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The spin current pumped by a precessing ferromagnet into an adjacent normal metal has a constant

polarization component parallel to the precession axis and a rotating one normal to the magnetization. The

former is now routinely detected as a dc voltage induced by the inverse spin Hall effect (ISHE). Here we

compute ac ISHE voltages much larger than the dc signals for various material combinations and discuss

optimal conditions to observe the effect. The backflow of spin is shown to be essential to distill parameters

from measured ISHE voltages for both dc and ac configurations.
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In magnetoelectronics the electronic spin degree of free-
dom creates new functionalities that lead to applications in
information technologies such as sensors and memories [1].
Central to much excitement in this field is the spin Hall
effect (SHE) [2–5], i.e., the spin current induced normal to
an applied charge current in the presence of spin-orbit
interaction, as discovered optically in semiconductors [6,7]
and subsequently electrically in metals [8–10]. Recently
magnetization reversal by the SHE induced spin transfer
torque has been demonstrated [11,12]. The generation of a
voltage by a spin current injected into a paramagnetic metal,
the inverse spin Hall effect (ISHE), can be employed to
detect the spin current due to spin pumping [13–15] by an
adjacent ferromagnet under ferromagnetic resonance (FMR)
conditions [8,16]. The ISHE has also been essential for the
discovery of the spin Seebeck effect [17].

In recent experiments, dc voltages induced by the ISHE
have beenmeasured inmanymaterial combinations, thereby
giving access to crucial parameters such as the spin Hall
angle [18–20] and the spin mixing conductance [21], the
material parameter determining, e.g., the effectiveness of
interface spin-transfer torques [14]. For example, the mag-
nitude and sign of the spin Hall angle has been determined
for Permalloy ðPyÞjN bilayers for different normal metals N
[18,19]. An approximate scaling relation for the spin pump-
ing by numerous ferromagnets (F) has been discovered by
comparing different FjPt bilayers as a function of excitation
power [21]. However, it is far from easy to derive quantita-
tive information from ISHE experiments [22]. As reviewed
by the Cornell Collaboration [23], several experimental pit-
falls should be avoided. At FMR, the dc ISHE voltage is
small, scaling quadratically with the cone angle of the
precessing magnetization. An important correction is caused
by the back diffusion (‘‘backflow’’) of injected spins to the
interface, which effectively reduces the spin current injec-
tion [14] and generates voltages normal to the interface
[24,25]. This backflow has often been neglected in interpret-
ing spin-pumping experiments, assuming that Pt, the metal
of choice, can be treated like a perfect spin sink.

The spin current injected by FMR into a normal metal
consists of a dc component along the z axis parallel to the
effective field and an ac component normal to it, i.e., in the
xy plane (see Fig. 1). In this Letter we analyze both ac and
dc ISHE voltages by time-dependent spin diffusion theory,
where the former is generated between the edges of the
sample along the z direction, i.e., for a different magnetic
or sample configuration than used for dc signal detection.
For small precession angles we find the ac ISHE voltage to
be orders of magnitude larger than the dc signal. The
backflow of spins modifies also the dc voltage even for
small spin-flip diffusion lengths, requiring a reappraisal of
published parameters.
A normal metal in contact with a ferromagnet under

FMR as shown in Fig. 1 can be interpreted as a spin battery
[26]. When the ferromagnetic film is thicker than its trans-
verse spin-coherence length (a few monolayers), the adia-
batically pumped spin current reads [13–15,26]

Ips ¼ @
4!

!
Reg"#m% dm

dt
þ Img"#
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"
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FIG. 1 (color online). Schematic spin battery operated by FMR,
for the measurement configurations (a) and (b). The ac (dc)
voltage drops along the z (y) direction. The right panel introduces
the parameters of the model. The effective fieldHeff is the sum of
the external field Hex and the uniaxial field Hun, Hex, and Hun

point along the z axis. The dc component J1dðjz1sÞez and ac
component J1aðja1sÞ constitute the spin current j1s.
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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 shows V
at j 5 16.6 3 108 A m22 as a function of magnetic field strength H
(0.2 kOe , H , 3 kOe) when h 5 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 h 5 90u above j 5 6.0 3 108 A m22

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 1,200 K. 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 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/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 1 mm.
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 5 mm. 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 h 5 0u (red curve in c), h 5 180u (blue curve in
c), h 5 90u (red curve in d) and h 5 290u(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
j 5 16.6 3 108 A m22 as a function of H (0.2 kOe , H , 3 kOe) when
h 5 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 shows V
at j 5 16.6 3 108 A m22 as a function of magnetic field strength H
(0.2 kOe , H , 3 kOe) when h 5 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 h 5 90u above j 5 6.0 3 108 A m22

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 1,200 K. 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 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/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 1 mm.
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 5 mm. 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 h 5 0u (red curve in c), h 5 180u (blue curve in
c), h 5 90u (red curve in d) and h 5 290u(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
j 5 16.6 3 108 A m22 as a function of H (0.2 kOe , H , 3 kOe) when
h 5 90u.
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1. J induces a spin current Js in the Pt layer, gets 
transferred into insulator by STT

2. Spin current propagates over ~mm distance

3. Transferred into conductor by spin pumping, 
measured by ISHE

Depending on the angle between JS and H, the 
electric signal is transmitted through the insulator, 
carried by spin waves

Y. Kajiwara et al., Nature 464, 262 (2010)
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The spin current pumped by a precessing ferromagnet into an adjacent normal metal has a constant

polarization component parallel to the precession axis and a rotating one normal to the magnetization. The

former is now routinely detected as a dc voltage induced by the inverse spin Hall effect (ISHE). Here we

compute ac ISHE voltages much larger than the dc signals for various material combinations and discuss

optimal conditions to observe the effect. The backflow of spin is shown to be essential to distill parameters

from measured ISHE voltages for both dc and ac configurations.
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In magnetoelectronics the electronic spin degree of free-
dom creates new functionalities that lead to applications in
information technologies such as sensors and memories [1].
Central to much excitement in this field is the spin Hall
effect (SHE) [2–5], i.e., the spin current induced normal to
an applied charge current in the presence of spin-orbit
interaction, as discovered optically in semiconductors [6,7]
and subsequently electrically in metals [8–10]. Recently
magnetization reversal by the SHE induced spin transfer
torque has been demonstrated [11,12]. The generation of a
voltage by a spin current injected into a paramagnetic metal,
the inverse spin Hall effect (ISHE), can be employed to
detect the spin current due to spin pumping [13–15] by an
adjacent ferromagnet under ferromagnetic resonance (FMR)
conditions [8,16]. The ISHE has also been essential for the
discovery of the spin Seebeck effect [17].

In recent experiments, dc voltages induced by the ISHE
have beenmeasured inmanymaterial combinations, thereby
giving access to crucial parameters such as the spin Hall
angle [18–20] and the spin mixing conductance [21], the
material parameter determining, e.g., the effectiveness of
interface spin-transfer torques [14]. For example, the mag-
nitude and sign of the spin Hall angle has been determined
for Permalloy ðPyÞjN bilayers for different normal metals N
[18,19]. An approximate scaling relation for the spin pump-
ing by numerous ferromagnets (F) has been discovered by
comparing different FjPt bilayers as a function of excitation
power [21]. However, it is far from easy to derive quantita-
tive information from ISHE experiments [22]. As reviewed
by the Cornell Collaboration [23], several experimental pit-
falls should be avoided. At FMR, the dc ISHE voltage is
small, scaling quadratically with the cone angle of the
precessing magnetization. An important correction is caused
by the back diffusion (‘‘backflow’’) of injected spins to the
interface, which effectively reduces the spin current injec-
tion [14] and generates voltages normal to the interface
[24,25]. This backflow has often been neglected in interpret-
ing spin-pumping experiments, assuming that Pt, the metal
of choice, can be treated like a perfect spin sink.

The spin current injected by FMR into a normal metal
consists of a dc component along the z axis parallel to the
effective field and an ac component normal to it, i.e., in the
xy plane (see Fig. 1). In this Letter we analyze both ac and
dc ISHE voltages by time-dependent spin diffusion theory,
where the former is generated between the edges of the
sample along the z direction, i.e., for a different magnetic
or sample configuration than used for dc signal detection.
For small precession angles we find the ac ISHE voltage to
be orders of magnitude larger than the dc signal. The
backflow of spins modifies also the dc voltage even for
small spin-flip diffusion lengths, requiring a reappraisal of
published parameters.
A normal metal in contact with a ferromagnet under

FMR as shown in Fig. 1 can be interpreted as a spin battery
[26]. When the ferromagnetic film is thicker than its trans-
verse spin-coherence length (a few monolayers), the adia-
batically pumped spin current reads [13–15,26]

Ips ¼ @
4!

!
Reg"#m% dm

dt
þ Img"#

dm

dt

"
; (1)

(a)

(b)

FIG. 1 (color online). Schematic spin battery operated by FMR,
for the measurement configurations (a) and (b). The ac (dc)
voltage drops along the z (y) direction. The right panel introduces
the parameters of the model. The effective fieldHeff is the sum of
the external field Hex and the uniaxial field Hun, Hex, and Hun

point along the z axis. The dc component J1dðjz1sÞez and ac
component J1aðja1sÞ constitute the spin current j1s.
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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 shows V
at j 5 16.6 3 108 A m22 as a function of magnetic field strength H
(0.2 kOe , H , 3 kOe) when h 5 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 h 5 90u above j 5 6.0 3 108 A m22

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 1,200 K. 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 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/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 1 mm.
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 5 mm. 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 h 5 0u (red curve in c), h 5 180u (blue curve in
c), h 5 90u (red curve in d) and h 5 290u(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
j 5 16.6 3 108 A m22 as a function of H (0.2 kOe , H , 3 kOe) when
h 5 90u.
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Focus on measuring part
of the setup

Important ingredients:
1. Spin pumping (transfer spin precession into spin accumulation/
current in metal)
2. Backflow of spins into magnet due to spin accumulation
3. Conversion spin current into voltage by inverse spin Hall effect
4. Focus on AC component of voltage
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The spin current pumped by a precessing ferromagnet into an adjacent normal metal has a constant

polarization component parallel to the precession axis and a rotating one normal to the magnetization. The

former is now routinely detected as a dc voltage induced by the inverse spin Hall effect (ISHE). Here we

compute ac ISHE voltages much larger than the dc signals for various material combinations and discuss

optimal conditions to observe the effect. The backflow of spin is shown to be essential to distill parameters

from measured ISHE voltages for both dc and ac configurations.
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In magnetoelectronics the electronic spin degree of free-
dom creates new functionalities that lead to applications in
information technologies such as sensors and memories [1].
Central to much excitement in this field is the spin Hall
effect (SHE) [2–5], i.e., the spin current induced normal to
an applied charge current in the presence of spin-orbit
interaction, as discovered optically in semiconductors [6,7]
and subsequently electrically in metals [8–10]. Recently
magnetization reversal by the SHE induced spin transfer
torque has been demonstrated [11,12]. The generation of a
voltage by a spin current injected into a paramagnetic metal,
the inverse spin Hall effect (ISHE), can be employed to
detect the spin current due to spin pumping [13–15] by an
adjacent ferromagnet under ferromagnetic resonance (FMR)
conditions [8,16]. The ISHE has also been essential for the
discovery of the spin Seebeck effect [17].

In recent experiments, dc voltages induced by the ISHE
have beenmeasured inmanymaterial combinations, thereby
giving access to crucial parameters such as the spin Hall
angle [18–20] and the spin mixing conductance [21], the
material parameter determining, e.g., the effectiveness of
interface spin-transfer torques [14]. For example, the mag-
nitude and sign of the spin Hall angle has been determined
for Permalloy ðPyÞjN bilayers for different normal metals N
[18,19]. An approximate scaling relation for the spin pump-
ing by numerous ferromagnets (F) has been discovered by
comparing different FjPt bilayers as a function of excitation
power [21]. However, it is far from easy to derive quantita-
tive information from ISHE experiments [22]. As reviewed
by the Cornell Collaboration [23], several experimental pit-
falls should be avoided. At FMR, the dc ISHE voltage is
small, scaling quadratically with the cone angle of the
precessing magnetization. An important correction is caused
by the back diffusion (‘‘backflow’’) of injected spins to the
interface, which effectively reduces the spin current injec-
tion [14] and generates voltages normal to the interface
[24,25]. This backflow has often been neglected in interpret-
ing spin-pumping experiments, assuming that Pt, the metal
of choice, can be treated like a perfect spin sink.

The spin current injected by FMR into a normal metal
consists of a dc component along the z axis parallel to the
effective field and an ac component normal to it, i.e., in the
xy plane (see Fig. 1). In this Letter we analyze both ac and
dc ISHE voltages by time-dependent spin diffusion theory,
where the former is generated between the edges of the
sample along the z direction, i.e., for a different magnetic
or sample configuration than used for dc signal detection.
For small precession angles we find the ac ISHE voltage to
be orders of magnitude larger than the dc signal. The
backflow of spins modifies also the dc voltage even for
small spin-flip diffusion lengths, requiring a reappraisal of
published parameters.
A normal metal in contact with a ferromagnet under

FMR as shown in Fig. 1 can be interpreted as a spin battery
[26]. When the ferromagnetic film is thicker than its trans-
verse spin-coherence length (a few monolayers), the adia-
batically pumped spin current reads [13–15,26]

Ips ¼ @
4!

!
Reg"#m% dm

dt
þ Img"#

dm

dt

"
; (1)

(a)

(b)

FIG. 1 (color online). Schematic spin battery operated by FMR,
for the measurement configurations (a) and (b). The ac (dc)
voltage drops along the z (y) direction. The right panel introduces
the parameters of the model. The effective fieldHeff is the sum of
the external field Hex and the uniaxial field Hun, Hex, and Hun

point along the z axis. The dc component J1dðjz1sÞez and ac
component J1aðja1sÞ constitute the spin current j1s.
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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 shows V
at j 5 16.6 3 108 A m22 as a function of magnetic field strength H
(0.2 kOe , H , 3 kOe) when h 5 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 h 5 90u above j 5 6.0 3 108 A m22

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 1,200 K. 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 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/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 1 mm.
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 5 mm. 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 h 5 0u (red curve in c), h 5 180u (blue curve in
c), h 5 90u (red curve in d) and h 5 290u(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
j 5 16.6 3 108 A m22 as a function of H (0.2 kOe , H , 3 kOe) when
h 5 90u.
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The spin current pumped by a precessing ferromagnet into an adjacent normal metal has a constant

polarization component parallel to the precession axis and a rotating one normal to the magnetization. The

former is now routinely detected as a dc voltage induced by the inverse spin Hall effect (ISHE). Here we

compute ac ISHE voltages much larger than the dc signals for various material combinations and discuss

optimal conditions to observe the effect. The backflow of spin is shown to be essential to distill parameters

from measured ISHE voltages for both dc and ac configurations.
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In magnetoelectronics the electronic spin degree of free-
dom creates new functionalities that lead to applications in
information technologies such as sensors and memories [1].
Central to much excitement in this field is the spin Hall
effect (SHE) [2–5], i.e., the spin current induced normal to
an applied charge current in the presence of spin-orbit
interaction, as discovered optically in semiconductors [6,7]
and subsequently electrically in metals [8–10]. Recently
magnetization reversal by the SHE induced spin transfer
torque has been demonstrated [11,12]. The generation of a
voltage by a spin current injected into a paramagnetic metal,
the inverse spin Hall effect (ISHE), can be employed to
detect the spin current due to spin pumping [13–15] by an
adjacent ferromagnet under ferromagnetic resonance (FMR)
conditions [8,16]. The ISHE has also been essential for the
discovery of the spin Seebeck effect [17].

In recent experiments, dc voltages induced by the ISHE
have beenmeasured inmanymaterial combinations, thereby
giving access to crucial parameters such as the spin Hall
angle [18–20] and the spin mixing conductance [21], the
material parameter determining, e.g., the effectiveness of
interface spin-transfer torques [14]. For example, the mag-
nitude and sign of the spin Hall angle has been determined
for Permalloy ðPyÞjN bilayers for different normal metals N
[18,19]. An approximate scaling relation for the spin pump-
ing by numerous ferromagnets (F) has been discovered by
comparing different FjPt bilayers as a function of excitation
power [21]. However, it is far from easy to derive quantita-
tive information from ISHE experiments [22]. As reviewed
by the Cornell Collaboration [23], several experimental pit-
falls should be avoided. At FMR, the dc ISHE voltage is
small, scaling quadratically with the cone angle of the
precessing magnetization. An important correction is caused
by the back diffusion (‘‘backflow’’) of injected spins to the
interface, which effectively reduces the spin current injec-
tion [14] and generates voltages normal to the interface
[24,25]. This backflow has often been neglected in interpret-
ing spin-pumping experiments, assuming that Pt, the metal
of choice, can be treated like a perfect spin sink.

The spin current injected by FMR into a normal metal
consists of a dc component along the z axis parallel to the
effective field and an ac component normal to it, i.e., in the
xy plane (see Fig. 1). In this Letter we analyze both ac and
dc ISHE voltages by time-dependent spin diffusion theory,
where the former is generated between the edges of the
sample along the z direction, i.e., for a different magnetic
or sample configuration than used for dc signal detection.
For small precession angles we find the ac ISHE voltage to
be orders of magnitude larger than the dc signal. The
backflow of spins modifies also the dc voltage even for
small spin-flip diffusion lengths, requiring a reappraisal of
published parameters.
A normal metal in contact with a ferromagnet under

FMR as shown in Fig. 1 can be interpreted as a spin battery
[26]. When the ferromagnetic film is thicker than its trans-
verse spin-coherence length (a few monolayers), the adia-
batically pumped spin current reads [13–15,26]

Ips ¼ @
4!

!
Reg"#m% dm

dt
þ Img"#

dm
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"
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(a)
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FIG. 1 (color online). Schematic spin battery operated by FMR,
for the measurement configurations (a) and (b). The ac (dc)
voltage drops along the z (y) direction. The right panel introduces
the parameters of the model. The effective fieldHeff is the sum of
the external field Hex and the uniaxial field Hun, Hex, and Hun

point along the z axis. The dc component J1dðjz1sÞez and ac
component J1aðja1sÞ constitute the spin current j1s.
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The magnetization dynamics of a bulk ferromagnet is
well described by the phenomenological Landau-Lifshitz-
Gilbert (LLG) equation [1]

dm
dt

! 2gm 3 Heff 1 am 3
dm
dt

, (1)

where m is the magnetization direction, g is the gyromag-
netic ratio, and Heff is the effective magnetic field includ-
ing the external, demagnetization, and crystal anisotropy
fields. The second term on the right-hand side of Eq. (1)
was first introduced by Gilbert [1] and the dimension-
less coefficient a is called the Gilbert damping constant.
For a constant Heff and a ! 0, m precesses around the
field vector with frequency v ! gHeff. When damping
is switched on a . 0, the precession spirals down to a
time independent magnetization along the field direction
on a time scale of 1!av. The study of a in bulk metal-
lic ferromagnets has drawn significant interest over several
decades. Notwithstanding the large body of both experi-
mental [2] and theoretical [3] work, the damping mecha-
nism in bulk ferromagnets is not yet fully understood.

The magnetization dynamics in thin magnetic films and
microstructures is technologically relevant for, e.g., mag-
netic recording applications at high bit densities. Recent
interest by the basic physics community in this topic is mo-
tivated by the spin-current induced magnetization switch-
ing in layered structures [4–6]. The Gilbert damping
constant was found to be 0.04 , a , 0.22 for Cu-Co and
Pt-Co [5,7], which is considerably larger than the bulk
value a0 " 0.005 in Co [6,8]. Previous attempts to explain
the additional damping in magnetic multilayer systems in-
volved an enhanced electron-magnon scattering near the
interface [9] and other mechanisms [10], both in equilib-
rium and in the presence of a spin-polarized current.

In this Letter we propose a novel mechanism for the
Gilbert damping in normal-metal-ferromagnet #N-F$ hy-
brids. According to Eq. (1), the precession of the magne-
tization direction m is caused by the torque ~ m 3 Heff.
This is physically equivalent to a volume injection of what
we call a “spin current.” The damping occurs when the

spin current is allowed to leak into a normal metal in con-
tact with the ferromagnet. Our mechanism is thus the in-
verse of the spin-current induced magnetization switching:
A spin current can exert a finite torque on the ferromag-
netic order parameter, and, vice versa, a moving magne-
tization vector loses torque by emitting a spin current. In
other words, the magnetization precession acts as a spin
pump which transfers angular momentum from the ferro-
magnet into the normal metal. This effect can be mathe-
matically formulated in terms of the dependence of the
scattering matrix of a ferromagnetic layer attached to nor-
mal metal leads on the precession of m, analogous to
the parametric charge pumping in nonmagnetic systems
[11]. The damping contribution is found to obey the LLG
phenomenology. Enhancement of the damping constant
a0 ! a 2 a0 can be expressed in terms of the scattering
matrix at the Fermi energy of a ferromagnetic film in con-
tact with normal metal reservoirs, which can be readily
obtained by model or first-principles calculations. Our
numerical estimates of a0 compare well with recent ex-
perimental results [12]. Earlier experiments reported in
Ref. [13] can also be understood by our model [14].

We consider a ferromagnetic film sandwiched between
two paramagnetic layers as shown in Fig. 1. Spin pumping
is governed by the ferromagnetic film and the vicinity of
the N-F interfaces. The normal metal layers are, therefore,
interpreted as reservoirs attached to nonmagnetic leads.
The quantity of interest is the 2 3 2 current matrix in
spin space Î ! 1̂Ic!2 2 ŝ ? Ise!h̄ for the charge #Ic$ and
spin flow #Is$ from the magnetic film into adjacent normal
metal leads, where 1̂ is the unit matrix and ŝ is the vector
of Pauli spin matrices.

When no voltages are applied and the external field is
constant, the charge current vanishes. Two contributions
to the spin current Is on either side of the ferromagnet
may be distinguished, viz., I

pump
s and I#0$

s . I
pump
s is the

spin current pumped into the normal metal to be discussed
below, whereas I#0$

s is the current which flows back into the
ferromagnet. The latter is driven by the accumulated spins
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In magnetoelectronics the electronic spin degree of free-
dom creates new functionalities that lead to applications in
information technologies such as sensors and memories [1].
Central to much excitement in this field is the spin Hall
effect (SHE) [2–5], i.e., the spin current induced normal to
an applied charge current in the presence of spin-orbit
interaction, as discovered optically in semiconductors [6,7]
and subsequently electrically in metals [8–10]. Recently
magnetization reversal by the SHE induced spin transfer
torque has been demonstrated [11,12]. The generation of a
voltage by a spin current injected into a paramagnetic metal,
the inverse spin Hall effect (ISHE), can be employed to
detect the spin current due to spin pumping [13–15] by an
adjacent ferromagnet under ferromagnetic resonance (FMR)
conditions [8,16]. The ISHE has also been essential for the
discovery of the spin Seebeck effect [17].

In recent experiments, dc voltages induced by the ISHE
have beenmeasured inmanymaterial combinations, thereby
giving access to crucial parameters such as the spin Hall
angle [18–20] and the spin mixing conductance [21], the
material parameter determining, e.g., the effectiveness of
interface spin-transfer torques [14]. For example, the mag-
nitude and sign of the spin Hall angle has been determined
for Permalloy ðPyÞjN bilayers for different normal metals N
[18,19]. An approximate scaling relation for the spin pump-
ing by numerous ferromagnets (F) has been discovered by
comparing different FjPt bilayers as a function of excitation
power [21]. However, it is far from easy to derive quantita-
tive information from ISHE experiments [22]. As reviewed
by the Cornell Collaboration [23], several experimental pit-
falls should be avoided. At FMR, the dc ISHE voltage is
small, scaling quadratically with the cone angle of the
precessing magnetization. An important correction is caused
by the back diffusion (‘‘backflow’’) of injected spins to the
interface, which effectively reduces the spin current injec-
tion [14] and generates voltages normal to the interface
[24,25]. This backflow has often been neglected in interpret-
ing spin-pumping experiments, assuming that Pt, the metal
of choice, can be treated like a perfect spin sink.

The spin current injected by FMR into a normal metal
consists of a dc component along the z axis parallel to the
effective field and an ac component normal to it, i.e., in the
xy plane (see Fig. 1). In this Letter we analyze both ac and
dc ISHE voltages by time-dependent spin diffusion theory,
where the former is generated between the edges of the
sample along the z direction, i.e., for a different magnetic
or sample configuration than used for dc signal detection.
For small precession angles we find the ac ISHE voltage to
be orders of magnitude larger than the dc signal. The
backflow of spins modifies also the dc voltage even for
small spin-flip diffusion lengths, requiring a reappraisal of
published parameters.
A normal metal in contact with a ferromagnet under

FMR as shown in Fig. 1 can be interpreted as a spin battery
[26]. When the ferromagnetic film is thicker than its trans-
verse spin-coherence length (a few monolayers), the adia-
batically pumped spin current reads [13–15,26]

Ips ¼ @
4!

!
Reg"#m% dm

dt
þ Img"#

dm

dt

"
; (1)

(a)

(b)

FIG. 1 (color online). Schematic spin battery operated by FMR,
for the measurement configurations (a) and (b). The ac (dc)
voltage drops along the z (y) direction. The right panel introduces
the parameters of the model. The effective fieldHeff is the sum of
the external field Hex and the uniaxial field Hun, Hex, and Hun

point along the z axis. The dc component J1dðjz1sÞez and ac
component J1aðja1sÞ constitute the spin current j1s.
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In magnetoelectronics the electronic spin degree of free-
dom creates new functionalities that lead to applications in
information technologies such as sensors and memories [1].
Central to much excitement in this field is the spin Hall
effect (SHE) [2–5], i.e., the spin current induced normal to
an applied charge current in the presence of spin-orbit
interaction, as discovered optically in semiconductors [6,7]
and subsequently electrically in metals [8–10]. Recently
magnetization reversal by the SHE induced spin transfer
torque has been demonstrated [11,12]. The generation of a
voltage by a spin current injected into a paramagnetic metal,
the inverse spin Hall effect (ISHE), can be employed to
detect the spin current due to spin pumping [13–15] by an
adjacent ferromagnet under ferromagnetic resonance (FMR)
conditions [8,16]. The ISHE has also been essential for the
discovery of the spin Seebeck effect [17].

In recent experiments, dc voltages induced by the ISHE
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giving access to crucial parameters such as the spin Hall
angle [18–20] and the spin mixing conductance [21], the
material parameter determining, e.g., the effectiveness of
interface spin-transfer torques [14]. For example, the mag-
nitude and sign of the spin Hall angle has been determined
for Permalloy ðPyÞjN bilayers for different normal metals N
[18,19]. An approximate scaling relation for the spin pump-
ing by numerous ferromagnets (F) has been discovered by
comparing different FjPt bilayers as a function of excitation
power [21]. However, it is far from easy to derive quantita-
tive information from ISHE experiments [22]. As reviewed
by the Cornell Collaboration [23], several experimental pit-
falls should be avoided. At FMR, the dc ISHE voltage is
small, scaling quadratically with the cone angle of the
precessing magnetization. An important correction is caused
by the back diffusion (‘‘backflow’’) of injected spins to the
interface, which effectively reduces the spin current injec-
tion [14] and generates voltages normal to the interface
[24,25]. This backflow has often been neglected in interpret-
ing spin-pumping experiments, assuming that Pt, the metal
of choice, can be treated like a perfect spin sink.

The spin current injected by FMR into a normal metal
consists of a dc component along the z axis parallel to the
effective field and an ac component normal to it, i.e., in the
xy plane (see Fig. 1). In this Letter we analyze both ac and
dc ISHE voltages by time-dependent spin diffusion theory,
where the former is generated between the edges of the
sample along the z direction, i.e., for a different magnetic
or sample configuration than used for dc signal detection.
For small precession angles we find the ac ISHE voltage to
be orders of magnitude larger than the dc signal. The
backflow of spins modifies also the dc voltage even for
small spin-flip diffusion lengths, requiring a reappraisal of
published parameters.
A normal metal in contact with a ferromagnet under

FMR as shown in Fig. 1 can be interpreted as a spin battery
[26]. When the ferromagnetic film is thicker than its trans-
verse spin-coherence length (a few monolayers), the adia-
batically pumped spin current reads [13–15,26]
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FIG. 1 (color online). Schematic spin battery operated by FMR,
for the measurement configurations (a) and (b). The ac (dc)
voltage drops along the z (y) direction. The right panel introduces
the parameters of the model. The effective fieldHeff is the sum of
the external field Hex and the uniaxial field Hun, Hex, and Hun

point along the z axis. The dc component J1dðjz1sÞez and ac
component J1aðja1sÞ constitute the spin current j1s.
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where m is the unit vector of the magnetization direction
and g"# is the (dimensionless) complex spin mixing con-
ductance [27]. The pumping spin current creates a spin
accumulation in N that induces a diffusion backflow of
spins into F:

Ibs ¼
g

8!
½2pð"F

0 $"N
0 Þ þ"F

s $m '!N
s (m

$ Reg"#

4!
m) ð!N

s )mÞ þ Img"#

4!
m)!N

s ; (2)

where "N
0 , !

N
s in N and "F

0 , "
F
s m in F are the charge and

spin accumulations at the interface. The total conductance
g ¼ g"" þ g## is the sum of spin-up and spin-down interface
conductances, and p ¼ ðg"" $ g##Þ=ðg"" þ g##Þ is the con-
ductance spin polarization. The magnetization determined
by the Landau-Lifshitz-Gilbert equation is assumed to pre-
cess with constant cone angle # around the z axis, whose
magnitude is governed by the rf radiation intensity. The spin
accumulation in N obeys the spin-diffusion equation [28]

@!N
s ðr; tÞ
@t

¼ $NHex )!N
s þDN

@2!N
s

@x2
$!N

s

%Nsf
; (3)

where $N is the gyromagnetic ratio, DN is the diffusion
constant, and %Nsf is the spin-flip relaxation time, all in N.
The spin current Is ¼ Ips þ Ibs is continuous at the NjF
interface and vanishes at the outer boundary x ¼ dN . In
position-frequency space the exact solution for the spatio-
temporal dependence of the spin accumulation reads

!N
s ðx;!Þ ¼

X3

i¼1

~vi
cosh½&iðx$ dNÞ(

sinh½&idN(
2jisðx ¼ 0; !Þ@'DN&i

: (4)

&2
1ð!Þ ¼ ð1þ i!%NsfÞ=ð(N

sdÞ2, &2
2;3ð!Þ ¼ &2

1ð!Þ * iC, C ¼
$$NHex=DN , and (N

sd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
DN%

N
sf

q
. j1s ¼ Izs=A and jð2;3Þs ¼

ðIxs * iIys Þ=ð
ffiffiffi
2

p
AÞ are spin current densities, where ' is the

one-spin density of state and A is the interface area. The
eigenvectors associated with &2

i ð!Þ (i ¼ 1; 2; 3) are, respec-
tively, ~v1 ¼ ð0 0 1Þ, ~v2 ¼ ð1 $ i 0Þ=

ffiffiffi
2

p
, ~v3 ¼ ð1 i 0Þ=

ffiffiffi
2

p
.

In the position-time domain

j1sðx; tÞ ¼ $ @'DN

2

@!N
s ðx; tÞ
@x

¼ jz1sðxÞez þ ja1sðx; tÞ; (5)

with

jz1sðxÞez ¼
sinh½&1ð0ÞðdN $ xÞ(

sinh½&1ð0ÞdN(
jz1sð0Þez; (6)

j a
1sðxÞ ¼ 2Re
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sinh½&2ð!ÞdN(
ja1sð0Þei!t

#
: (7)

The analytic expressions for jz1sð0Þ and ja1sð0Þ, the dc and ac
components of the spin current at theN side of the interface,
respectively, are given in the Supplemental Material [29].

The longitudinal component of the spin accumula-
tion can penetrate F, leading to a spin accumulation

mðtÞ"F
s . "

F
s ¼ "F

" $"F
# that satisfies the spin-diffusion

equation [28]
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sdÞ2
; (8)

where (F
sd is the spin-flip diffusion length in the ferromag-

net. In an open circuit the dc charge current vanishes and
we obtain

"F
s ðxÞ¼

cosh½ðdFþxÞ=(F
sd(~g

½gF tanh½dF=(F
sd(þ ~g(coshðdF=(F

sdÞ
m '!N
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where gF¼4hA)")#=½e2(F
sdð)"þ)#Þ( and ~g¼ð1$p2Þg.

Here, )"ð#Þ is the conductivity of spin-up (spin-down) elec-
trons in F. The spin current density in F reads

j 2sðxÞ ¼
sinh½ðdF þ xÞ=(F

sd(
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j2sð0Þ; (10)
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s Þm (11)

at the interface. When spin flip in F is negligible,
(F
sd + dF, "F

s ð0Þ ¼ m '!N
s and the spin current in F

vanishes. The transverse backflow spin current modifies
the magnetization dynamics by contributing a three-
component transfer torque that (i) reduces the interface
Gilbert damping due to spin pumping, (ii) modulates the
gyromagnetic ratio, and (iii) adds an effective magnetic
field. For the system parameters considered below the last
two terms are too small to significantly affect the magne-
tization dynamics, however.
The ISHE generates a charge current jc transverse to an

applied spin current due to the spin-orbit interaction. With
the spin current direction along ex [8,16,18–21],

j cðxÞ ¼ *N=Fð2e=@Þex ) jsðxÞ; (12)

where *N is the spin Hall angle in N and *F ¼
ð*F" þ *F#Þ=2 is that in F, where *F+ ¼ )AH+=)+

(+ ¼" , # ) and )ðAHÞ+ is the spin-polarized (anomalous
Hall) conductivity. As shown in Fig. 1(a), a dc electric
field Eyey is generated along the y direction; similarly, an
ac field EzðtÞez along the z direction is shown in Fig. 1(b).
Disregarding parasitic impedances and in the steady state,
we obtain for the ac contribution along z
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while the dc electric field along y reads
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the spin current direction along ex [8,16,18–21],

j cðxÞ ¼ *N=Fð2e=@Þex ) jsðxÞ; (12)

where *N is the spin Hall angle in N and *F ¼
ð*F" þ *F#Þ=2 is that in F, where *F+ ¼ )AH+=)+

(+ ¼" , # ) and )ðAHÞ+ is the spin-polarized (anomalous
Hall) conductivity. As shown in Fig. 1(a), a dc electric
field Eyey is generated along the y direction; similarly, an
ac field EzðtÞez along the z direction is shown in Fig. 1(b).
Disregarding parasitic impedances and in the steady state,
we obtain for the ac contribution along z

EzðtÞ ¼
4e=@

)NdN þ )FdF
Re

$
*Nj

y
1sð0Þ

&2ð!Þ tanh
dN&2ð!Þ

2

þ *Fj
y
2sð0Þ(F

sd tanh
dN
2(N

sd

%
; (13)

while the dc electric field along y reads

Ey ¼
2e=@

)NdN þ )FdF

&
jz1sð0Þ*N(

N
sd tanh

dN
2(N

sd

þ jz2sð0Þ*F(
F
sd tanh

dF
2(F

sd

'
: (14)

PRL 110, 217602 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
24 MAY 2013

217602-2

This accumulation can lead to backflow of spins

μsF is the spin accumulation in the FMwhere m is the unit vector of the magnetization direction
and g"# is the (dimensionless) complex spin mixing con-
ductance [27]. The pumping spin current creates a spin
accumulation in N that induces a diffusion backflow of
spins into F:
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spin accumulations at the interface. The total conductance
g ¼ g"" þ g## is the sum of spin-up and spin-down interface
conductances, and p ¼ ðg"" $ g##Þ=ðg"" þ g##Þ is the con-
ductance spin polarization. The magnetization determined
by the Landau-Lifshitz-Gilbert equation is assumed to pre-
cess with constant cone angle # around the z axis, whose
magnitude is governed by the rf radiation intensity. The spin
accumulation in N obeys the spin-diffusion equation [28]
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where $N is the gyromagnetic ratio, DN is the diffusion
constant, and %Nsf is the spin-flip relaxation time, all in N.
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interface and vanishes at the outer boundary x ¼ dN . In
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The analytic expressions for jz1sð0Þ and ja1sð0Þ, the dc and ac
components of the spin current at theN side of the interface,
respectively, are given in the Supplemental Material [29].
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tion can penetrate F, leading to a spin accumulation
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vanishes. The transverse backflow spin current modifies
the magnetization dynamics by contributing a three-
component transfer torque that (i) reduces the interface
Gilbert damping due to spin pumping, (ii) modulates the
gyromagnetic ratio, and (iii) adds an effective magnetic
field. For the system parameters considered below the last
two terms are too small to significantly affect the magne-
tization dynamics, however.
The ISHE generates a charge current jc transverse to an

applied spin current due to the spin-orbit interaction. With
the spin current direction along ex [8,16,18–21],
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where *N is the spin Hall angle in N and *F ¼
ð*F" þ *F#Þ=2 is that in F, where *F+ ¼ )AH+=)+

(+ ¼" , # ) and )ðAHÞ+ is the spin-polarized (anomalous
Hall) conductivity. As shown in Fig. 1(a), a dc electric
field Eyey is generated along the y direction; similarly, an
ac field EzðtÞez along the z direction is shown in Fig. 1(b).
Disregarding parasitic impedances and in the steady state,
we obtain for the ac contribution along z
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while the dc electric field along y reads
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Can solve these equations self-consistently, using boundary conditions:
1. Spin current is continuous at interface

2. Spin current Isb + Isp vanishes at boundary of material
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Hall effect of spinless particle in constant magnetic field B = (0, 0, B):

Gives rise to charge accumulation (voltage/current) in a finite-sized sample

HSO = VSO(r)� · L

spin Hall effect of spinfull particle with spin-orbit interaction:

Gives rise to spin accumulation (spin voltage/spin current) 
in a finite-sized sample

VOLUME 83, NUMBER 9 P HY S I CA L REV I EW LE T T ER S 30 AUGUST 1999

Spin Hall Effect

J. E. Hirsch
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319

(Received 24 February 1999)
It is proposed that when a charge current circulates in a paramagnetic metal a transverse spin

imbalance will be generated, giving rise to a “spin Hall voltage.” Similarly, it is proposed that when a
spin current circulates a transverse charge imbalance will be generated, giving rise to a Hall voltage, in
the absence of charge current and magnetic field. Based on these principles we propose an experiment
to generate and detect a spin current in a paramagnetic metal.

PACS numbers: 72.15.Gd, 73.61.At

Consider the “spontaneous” or “anomalous” Hall effect
[1]. In ferromagnetic metals, the Hall resistivity (trans-
verse electric field per unit longitudinal current density) is
found to be empirically fitted by the formula

rH ! R0B 1 4pRsM (1)
(in cgs units), with B the applied magnetic field and M
the magnetization per unit volume. R0 is the ordinary
Hall coefficient and Rs the anomalous Hall coefficient,
experimentally found to be generally substantially larger
than the ordinary Hall coefficient as well as strongly
temperature dependent. Within models that assume that
the electrons giving rise to magnetism in ferromagnetic
metals are itinerant, a variety of mechanisms have been
proposed to explain the origin of the coefficient Rs. These
include skew scattering by impurities and phonons, and
the “side jump” mechanism [1]. In early work it was
also proposed that the effect will arise in the absence of
periodicity-breaking perturbations [2], but this is generally
believed not to be correct [1].
In this paper we will not discuss the origin of the

anomalous Hall effect [3]. Rather, we take the exis-
tence of the effect in ferromagnetic metals as experimental
proof that electrons carrying a spin and associated mag-
netic moment experience a transverse force when they are
moving in a longitudinal electric field, for any of the rea-
sons listed above or others. If there is a net magnetization
in the system there will be a magnetization current asso-
ciated with the flow of electric current, and the transverse
force will give rise to a charge imbalance in a direction
perpendicular to the current flow and hence to an anoma-
lous Hall effect.
Consider then the situation where no magnetization ex-

ists, that is, a paramagnetic metal or doped semiconductor,
or a ferromagnetic metal above its Curie point, carrying a
charge current in the x direction. The electrons still carry
a spin, and the same scattering mechanism(s) that gave
rise to the anomalous Hall effect in the magnetic case will
scatter electrons with spin up preferentially in one direc-
tion perpendicular to the flow of current, and spin down
electrons preferentially in the opposite direction. Here we
have in mind a slab geometry as usually used in Hall effect
experiments, and spin up and spin down directions are de-

fined perpendicular to the plane of the slab. Because there
is an equal number of spin up and spin down electrons no
charge imbalance will result, but we argue that a spin im-
balance will: there will be an excess of up spins on one
side of the sample and of down spins on the opposite side.
The situation is depicted schematically in Fig. 1.
Although it may appear that if there is spin rotational

invariance the spin up and down directions are not well
defined, we argue that the slab geometry naturally defines
such directions. The effect can be simply understood as
arising from spin-orbit scattering. Consider [4] a “beam”
of unpolarized electrons incident on a spinless scatterer,
with potential

V ! Vc!r" 1 Vs!r" "s ? "L (2)

with "s and "L the electron’s spin and orbital angular
momentum, respectively. The term Vs!r" is the usual
spin-orbit scattering potential [4], proportional to the
gradient of the scattering potential. The scattered beam

FIG. 1. The charge carriers are assumed to be electronlike.
In the Hall effect, the Lorentz force on the moving charges
causes charge imbalance; in the spin Hall effect skew scattering
of the moving magnetic moments causes spin imbalance, in a
direction perpendicular to the current flow. In the Hall effect
the Fermi levels for up and down electrons are the same, and
the difference in the Fermi levels at both edges of the sample
is the Hall voltage VH . In the spin Hall effect the difference
in the Fermi levels for each spin at both edges of the sample is
VSH, but it is of opposite sign for spin up and down electrons.

1834 0031-9007#99#83(9)#1834(4)$15.00 © 1999 The American Physical Society

HEM = �µBB · L

spin Hall effect: Creation of spin current by applying voltage difference

inverse spin Hall effect: Creation of voltage difference due to spin current 

M. I. D’yakonov and V. I. Perel, JETP Lett.13, 467 (1971) and Y. K. Kato et al., Science 306, 1910 (2004)

Resulting electric field inverse spin hall effect:

E k n⇥ jS
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Have seen the equations that determine spin 
accumulation and currents. Resulting expressions:

In the metal In the ferromagnet

where m is the unit vector of the magnetization direction
and g"# is the (dimensionless) complex spin mixing con-
ductance [27]. The pumping spin current creates a spin
accumulation in N that induces a diffusion backflow of
spins into F:
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where "N
0 , !

N
s in N and "F

0 , "
F
s m in F are the charge and

spin accumulations at the interface. The total conductance
g ¼ g"" þ g## is the sum of spin-up and spin-down interface
conductances, and p ¼ ðg"" $ g##Þ=ðg"" þ g##Þ is the con-
ductance spin polarization. The magnetization determined
by the Landau-Lifshitz-Gilbert equation is assumed to pre-
cess with constant cone angle # around the z axis, whose
magnitude is governed by the rf radiation intensity. The spin
accumulation in N obeys the spin-diffusion equation [28]
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where $N is the gyromagnetic ratio, DN is the diffusion
constant, and %Nsf is the spin-flip relaxation time, all in N.
The spin current Is ¼ Ips þ Ibs is continuous at the NjF
interface and vanishes at the outer boundary x ¼ dN . In
position-frequency space the exact solution for the spatio-
temporal dependence of the spin accumulation reads
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one-spin density of state and A is the interface area. The
eigenvectors associated with &2

i ð!Þ (i ¼ 1; 2; 3) are, respec-
tively, ~v1 ¼ ð0 0 1Þ, ~v2 ¼ ð1 $ i 0Þ=

ffiffiffi
2

p
, ~v3 ¼ ð1 i 0Þ=

ffiffiffi
2

p
.

In the position-time domain
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The analytic expressions for jz1sð0Þ and ja1sð0Þ, the dc and ac
components of the spin current at theN side of the interface,
respectively, are given in the Supplemental Material [29].

The longitudinal component of the spin accumula-
tion can penetrate F, leading to a spin accumulation
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# that satisfies the spin-diffusion

equation [28]
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where (F
sd is the spin-flip diffusion length in the ferromag-

net. In an open circuit the dc charge current vanishes and
we obtain
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at the interface. When spin flip in F is negligible,
(F
sd + dF, "F

s ð0Þ ¼ m '!N
s and the spin current in F

vanishes. The transverse backflow spin current modifies
the magnetization dynamics by contributing a three-
component transfer torque that (i) reduces the interface
Gilbert damping due to spin pumping, (ii) modulates the
gyromagnetic ratio, and (iii) adds an effective magnetic
field. For the system parameters considered below the last
two terms are too small to significantly affect the magne-
tization dynamics, however.
The ISHE generates a charge current jc transverse to an

applied spin current due to the spin-orbit interaction. With
the spin current direction along ex [8,16,18–21],

j cðxÞ ¼ *N=Fð2e=@Þex ) jsðxÞ; (12)

where *N is the spin Hall angle in N and *F ¼
ð*F" þ *F#Þ=2 is that in F, where *F+ ¼ )AH+=)+

(+ ¼" , # ) and )ðAHÞ+ is the spin-polarized (anomalous
Hall) conductivity. As shown in Fig. 1(a), a dc electric
field Eyey is generated along the y direction; similarly, an
ac field EzðtÞez along the z direction is shown in Fig. 1(b).
Disregarding parasitic impedances and in the steady state,
we obtain for the ac contribution along z
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where m is the unit vector of the magnetization direction
and g"# is the (dimensionless) complex spin mixing con-
ductance [27]. The pumping spin current creates a spin
accumulation in N that induces a diffusion backflow of
spins into F:
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spin accumulations at the interface. The total conductance
g ¼ g"" þ g## is the sum of spin-up and spin-down interface
conductances, and p ¼ ðg"" $ g##Þ=ðg"" þ g##Þ is the con-
ductance spin polarization. The magnetization determined
by the Landau-Lifshitz-Gilbert equation is assumed to pre-
cess with constant cone angle # around the z axis, whose
magnitude is governed by the rf radiation intensity. The spin
accumulation in N obeys the spin-diffusion equation [28]
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where $N is the gyromagnetic ratio, DN is the diffusion
constant, and %Nsf is the spin-flip relaxation time, all in N.
The spin current Is ¼ Ips þ Ibs is continuous at the NjF
interface and vanishes at the outer boundary x ¼ dN . In
position-frequency space the exact solution for the spatio-
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The analytic expressions for jz1sð0Þ and ja1sð0Þ, the dc and ac
components of the spin current at theN side of the interface,
respectively, are given in the Supplemental Material [29].

The longitudinal component of the spin accumula-
tion can penetrate F, leading to a spin accumulation
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at the interface. When spin flip in F is negligible,
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s and the spin current in F

vanishes. The transverse backflow spin current modifies
the magnetization dynamics by contributing a three-
component transfer torque that (i) reduces the interface
Gilbert damping due to spin pumping, (ii) modulates the
gyromagnetic ratio, and (iii) adds an effective magnetic
field. For the system parameters considered below the last
two terms are too small to significantly affect the magne-
tization dynamics, however.
The ISHE generates a charge current jc transverse to an

applied spin current due to the spin-orbit interaction. With
the spin current direction along ex [8,16,18–21],
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where *N is the spin Hall angle in N and *F ¼
ð*F" þ *F#Þ=2 is that in F, where *F+ ¼ )AH+=)+

(+ ¼" , # ) and )ðAHÞ+ is the spin-polarized (anomalous
Hall) conductivity. As shown in Fig. 1(a), a dc electric
field Eyey is generated along the y direction; similarly, an
ac field EzðtÞez along the z direction is shown in Fig. 1(b).
Disregarding parasitic impedances and in the steady state,
we obtain for the ac contribution along z
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while the dc electric field along y reads
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where m is the unit vector of the magnetization direction
and g"# is the (dimensionless) complex spin mixing con-
ductance [27]. The pumping spin current creates a spin
accumulation in N that induces a diffusion backflow of
spins into F:

Ibs ¼
g

8!
½2pð"F

0 $"N
0 Þ þ"F

s $m '!N
s (m

$ Reg"#

4!
m) ð!N

s )mÞ þ Img"#

4!
m)!N

s ; (2)

where "N
0 , !

N
s in N and "F

0 , "
F
s m in F are the charge and

spin accumulations at the interface. The total conductance
g ¼ g"" þ g## is the sum of spin-up and spin-down interface
conductances, and p ¼ ðg"" $ g##Þ=ðg"" þ g##Þ is the con-
ductance spin polarization. The magnetization determined
by the Landau-Lifshitz-Gilbert equation is assumed to pre-
cess with constant cone angle # around the z axis, whose
magnitude is governed by the rf radiation intensity. The spin
accumulation in N obeys the spin-diffusion equation [28]

@!N
s ðr; tÞ
@t

¼ $NHex )!N
s þDN

@2!N
s

@x2
$!N

s

%Nsf
; (3)

where $N is the gyromagnetic ratio, DN is the diffusion
constant, and %Nsf is the spin-flip relaxation time, all in N.
The spin current Is ¼ Ips þ Ibs is continuous at the NjF
interface and vanishes at the outer boundary x ¼ dN . In
position-frequency space the exact solution for the spatio-
temporal dependence of the spin accumulation reads

!N
s ðx;!Þ ¼

X3

i¼1

~vi
cosh½&iðx$ dNÞ(
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: (4)
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q
. j1s ¼ Izs=A and jð2;3Þs ¼

ðIxs * iIys Þ=ð
ffiffiffi
2

p
AÞ are spin current densities, where ' is the

one-spin density of state and A is the interface area. The
eigenvectors associated with &2

i ð!Þ (i ¼ 1; 2; 3) are, respec-
tively, ~v1 ¼ ð0 0 1Þ, ~v2 ¼ ð1 $ i 0Þ=

ffiffiffi
2

p
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ffiffiffi
2

p
.

In the position-time domain

j1sðx; tÞ ¼ $ @'DN

2

@!N
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¼ jz1sðxÞez þ ja1sðx; tÞ; (5)

with
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#
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The analytic expressions for jz1sð0Þ and ja1sð0Þ, the dc and ac
components of the spin current at theN side of the interface,
respectively, are given in the Supplemental Material [29].

The longitudinal component of the spin accumula-
tion can penetrate F, leading to a spin accumulation

mðtÞ"F
s . "

F
s ¼ "F

" $"F
# that satisfies the spin-diffusion

equation [28]
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where (F
sd is the spin-flip diffusion length in the ferromag-

net. In an open circuit the dc charge current vanishes and
we obtain
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where gF¼4hA)")#=½e2(F
sdð)"þ)#Þ( and ~g¼ð1$p2Þg.

Here, )"ð#Þ is the conductivity of spin-up (spin-down) elec-
trons in F. The spin current density in F reads
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at the interface. When spin flip in F is negligible,
(F
sd + dF, "F

s ð0Þ ¼ m '!N
s and the spin current in F

vanishes. The transverse backflow spin current modifies
the magnetization dynamics by contributing a three-
component transfer torque that (i) reduces the interface
Gilbert damping due to spin pumping, (ii) modulates the
gyromagnetic ratio, and (iii) adds an effective magnetic
field. For the system parameters considered below the last
two terms are too small to significantly affect the magne-
tization dynamics, however.
The ISHE generates a charge current jc transverse to an

applied spin current due to the spin-orbit interaction. With
the spin current direction along ex [8,16,18–21],

j cðxÞ ¼ *N=Fð2e=@Þex ) jsðxÞ; (12)

where *N is the spin Hall angle in N and *F ¼
ð*F" þ *F#Þ=2 is that in F, where *F+ ¼ )AH+=)+

(+ ¼" , # ) and )ðAHÞ+ is the spin-polarized (anomalous
Hall) conductivity. As shown in Fig. 1(a), a dc electric
field Eyey is generated along the y direction; similarly, an
ac field EzðtÞez along the z direction is shown in Fig. 1(b).
Disregarding parasitic impedances and in the steady state,
we obtain for the ac contribution along z

EzðtÞ ¼
4e=@

)NdN þ )FdF
Re

$
*Nj

y
1sð0Þ

&2ð!Þ tanh
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sd tanh
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while the dc electric field along y reads

Ey ¼
2e=@

)NdN þ )FdF
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These equations are our main result. In Eqs. (13) and (14)
the first terms come from the ISHE in N, and the second
terms are due to the anomalous Hall effect in F. jz1sð0Þ and
jy1sð0Þ are the dcðzÞ and acðyÞ components of the spin
current at the Nð1Þ side of the interface, respectively;
jz2sð0Þ and jy2sð0Þ are the counterparts at the Fð2Þ side of
the interface. In the following we disregard Img"# which is
small for the interfaces considered below [30–32]. When
backflow is disregarded, the ac signal reduces to

ENB
z ðtÞ

cosð!tþ!Þ ¼
e"Nf sin#cos#

$NdN þ$FdF

Reg"#

A

!!!!!!!!
tanh½%2ð!ÞdN=2&

%2ð!Þ

!!!!!!!!;

(15)

where ! ¼ !0 þ Argftanh½%2ð!ÞdN=2&=%2ð!Þg, with
!0 ¼ '& for "N > 0 and 0 for "N < 0, is the phase shift
relative to the rf excitation field cosð!tÞey. We also recover
the dc relation [18,19]

ENB
y ¼ e"Nfsin

2#

$NdN þ $FdF

Reg"#

A
'N
sd tanh

dN
2'N

sd

: (16)

The spin-pumping induced spin accumulation is gov-
erned by two length scales 'N

sd and the transverse spin

dephasing length 'c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DN=!

p
[14], which determine

the decay rates of the dc and ac components in N, respec-
tively. From! ( 1=(Nsf follows '

N
sd ( 'c. This is the case

when !(Nsf ’ 0:2ðf=10 GHzÞð(Nsf=3 psÞ ( 1. In Pt(Ta)

!(Nsf ¼ 1ð15Þ ) 10'3 at f ¼ 15:5 GHz with (PtðTaÞsf ¼
0:01ð0:15Þ ps as calculated from the data in Table I. So
in the FMR frequency region the condition !(Nsf ( 1 is
fulfilled for elemental metals with a large ISHE. In that
limit the contribution from the anomalous Hall effect in a
ferromagnet such as Py is found to be negligible. Previous
expressions for the dc spin accumulation [14] and voltages
[41,42] agree with the present results in that limit. Note
that this condition does not hold for metals with long spin-
flip times, for example, single crystal Al.

In Fig. 2, we plot the dc electric fields including the
backflow of spin as a function of spin Hall angle "N

and spin diffusion length 'N
sd (noting that the results are

very insensitive to changes in 'F
sd and "F). The strong

correlation between these two parameters especially for

YIGjPt is evident. Nevertheless, we can narrow them
down when the Gilbert damping interface enhancement
is measured simultaneously [41]. The spin-mixing conduc-

tance ðReg"#eff=AÞ'1¼ðReg"#=AÞ'1þ!'1¼3)1019 m'2

where ! ¼ ðh=e2Þ$N=ð2'N
sdÞ for dN ! 1 can be obtained

from the Gilbert damping constant )eff ¼)0þð*F@Þ=
ð4&MsdFÞReg"#eff=A [14]. The conductivities are para-

metrized as $NðFÞ ¼ 4:1ð3:5Þ ) ð1' e'dNðFÞ=29:6ð9:8ÞÞ )
106 "'1 m'1 to fit the experiments (cf. the Supplemental
Material [29]) [43]. Since Reg"# > 0 the experiments pro-
vide the important constraint that 'N

sd < 1:8 nm, which is
not consistent with larger values in use for this parameter.
The constraint that the spin-flip scattering relaxation time
should be larger than the scattering lifetime leads to 'N

sd >
0:9 nm based on the free-electron model for N [14,41]. In
Fig. 3 we plot the computed and the measured spin Hall
voltages as a function of the layer thicknesses for opti-
mized parameter combinations with and without backflow.
The largest ISHE voltages are generated for dN ’
10'N

sdð12 nmÞ (see below) [20,41,42]. Since the above
estimates favor 'N

sd * 1:3 nm, we estimate the Hall angle
"Pt * 0:12 from the spin-pumping experiments [41] and
consistency arguments alone. These parameters differ from
those reported [20,41], illustrating the importance of taking
into account the experimental constraint on 'N

sd provided
by the increased Gilbert damping. The spin diffusion
length extracted from the ISHE experiment also differs

TABLE I. Parameters for selected bilayer systems used to compute dc and ac ISHE electric fields induced by spin pumping under FMR.

Material +DOSð2+Þ [1047 J'1 m'3] $N;F;H [106 "'1 m'1] 'N;F
sd [nm] "N;F [10'2] gshN ; g=A [1019 m'2]

Al 1.5 [33] 11 [34] 350 [34] 0.01 [9] 3.6
Ta 4.3 [33] 0.53 [12] 2.7 [35] '15 [12] 2.5
Au 1.1 [33] 25.2 [18] 35 [18] 0.35 [18] 1.2
Pd 10.0 [33] 4.0 [18] 15 [18] 0.64 [18] 1.6
Pt 9.1 [33] 5 [23] 1.5 [23] 7 [23] 1.8
Py q ¼ 0:7 1.5 5 [36] 7.6 pH ¼ 0:5

PyjNM YIGjAu YIGjPt p
Reg"#=A 2gshN =A 0.66 [37] 2.3 [32] 0.4

q + ð$" ' $#Þ=$F , pH + ð$AH" ' $AH#Þ=$H , $H ¼ 0:09 [38]. Schep corrections [39,40] are included in Reg"#=A.

FIG. 2 (color online). The calculated dc ISHE electric fields
(in units of ,V=mm) including spin backflow as a function of
the spin Hall angle and the spin-flip diffusion length based on the
parameters in Table I.
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These equations are our main result. In Eqs. (13) and (14)
the first terms come from the ISHE in N, and the second
terms are due to the anomalous Hall effect in F. jz1sð0Þ and
jy1sð0Þ are the dcðzÞ and acðyÞ components of the spin
current at the Nð1Þ side of the interface, respectively;
jz2sð0Þ and jy2sð0Þ are the counterparts at the Fð2Þ side of
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small for the interfaces considered below [30–32]. When
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where ! ¼ !0 þ Argftanh½%2ð!ÞdN=2&=%2ð!Þg, with
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relative to the rf excitation field cosð!tÞey. We also recover
the dc relation [18,19]

ENB
y ¼ e"Nfsin

2#

$NdN þ $FdF

Reg"#

A
'N
sd tanh

dN
2'N

sd

: (16)

The spin-pumping induced spin accumulation is gov-
erned by two length scales 'N

sd and the transverse spin

dephasing length 'c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DN=!

p
[14], which determine

the decay rates of the dc and ac components in N, respec-
tively. From! ( 1=(Nsf follows '

N
sd ( 'c. This is the case

when !(Nsf ’ 0:2ðf=10 GHzÞð(Nsf=3 psÞ ( 1. In Pt(Ta)
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0:01ð0:15Þ ps as calculated from the data in Table I. So
in the FMR frequency region the condition !(Nsf ( 1 is
fulfilled for elemental metals with a large ISHE. In that
limit the contribution from the anomalous Hall effect in a
ferromagnet such as Py is found to be negligible. Previous
expressions for the dc spin accumulation [14] and voltages
[41,42] agree with the present results in that limit. Note
that this condition does not hold for metals with long spin-
flip times, for example, single crystal Al.

In Fig. 2, we plot the dc electric fields including the
backflow of spin as a function of spin Hall angle "N

and spin diffusion length 'N
sd (noting that the results are

very insensitive to changes in 'F
sd and "F). The strong

correlation between these two parameters especially for
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down when the Gilbert damping interface enhancement
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ð4&MsdFÞReg"#eff=A [14]. The conductivities are para-

metrized as $NðFÞ ¼ 4:1ð3:5Þ ) ð1' e'dNðFÞ=29:6ð9:8ÞÞ )
106 "'1 m'1 to fit the experiments (cf. the Supplemental
Material [29]) [43]. Since Reg"# > 0 the experiments pro-
vide the important constraint that 'N

sd < 1:8 nm, which is
not consistent with larger values in use for this parameter.
The constraint that the spin-flip scattering relaxation time
should be larger than the scattering lifetime leads to 'N

sd >
0:9 nm based on the free-electron model for N [14,41]. In
Fig. 3 we plot the computed and the measured spin Hall
voltages as a function of the layer thicknesses for opti-
mized parameter combinations with and without backflow.
The largest ISHE voltages are generated for dN ’
10'N

sdð12 nmÞ (see below) [20,41,42]. Since the above
estimates favor 'N

sd * 1:3 nm, we estimate the Hall angle
"Pt * 0:12 from the spin-pumping experiments [41] and
consistency arguments alone. These parameters differ from
those reported [20,41], illustrating the importance of taking
into account the experimental constraint on 'N

sd provided
by the increased Gilbert damping. The spin diffusion
length extracted from the ISHE experiment also differs

TABLE I. Parameters for selected bilayer systems used to compute dc and ac ISHE electric fields induced by spin pumping under FMR.

Material +DOSð2+Þ [1047 J'1 m'3] $N;F;H [106 "'1 m'1] 'N;F
sd [nm] "N;F [10'2] gshN ; g=A [1019 m'2]

Al 1.5 [33] 11 [34] 350 [34] 0.01 [9] 3.6
Ta 4.3 [33] 0.53 [12] 2.7 [35] '15 [12] 2.5
Au 1.1 [33] 25.2 [18] 35 [18] 0.35 [18] 1.2
Pd 10.0 [33] 4.0 [18] 15 [18] 0.64 [18] 1.6
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Py q ¼ 0:7 1.5 5 [36] 7.6 pH ¼ 0:5
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FIG. 2 (color online). The calculated dc ISHE electric fields
(in units of ,V=mm) including spin backflow as a function of
the spin Hall angle and the spin-flip diffusion length based on the
parameters in Table I.
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Simplified expressions when ignoring backflow

Main differences
1. AC signal linear in θ, DC quadratic

2. AC signal depends on spin dephasing length λc2 = DN/ω, 
DC signal on spin-flip relaxation length (λsdN)2= DNτsfN
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The spin current pumped by a precessing ferromagnet into an adjacent normal metal has a constant

polarization component parallel to the precession axis and a rotating one normal to the magnetization. The

former is now routinely detected as a dc voltage induced by the inverse spin Hall effect (ISHE). Here we

compute ac ISHE voltages much larger than the dc signals for various material combinations and discuss

optimal conditions to observe the effect. The backflow of spin is shown to be essential to distill parameters

from measured ISHE voltages for both dc and ac configurations.
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In magnetoelectronics the electronic spin degree of free-
dom creates new functionalities that lead to applications in
information technologies such as sensors and memories [1].
Central to much excitement in this field is the spin Hall
effect (SHE) [2–5], i.e., the spin current induced normal to
an applied charge current in the presence of spin-orbit
interaction, as discovered optically in semiconductors [6,7]
and subsequently electrically in metals [8–10]. Recently
magnetization reversal by the SHE induced spin transfer
torque has been demonstrated [11,12]. The generation of a
voltage by a spin current injected into a paramagnetic metal,
the inverse spin Hall effect (ISHE), can be employed to
detect the spin current due to spin pumping [13–15] by an
adjacent ferromagnet under ferromagnetic resonance (FMR)
conditions [8,16]. The ISHE has also been essential for the
discovery of the spin Seebeck effect [17].

In recent experiments, dc voltages induced by the ISHE
have beenmeasured inmanymaterial combinations, thereby
giving access to crucial parameters such as the spin Hall
angle [18–20] and the spin mixing conductance [21], the
material parameter determining, e.g., the effectiveness of
interface spin-transfer torques [14]. For example, the mag-
nitude and sign of the spin Hall angle has been determined
for Permalloy ðPyÞjN bilayers for different normal metals N
[18,19]. An approximate scaling relation for the spin pump-
ing by numerous ferromagnets (F) has been discovered by
comparing different FjPt bilayers as a function of excitation
power [21]. However, it is far from easy to derive quantita-
tive information from ISHE experiments [22]. As reviewed
by the Cornell Collaboration [23], several experimental pit-
falls should be avoided. At FMR, the dc ISHE voltage is
small, scaling quadratically with the cone angle of the
precessing magnetization. An important correction is caused
by the back diffusion (‘‘backflow’’) of injected spins to the
interface, which effectively reduces the spin current injec-
tion [14] and generates voltages normal to the interface
[24,25]. This backflow has often been neglected in interpret-
ing spin-pumping experiments, assuming that Pt, the metal
of choice, can be treated like a perfect spin sink.

The spin current injected by FMR into a normal metal
consists of a dc component along the z axis parallel to the
effective field and an ac component normal to it, i.e., in the
xy plane (see Fig. 1). In this Letter we analyze both ac and
dc ISHE voltages by time-dependent spin diffusion theory,
where the former is generated between the edges of the
sample along the z direction, i.e., for a different magnetic
or sample configuration than used for dc signal detection.
For small precession angles we find the ac ISHE voltage to
be orders of magnitude larger than the dc signal. The
backflow of spins modifies also the dc voltage even for
small spin-flip diffusion lengths, requiring a reappraisal of
published parameters.
A normal metal in contact with a ferromagnet under

FMR as shown in Fig. 1 can be interpreted as a spin battery
[26]. When the ferromagnetic film is thicker than its trans-
verse spin-coherence length (a few monolayers), the adia-
batically pumped spin current reads [13–15,26]

Ips ¼ @
4!

!
Reg"#m% dm

dt
þ Img"#

dm

dt

"
; (1)

(a)

(b)

FIG. 1 (color online). Schematic spin battery operated by FMR,
for the measurement configurations (a) and (b). The ac (dc)
voltage drops along the z (y) direction. The right panel introduces
the parameters of the model. The effective fieldHeff is the sum of
the external field Hex and the uniaxial field Hun, Hex, and Hun

point along the z axis. The dc component J1dðjz1sÞez and ac
component J1aðja1sÞ constitute the spin current j1s.
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Backflow AC signal

from that from the low-temperature giant magnetoresis-
tance (GMR) measurements [44], which is mainly caused
by the large discrepancy in the electrical conductivities
[23]. Utilizing the relation between spin relaxation and
conductivity implied by the Elliot-Yafet mechanism [45],
we can extrapolate the GMR measurements from low to
room temperature, leading to a spin diffusion length !N

sd !
2:4 nm, which is about two times larger than the spin-
pumping result above.

In Fig. 4 we turn to the ac ISHE by comparing its
dependence on the normal metal thickness with the dc
counterpart for a precession angle of 5" for PyjN
(N ¼ Au, Ta, Pd, Pt, and Al) and YIGjN (N ¼ Pt, Au)
bilayers. Both ISHE fields are maximized for dN * 2!N

sd
since both ac and dc signals are affected by both the spin
current reach and the effective resistance. Increasing dN
from zero, the total spin current initially increases expo-
nentially because of reduction of the backflow of spins
back into F. When the thickness increases far beyond 2!N

sd,
the emf generated by the ISHE close to the interface is
short circuited by the inactive part of N that leads to an
algebraic decrease of the voltage for larger dN . A system-
atic experimental study of the dc ISHE and Gilbert damp-
ing as a function of dN 2 ½2; 10%!N

sd should help to
understand the backflow and lead to more accurate parame-
ter determinations, including !N

sd. The ac voltage is pro-
portional to the precession angle (square root of the rf
excitation power), in contrast to the linear relation between
dc voltage and excitation power [18,19,46]. Furthermore,
the ratio of the ac to dc field modulus is much larger than
unity for the intensities typical for FMR experiments. This
ratio is close to a universal function as long as the anoma-
lous Hall effect does not play a role (always the case for
magnetic insulators) approaching the scaling function
Cð!Þ cot", where Cð!Þ is material dependent. When ! (
1=#Nsf , Cð!Þ ’ 1, which is the case for Pt, Pd, Au, and Ta.
We furthermore note that for constant precession angles, the
voltages increase with the FMR frequency due to the
increased spin pumping )j _mj. When on the other hand
the rf intensity is kept constant with frequency, the preces-
sion angle is inversely proportional to the FMR frequency
and increasing! leads to decreasing dc voltage, while the ac

voltage remains roughly constant. We find that the anoma-
lous Hall effect in Py caused by the backflow of spins into
the ferromagnet is negligible unless the ISHE in the normal
metal is very small, as, e.g., in single crystal Al, in which the
phase of the ac fields becomes interesting (see Fig. S3 in the
Supplemental Material [29]).
Current-induced magnetization reversal in ferromagnet-

normal metal bilayers [11,12] has attracted much atten-
tion. Whether the current-induced transfer torque is
caused by the SHE in the normal metal or spin orbit
interaction in the ferromagnet [47] or at the interface
[48] is still a matter of controversy. While the present
study does not directly contribute to these issues, it
should help the quest to find consistent models for this
important material class.
In summary, we present a theory of the dynamics of

ISHE detection of spin pumping, explicitly including the
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