider the demagnetization field Hyemag Which is calculated by the
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convolution of a kernel describing the dipole-dipole interaction between unit cells. The
convolution is performed by using the fast Fourier transform technique. We also apply the
random magnetic field due to the thermal effect’”’. We use parameters same as those in SI-B
and the exchange stiffness A=4.73x107"% J/m.

To confirm that the calculated model can describe the spin wave in the thin film, we first
perform a simulation of an Y3FesOj; rectangular thin film by applying the pulse magnetic
field. We use the sample having a dimension of 15 umx50 umx1 pm, and the unit cell is 0.1
umx0.1 pmx0.1 pm. The static magnetic field Hy=2.3 kOe is applied in the x direction. The
Gaussian-shaped pulse field is also applied to the sample in the y direction with the amplitude
10 Oe and with the full width at half maximum (FWHM) 5 ps. We calculate time evolution
for 100 ns after the pulse field is applied. The pulse field excites spin waves both
magnetostatic backward volume modes (MSBVM) and magnetostatic surface waves
(MSSW)". Figure S2 shows the spatial distribution (x-y plane at (a), (b) z=0.5 pm and (c) z=1
um) of the Fourier spectrum of the out-of-plane component (M;) for the frequencies 6.5GHz,
6.8GHz and 7.1GHz. In contrast to the spin-wave spin current discussed in this article, the
standing wave is excited because the spatially uniform field is applied. As shown in Figs. S2a
and S2b, the wave vector in the X direction decreases with increasing the frequency. This
negative dispersion indicates that the excited spin wave is the MSBVM. Figure S2¢ shows the
spin wave at the surface layer where the spin wave of MSSW with a wave vector of the y

direction is also excited. Due to the interference between the MSSW and the reflecting spin
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Figure S2: a-c, Spin waves in the rectangular thin film. Schematic picture
shows the sample configuration. The Fourier spectra of out-of-plane
component M; at frequencies, (a) 6.5GHz, (b) 6.8GHz and (¢) 7.1GHz are
plotted, respectively. The spectra at the middle layer denoted in the
configuration are shown in (a) and (b) and that at the surface layer in (¢).

wave from the boundary, beating patterns in the y direction are observed.

Next, we show the numerical results of the spin dynamics excited by the spin Hall effect. We
use the sample having a dimension of 7 mmx5 mmx1 pm with unit cell 10 pumx100 umx0.1
um. The static magnetic field Hg. = 2.3 kOe is applied in the X direction. The Pt-film i covers
the Y3FesO; film in the region X=0-5.5 mm. We consider the spin torque term 1y due to the
transmission of angular momentum from Pt-film i to Y;3FesO;, via an exchange interaction
(see Supplementary Information, section B for details). The spin torque term is included by
Ts = C Mx (sxM) in the right hand side of equation (S1), where s is the spin accumulation of
the Pt-film i *°. This torque acts on the surface layer attaching to the Pt-film i as shown in Fig.
S3a. Parameter C is a magnitude of the spin torque which is proportional to the spin current

Js(0) in equation (S15) through the interface between Pt-film i and Y3FesOj; in the presence of
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Figure S3: a, Sample geometry for calculating spin-wave spin current in
Y;3FesOy,. The Pt-film 1 exists in the region X=0-5.5 mm. The surface layer is
taken to be z=1 um. The torque term Ty exists at the surface layer where the
Pt-film 1 is attached. b, Snapshots of the time evolution of the local magnetic
moment at the surface layer. ¢, The local magnetic moment in the y-z plane at
x=4 mm at time t=0.1, 10 and 30 ns.

the spin exchange interaction. When the static field Hg is applied, the spin torque term Ty
points to the direction opposite to the damping vector MxdM/dt. When the magnitude of Ty is
smaller than the damping vector, the magnetization relaxes to the minimum energy
configuration after evaluating sufficiently long time. This situation is corresponding to that
the charge current through Pt-film i is below the critical current. For obtaining the spin-wave
spin current stationary, the parameter C is chosen so as that the magnitude is that of the

damping term. In consequence of such a tuning of the parameter C, precession dynamics of
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the magnetization is realized at the surface layer. We show a snapshot of the time evolution of
the out-of-plane components of the magnetization in Fig. S2 at (b) the interface layer and (c)
its cross section. At time t=0.1 ns, the precession mode is excited at the interface layer where
the Pt-film i is attached. This precession mode excites spin waves propagating both in X and z
directions. The spin waves propagating in the z direction is strongly affected by the shape
anisotropic field of the thin film and reflected from the boundary. When the spin wave
propagating in the X direction reaches to the position of Pt-film o, the magnetization dynamics
induces the inverse spin Hall effect on Pt-film o, resulting an electric signal transmission. The
spin-wave nonlinearity minimally affects this calculation since the calculation is done near the

threshold excitation.
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