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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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Transmission of electrical signals by spin-wave
interconversion in a magnetic insulator
Y. Kajiwara1,2, K. Harii1, S. Takahashi1,3, J. Ohe1,3, K. Uchida1, M. Mizuguchi1, H. Umezawa5, H. Kawai5, K. Ando1,2,
K. Takanashi1, S. Maekawa1,3 & E. Saitoh1,2,4

The energy bandgap of an insulator is large enough to prevent
electron excitation and electrical conduction1. But in addition to
charge, an electron also has spin2, and the collective motion of spin
can propagate—and so transfer a signal—in some insulators3. 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
Y3Fe5O12 and a platinum film. This transfer allows direct conver-
sion of an electric current in the platinum film to a spin wave in the
Y3Fe5O12 via spin-Hall effects4–11. Second, making use of the trans-
fer in a Pt/Y3Fe5O12/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 effect7,8,10,11 in
the first platinum film; the angular momentum is then carried by a
spin wave in the insulating Y3Fe5O12 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 damping3 in Y3Fe5O12 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.

A flow of spin angular momentum is called a spin current2. In
solids, there are two types of carriers for non-equilibrium spin cur-
rents. One is a conduction electron2,12,13 (Fig. 1a). The other is col-
lective motion of magnetic moments (Fig. 1b)—spin waves14,15,
comprising magnetostatic and exchange spin-wave modes14,15.
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 nanometres16. 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-
action14,15. 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
Y3Fe5O12, the spin-wave decay length can be several centimetres3

and thus the waves are propagated over a relatively long distance;
Y3Fe5O12 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 spin9,17–19, a phenomenon

1Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan. 2Department of Applied Physics and Physico-Informatics, Keio University, Yokohama 223-8522,
Japan. 3CREST, 4PRESTO, Japan Science and Technology Agency, Sanbancho, Tokyo 102-0075, Japan. 5FDK Corporation, Shizuoka 431-0495, Japan.

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. c, A schematic illustration of the spin-

pumping detection mechanism in the present system. If the magnetization
(M) dynamics in the Y3Fe5O12 layer (on the top face of the block) pumps a
spin current JS into the Pt layer, the current generates electromotive force
ESHE via ISHE.
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2010.4    From  IMR-­‐Tohoku  Univ.  to  ASRC-­‐  JAEA

UltCa  high-­‐speed  rotor
in  ASRC:

CentCifWge  of  isotopes

“Reconsider  Einstein-­‐de  Haas/BarLes  effect
in  terts  of  spin  curCent  

aster  an  interYal  of  one  centWr\.”



　　　　　Rotation  at  5kHz

5kHz-­‐rotation  as  gCavit\  
1  million  G  !!  (@  1  cm  Mom  rotation  axis  )
→CentCifWgal  force  destCoys  the  rotor  itself

UltCa  high-­‐speed  rotor  in  ASRC[MAX:10kHz]

rΩ2 = 0.01m × 0.5 × 2π ×104 s−1( )2
= 107m / s ~106G

10kHz-­‐rotation  as  MagLetic  field  
GyComagLetic  ratio  of  electCon:    1T~30GHz

5kHz→180nT

According  to  tex]book  on  magLetism:
rotation/(g\ComagLetic  ratio)  =  “magLetic  field”

  

B =Ω / γ e

γ e =
e
m
= 1.76×1011rad ⋅s−1 ⋅T−1

GeomagLetism  in  Tokyo

46,000  ±    50  nT

Too  small  magLetic  field?
Rotation  on  spin  curCents?



　　　　　We  have  t}o  answers:

1.  Spin  curCent  Mom  rigid  motion
w/    spin-­‐orbit  interaction  [Pt,  GaAs]

2.  Spin  curCent  Mom  elastic  motion
w/o  spin-­‐orbit  interaction  [Al,  Cu]



　　　　　

MagLetism  and  mechanical  rotation



　　　　　Spinning  stool  with  wheel



　　　　　Einstein-­‐de  Haas  (1915)

N�
「いす」＝強磁性体

「車輪」＝電子スピン

「腕」＝  外部磁場



　　　　　MagLetization  by  rotation:  BarLes  effect  (1915)

N�

Rotation  ~  MagLetic  field



　　　　　Motivation

Mag$etization

Mechanical  rotation

N

S

Einstein-­‐de  Haas
Bar$e6  (1915)

Spin  cur?ent

e- e-

e-

Spint?onics  (21st  c)

Direct  link?

？

!
!
!
S�
�

N�



　　　　　Elect?on  spin  ⇔  Macroscopic  rotation

N�

Einstein  -­‐  de  Haas:
spin  →  rotation

BarLes:
rotation  →  spin



　　　　　Spin  cur?ent  ⇔  Macroscopic  rotation

“Einstein  -­‐  de  Haas”:
spin  curCent  →  rotation

“BarLes”:
rotation  →  spin  curCent

Can  we  realize  angWlar  momentWm  conversion  bet}een
spin  curCent  ⇔  rotation  ?  

Today’s  topic



　　　　　We  have  t}o  answers:

1.  Spin  curCent  Mom  rigid  motion
w/    spin-­‐orbit  interaction  [Pt,  GaAs]

2.  Spin  curCent  Mom  elastic  motion
w/o  spin-­‐orbit  interaction  [Al,  Cu]



　　　　　Spin-­‐orbit  interaction  is  modified  by  iner]ial  effects?

Spin  Hall  Effect

charge  curCent
→spin  curCent

Spin  curCent  generated  
per~endicular  to  E-­‐field

Spin-­‐Orbit  Interaction
→Spin-­‐dependent  velocit\

 
HSOI =

−eλ


σ ⋅ p + eA( )×E⎡⎣ ⎤⎦

 
vσ = 1

i
r,HSOI[ ] = −eλ


σ ×E

Is  Spin-­‐Orbit  Interaction  modified  by  iner]ial  effects?



　　　　　Iner]ial  force  on  charged  par]icle

Two  ways  to  act  on  charged  par]icle

ElectCic  field:
directly  act  on  charge E qE

+

aIner]ial  force:
indirectly  act  on  mass
→Effective  electCic  field  

−ma = −q m / q( )a
Eg

+

Tolman  &  Stewar],  
Phys.  Rev.  8,  97  (1916)

“The  electComotive  force  produced  
by  the  acceleration  of  metals”



　　　　　MagLetic  field  and  mechanical  rotation

スピン = 磁気の起源電荷 = 電気の起源
e-

v
B

!
!
!
S�
�

N�

+

qv ×B
Lorentz  force

v
+

Bg

2mv ×Ω = qv × 2 m / q( )Ω
BgΩ Coriolis  force  

N�



　　　　　

Low  energ\  ex~ansion

Our  stCateg\

Generally  covariant  Dirac  equation
metCic,  spin  connection:
iner]ial  effects  due  to  
rotation  and  vibration

Pauli-­‐Schrödinger  eq.  in  vacuum

Zeeman/Spin-­‐rotation
Mechanical  Spin-­‐Orbit  Int./

Dar}in  Int.

Interband  mixing

Pauli-­‐Schrödinger  eq.  in  solid

Renortalized  couplings:
g-­‐factor,  Spin-­‐Orbit  Int.

Matsuo,  Ieda,  &  Maekawa,  
“Renortalization  of  spin-­‐rotation  coupling”,

Phys.  Rev.  B87,  115301  (2013)



　　　　　Dirac  equation  with  electComagLetic  and  gCavitational  field

ElectComagLetic  and  gCavitational  fields  can  be  included  
by  intCoducing  “covariant  derivatives.”

Flat  space-­‐time  
(non-­‐accelerating  systems)

   
γ µ ∂µ − i q


Aµ

⎛
⎝⎜

⎞
⎠⎟
+ mc


⎡

⎣
⎢

⎤

⎦
⎥ψ = 0

γ µ ,γ ν{ } = 2gµν

Dirac  eq.  with  E-­‐M  fields

Aµ

E
B
⎡

⎣
⎢

⎤

⎦
⎥ ψ electCon  wave  fWnction

charge/spin
Γµ

a vibration( )
Ω rotation( )
⎡

⎣
⎢

⎤

⎦
⎥+

CurYed  space-­‐time  
(accelerating  systems)

γ µ x( ) ,γ ν x( ){ } = 2gµν x( )
   
γ µ x( ) ∂µ− i q


Aµ − Γµ g x( )⎡⎣ ⎤⎦

⎛
⎝⎜

⎞
⎠⎟
+ mc


⎡

⎣
⎢

⎤

⎦
⎥ψ = 0

Dirac  eq.  with  E-­‐M  &  gCavitational  fields

e+
e-e-

e+
e+

e-

e+

e-



　　　　　Rigorous  derivation  of  spin-­‐orbit  interaction  due  to  g?avitational  filed

e-

e-

Pauli-­‐Schrödinger  equation
in  accelerating  systems

e+
e-

e-

e+

General  Relativisitc  Dirac  eq.

Spin-­‐1/2  par]icle  in  accelerating  
systems

Rigid  rotation  &  Liner  acceleration  without  electComagLetic  field:
Hehl  -­‐  Ni,  Phys.  Rev.  D  (1990)

Rigid  rotation  with  electComagLetic  field:
Matsuo,  Ieda,  Saitoh,  &  Maekawa,  Phys.  Rev.  Les.  (2011)

Gravitational  field  due  to  massive  point  par]icle  with  electComagLetic  field:  
de  Oliveira  -­‐  Tiomno,  Nuovo  Cimento  (1962)

Gravitational  field  in  Schwarzschild  spacetime  without  electComagLetic  field:  
            e.g.  Obukhov,  Phys.  Rev.  Les.  (2000),  Silenko-­‐Ter\aev,  Phys.  Rev.  D  (2007)

Low  energ\  limit



　　　　　

H =
1
2m

p + eA( )2 + eφ
Coulomb  
&  Lorentz Coulomb    &  Lorentz

E
e- e-

B
electCic/

magLetic  field
↓

charge

Zeeman

−µBσ ⋅B

Zeeman

B
S e-

magLetic  field
↓
spin

Pauli-­‐Schrödinger  eq.  in  non-­‐accelerating  systems

Low  energ\  limit  of  Dirac  eq.  in  non-­‐accelerating  systems

+
λ

σ ⋅ p + eA( ) × −e( )E⎡⎣ ⎤⎦

Spin-­‐Orbit  Int.
Spin-­‐Orbit  Int.x

yz

e-
e-

e-

e-
e-

e-

Spin Current

E

electCic  field
↓

spin  curCent



　　　　　

CoriolisCoulomb  &  Lorentz
E

e- e-

B + 2 m / e( )Ω
H =

1
2m

p + eA( )2 + eφ −L ⋅Ω
CoriolisCoulomb  

&  Lorentz

Zeeman
−µBσ ⋅ B + m / e( )Ω( )

BarLes B + m / e( )!
e-

S

Zeeman
BarLes
Einstein-­‐de  Haas

electCic/magLetic  field  +  rotation  →  charge

magLetic  field+  rotation  →  spin

Pauli-­‐Schrödinger  eq.  in  rotating  Mame

Low  energ\  limit  of  Dirac  eq.  in  rotating  Mame

Spin  Orbit  Int. 
+
λ

σ ⋅ p + eA( ) × (−e) E + Ω × r( ) × B( )⎡⎣ ⎤⎦

NEW!

e-
e-

e-？electCic  field  /  magLetic  field    x    rotation  
→spin  curCent



　　　　　

B

Mechanical  Spin  Hall  Effect  due  to  rotation

 

d
dt
r = v − eλ


σ × E + Ω × r( ) × B( )

Erot = Ω⋅ B( )r

r

 
+
λ

σ ⋅ p + eA( ) × (−e) E + Ω × r( ) × B( )⎡⎣ ⎤⎦

Spin  curCent  generated  
in  azimuthal  direction

±Azimuthal   ±z

e- e-

RadialErot

Ω

N�

Pt;    B  =  1T,  Omega  =  10kHz,  r=1mm  
→  Spin  curCent  106A/m2  

Spin  curCent  >  105A/m2    is  detectable  .

Matsuo  et  al.,  PRL  106,  076601(2011)

Mechanical  Spin-­‐Orbit  Int.



　　　　　We  have  t}o  answers:

1.  Spin  curCent  Mom  rigid  motion
w/    spin-­‐orbit  interaction  [Pt,  GaAs]

2.  Spin  curCent  Mom  elastic  motion
w/o  spin-­‐orbit  interaction  [Al,  Cu]



　　　　　Surface  acoustic  wave

www.murata.com

SAW  in  geophysics SAW  devices  in  cell  phone
for  noise  filtering

hs~://www.the-­‐science-­‐site.com/ear]hquake-­‐facts.httl

http://www.murata.com
http://www.murata.com
http://www.the-science-site.com/earthquake-facts.html
http://www.the-science-site.com/earthquake-facts.html


　　　　　Purely  mechanical  generation  of  spin  curCent  by  SAW

Purely  mechanical  generation  of  spin  curCent?

No  magLetic  field,
No  magLetism,
No  spin-­‐orbit  interaction.



　　　　　Spin-­‐rotation  coupling

    

dr'
dt

= dr
dt

+ u ⇒ gµν =

− 1+ u / c( )2⎡
⎣⎢

⎤
⎦⎥
ux / c uy / c uz / c

ux / c 1 0 0

uy / c 0 1 0

uz / c 0 0 1

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Generally  covariant  Dirac  equation

Local  rest  Mame  of  velocit\  field

   
H2×2 =

p − qA( )2

2m
+ qA0 + u ⋅ p − qA( )− q

m
S ⋅B − S ⋅Ω

Coriolis Spin-­‐rotation   Ω = ∇× u



　　　　　Spin-­‐rotation  vs.  Zeeman

Mechanical ElectComagLetic

  
HZeeman =

e
m

S ⋅B
  
HSpin-rotation = S ⋅Ω

   
Ω = 1

2
∇× u  B = ∇× A

   u : velocityfield   A :vector potential

N�



　　　　　Mechanical  SterL-­‐Gerlach  effect

  

S ⋅B ⇒Spin current ~ ∇B
S ⋅Ω⇒Spin current ~ ∇Ω

Spin  curCent  is  generated  
along  rotation-­‐gCadient!

Lower  “Zeeman”  energ\
for  up-­‐spin  electCon



　　　　　Spin  diffWsion  equation  with  spin-­‐rotation  coupling

 

n↑ − n↓ = dεN0 ε( )
+Ω/2

µ↑∫ − dεN0 ε( )
−Ω/2

µ↓∫
≈ N0 µ↑ − µ↓ − Ω( )
= σ 0

e2D
δµ − Ω( )

+ Ω
20

µ↑

µ↓

  
− Ω

2

 n↑

n↓

ε

e- e- e-

e- e- e-

  
−
σ 0

e2

δµ
τ sf   

σ 0

e2

∂2δµ
∂x2

e- e-

e- e-

e- e-e- e-

e- e-

e- e-e- e-

e- e-

 t  t +δ t

On-site spin flip: �
 
τ sf

 
τ sf

e- e-

e- e-

e-

e- e-

e- e-e-

 x x +δ x

Diffusion:� D = λs
2 / τ sf

BarLes  effect:
MagLetization  by  rotation   

⇒ Js =
σ 0

e
∇δµ

   

∂
∂t

+ 1
τ sf

−
λs

2

τ sf

∇2
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
δµ =  ∂Ω

∂t

Spin  diffWsion  eq.  
with  spin-­‐rotation  coupling

Space-­‐time  dependent  
rotation!

 
Js ∝∇ µ↑ − µ↓( )



　　　　　Spin  curCent  Mom  Surface  Acoustic  Wave

 x

 y

 zSpin  curCent  ∝Gradient  of  rotation

10-­‐6m    @  GHz

Matsuo,  Ieda,  Harii,  Saitoh,  &  Maekawa,  Phys.  Rev.  B87,  180402(R)  (2013)



　　　　　Spin  curCent  induced  by  SAW

Conductivit\
[107Ω  -­‐1  m-­‐1]

Spin  lifetime  [ps] Js/Js(Pt)
(2.5GHz)

Pt 0.96 0.3 1
Al 1.7 100 250
Cu 7.0 42 650
Ag 2.9 3.5 34
Au 2.5 2.8 33

GaAs 3.3  x  10-­‐4 0.05105

2.5GHz:      Js(Pt)~104A/m2    <<    Js(Cu)~107A/m2  

Spin  curCent~(Conductivit\) x(Spin  lifetime) x  (Frequency)4

Longer  spin  lifetime,  Larger  spin  curCent!
Matsuo,  Ieda,  Harii,  Saitoh,  &  Maekawa,  Phys.  Rev.  B87,  180402(R)  (2013)



　　　　　Toward  “spin-­‐mechatConics  device”

電流と力学運動 スピン流と力学運動
従来のモーター・発電機 スピン角運動量を直接利用する

ナノスケールのモーター・発電機

e-
スピン = 磁気の起源電荷 = 電気の起源



　　　　　Summar\  (1)                                    Bridge  the  link

Mag$etization

Mechanical  rotation

N

S

Einstein-­‐de  Haas
Bar$e6  (1915)

Spin  cur?ent

e- e-

e-

Spint?onics  (21st  c)

Bridge  the  link!
1.  Mechanical  spin  Hall  effect

2.  Mechanical  SterL-­‐Gerlach  effect

!

!
!
!
S�
�

N�



　　　　　Summar\  (2)          Spin  curCent  Mom  mechanical  motion

N�

 x

 y

 z

M
ec
ha

ni
ca
l  

Sp
in
-­‐O

rb
it

Sp
in
-­‐ro

ta
tio

n
Rigid  rotation

Surface  acoustic  wave

Pt

Cu,  Al

Spin  curCent~  (SOI)×Ω×B×r

    Spin  curCent  
          ~  (Spin  lifetime)  
                  ×(Conductivit\)×  (Frequency)4

Pt;  
  B  =  1T,  Omega  =  10kHz,  r=1mm  
→  DC  Spin  curCent  106A/m2  

  Cu;
Omega  =  2.5GHz

→  AC  Spin  curCent  106A/m2  

PRL106,  076601  (2011);  APL98,  242501  (2011);
PRB84,  104410  (2011)

Phys.  Rev.  B87,  180402(R)  (2013)



　　　　　

Thank  you  so  much  for  your  asention!!



　　　　　
Spin accumulation at the surface:�

  1/ k

 x

 y

 z Spincurrent ~∇ω



　　　　　SAW  in  ferComagLets

Elastically Driven Ferromagnetic Resonance in Nickel Thin Films

M. Weiler,1 L. Dreher,2 C. Heeg,1 H. Huebl,1 R. Gross,1 M. S. Brandt,2 and S. T. B. Goennenwein1

1Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, 85748 Garching, Germany
2Walter Schottky Institut, Technische Universität München, 85748 Garching, Germany

(Received 24 November 2010; published 14 March 2011)

Surface acoustic waves (SAWs) in the GHz frequency range are exploited for the all-elastic excitation

and detection of ferromagnetic resonance (FMR) in a ferromagnetic-ferroelectric (Ni=LiNbO3) hybrid

device. We measure the SAW magnetotransmission at room temperature as a function of frequency,

external magnetic field magnitude, and orientation. Our data are well described by a modified Landau-

Lifshitz-Gilbert approach, in which a virtual, strain-induced tickle field drives the magnetization

precession. This causes a distinct magnetic field orientation dependence of elastically driven FMR that

we observe in both model and experiment.

DOI: 10.1103/PhysRevLett.106.117601 PACS numbers: 76.50.+g, 75.30.Gw, 75.78.!n, 75.80.+q

Inverse magnetostriction, or magnetoelasticity, enables
the control of the magnetization in ferromagnetic materials
via elastic stress [1–6]. This spin-mechanical interaction
prevails in the radio frequency (rf) regime, so that mag-
nonic and phononic degrees of freedom become coupled,
as discussed theoretically [7–10]. We here apply this con-
cept to a surface acoustic wave (SAW) traversing a ferro-
magnetic thin film. Because of magnetoelastic coupling
[11], the elastic deformation periodic in time and space
results in a change of the magnetic anisotropy, which in
turn exerts a torque on the magnetization. Since typical
SAW frequencies range from a few MHz to several GHz,
SAW-based rf spin-mechanics should enable the study of
magnetization dynamics such as ferromagnetic resonance,
driven only via rf elastic deformation, not via externally
applied rf magnetic fields. The interaction of SAWs and
ferromagnetic thin films has been studied experimentally
by several groups [12–15]. Based on SAW magnetotrans-
mission measurements with the static external magnetic
field applied either perpendicular or parallel to the SAW
propagation direction, these authors suggested that a mag-
netoelastic interaction most probably was the dominant
interaction mechanism. However, conclusive evidence for
the occurrence of an elastically driven, acoustic ferromag-
netic resonance (FMR) has proven elusive, and important
aspects of the interaction mechanism still await explana-
tion, as stated by Wiegert as recently as 2002 [16]. Our
experimental study of SAW-based rf spin mechanics as a
function of magnetic field magnitude and orientation
provides clear evidence for elastically excited, acoustic
ferromagnetic resonance. Our findings thus extend the
application and understanding of magnetoelastic interac-
tion phenomena in the rf regime.

We study the hybrid device depicted schematically in
Fig. 1(a). It consists of a 50 nm thick polycrystalline
ferromagnetic nickel film deposited onto the central part
of a 5" 6 mm2 y-cut lithium niobate substrate. 70 nm
thick aluminum interdigital transducers (IDTs) [17] with

a finger width of 5 !m are employed to launch and detect a
SAW. The complex forward transmission S21 of the ap-
proximately 850 !m long delay line is determined using
vector network analysis with a time domain window to
cancel the contributions of electromagnetic crosstalk and
triple transit interference from the signal. For the descrip-
tion of the experimental and theoretical results we employ
the Cartesian coordinate system shown in Fig. 1(a), where

FIG. 1 (color online). Principles of elastically driven ferro-
magnetic resonance. (a) Illustration of experimental setup and
coordinate system. The closeup to the right shows the strain " in
the nickel thin film. (b) The color coded caps show calculations
of the magnetic free energy density F. The black arrows depict
the gradient of F with respect to the magnetization direction m.
A finite gradient at the equilibrium orientation of M (red arrow)
and thus FMR is found only for " ¼ !45$ and " ! 0.

PRL 106, 117601 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

18 MARCH 2011
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Surface acoustic waves (SAWs) in the GHz frequency range are exploited for the all-elastic excitation

and detection of ferromagnetic resonance (FMR) in a ferromagnetic-ferroelectric (Ni=LiNbO3) hybrid

device. We measure the SAW magnetotransmission at room temperature as a function of frequency,

external magnetic field magnitude, and orientation. Our data are well described by a modified Landau-

Lifshitz-Gilbert approach, in which a virtual, strain-induced tickle field drives the magnetization

precession. This causes a distinct magnetic field orientation dependence of elastically driven FMR that

we observe in both model and experiment.
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Inverse magnetostriction, or magnetoelasticity, enables
the control of the magnetization in ferromagnetic materials
via elastic stress [1–6]. This spin-mechanical interaction
prevails in the radio frequency (rf) regime, so that mag-
nonic and phononic degrees of freedom become coupled,
as discussed theoretically [7–10]. We here apply this con-
cept to a surface acoustic wave (SAW) traversing a ferro-
magnetic thin film. Because of magnetoelastic coupling
[11], the elastic deformation periodic in time and space
results in a change of the magnetic anisotropy, which in
turn exerts a torque on the magnetization. Since typical
SAW frequencies range from a few MHz to several GHz,
SAW-based rf spin-mechanics should enable the study of
magnetization dynamics such as ferromagnetic resonance,
driven only via rf elastic deformation, not via externally
applied rf magnetic fields. The interaction of SAWs and
ferromagnetic thin films has been studied experimentally
by several groups [12–15]. Based on SAW magnetotrans-
mission measurements with the static external magnetic
field applied either perpendicular or parallel to the SAW
propagation direction, these authors suggested that a mag-
netoelastic interaction most probably was the dominant
interaction mechanism. However, conclusive evidence for
the occurrence of an elastically driven, acoustic ferromag-
netic resonance (FMR) has proven elusive, and important
aspects of the interaction mechanism still await explana-
tion, as stated by Wiegert as recently as 2002 [16]. Our
experimental study of SAW-based rf spin mechanics as a
function of magnetic field magnitude and orientation
provides clear evidence for elastically excited, acoustic
ferromagnetic resonance. Our findings thus extend the
application and understanding of magnetoelastic interac-
tion phenomena in the rf regime.

We study the hybrid device depicted schematically in
Fig. 1(a). It consists of a 50 nm thick polycrystalline
ferromagnetic nickel film deposited onto the central part
of a 5" 6 mm2 y-cut lithium niobate substrate. 70 nm
thick aluminum interdigital transducers (IDTs) [17] with

a finger width of 5 !m are employed to launch and detect a
SAW. The complex forward transmission S21 of the ap-
proximately 850 !m long delay line is determined using
vector network analysis with a time domain window to
cancel the contributions of electromagnetic crosstalk and
triple transit interference from the signal. For the descrip-
tion of the experimental and theoretical results we employ
the Cartesian coordinate system shown in Fig. 1(a), where

FIG. 1 (color online). Principles of elastically driven ferro-
magnetic resonance. (a) Illustration of experimental setup and
coordinate system. The closeup to the right shows the strain " in
the nickel thin film. (b) The color coded caps show calculations
of the magnetic free energy density F. The black arrows depict
the gradient of F with respect to the magnetization direction m.
A finite gradient at the equilibrium orientation of M (red arrow)
and thus FMR is found only for " ¼ !45$ and " ! 0.
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! is the angle between an external magnetic field H
applied in the Ni film plane and the SAW propagation
direction kSAW k x. We first discuss the influence of the
SAW on the magnetization vector M based on magnetoe-
lastic coupling. In the static limit, the magnetic free energy
density F0 of the Ni film normalized to the saturation
magnetization Ms is given by [18]

F0ðmÞ ¼ $"0H %mþ Bdm
2
z þ Buðu %mÞ2 þ const;

(1)

where m ¼ M=Ms with components fmx;my;mzg. Bd ¼
"0Ms=2 is the shape anisotropy and Bu is a uniaxial in-
plane anisotropy field along u ¼ fux; uy; 0g. In equilib-
rium, the magnetization is oriented along a minimum of
F0. Because of the shape anisotropy, and as we only
consider H in the film plane here, the equilibrium m
orientation is in the film plane, at an angle #0 between
x and m.

The SAW generates an rf strain " in the ferromagnetic
thin film plane. Because of magnetoelasticity [18], this
strain results in an rf contribution FRF to the magnetic
free energy density

FRFðmÞ ¼ B1"ðx; tÞm2
x þ const; (2)

where B1 is the magnetoelastic coupling constant and
shear strains have been neglected for simplicity. The ef-
fective field Heff acting on m is given by $rmF ¼
$rmðF0 þ FRFÞ [19,20], evaluated at the equilibrium
orientation #0.

The qualitative effect of the SAW on the magnetization
is illustrated in Fig. 1(b), where we exemplarily consider
an in-plane magnetically isotropic nickel film (Bu ¼ 0).
The total magnetic free energy density F is depicted by the
color code in the caps close to the magnetization equilib-
rium position #0 ¼ ! for ! 2 f$90';$45'; 0'g and
" < 0, " ¼ 0 and " > 0. The ‘‘tickle field,’’ i.e., the
components of Heff perpendicular to M, is depicted by
the black arrows on top of the caps. One observes from
Fig. 1(b) that the tickle field strongly depends on the
external static magnetic field orientation ! and vanishes
for ! ¼ 0' and ! ¼ 90'. Thus, for Bu ¼ 0, the acoustic
FMR signal will vanish for ! ¼ n % 90', n 2 Z, resulting
in a fourfold symmetry. This is in stark contrast to conven-
tional FMR, in which the rf magnetic field is applied
externally and does not depend on !. Taken together, the
above model suggests that the characteristic dependence
on the orientation of the external static magnetic field can
be used as a fingerprint to distinguish acoustically driven
FMR from conventional FMR.

We next discuss our experimental results. Figure 2(a)
shows the magnitude of the transmission jS21j measured
in the nickel-lithium niobate hybrid as a function of fre-
quency at zero external magnetic field. Several rf trans-
mission maxima, corresponding to propagating SAWs, are
observed. The first transmission maximum occurs at the

SAW delay line fundamental frequency of 172 MHz. SAW
transmission is also observed at odd harmonics, which
allows choosing the magnetoelastic interaction frequency
in a range from 172 MHz to 3.6 GHz. Here, we constrain
our discussion to the fundamental frequency as well as the
5th, 9th, and 13th harmonic frequency, as these frequencies
exhibit the most intense SAW transmission for the chosen
IDT metallization ratio of 0.5. Using appropriate IDT
designs [17] it is possible to excite SAWs at several almost
arbitrarily chosen frequencies, or even a broad frequency
range. The inset in Fig. 2(a) exemplarily shows the fre-
quency dependence of jS21j around the 9th harmonic
(1.55 GHz) for two different values of the external mag-
netic field. The series of transmission lobes is characteristic
of a SAW delay line passband [17]. As "0jHj is changed
from 100 to 7 mT the damping of the SAW increases by
approximately 5 dB. Figure 2(b) depicts the evolution
of the SAW transmission as a function of magnetic field
strength for a full magnetic field sweep from $150 to
þ150 mT and back to $150 mT. The data correspond
to the SAW transmission averaged over the FWHM of

the central passband lobe jS21j. In addition to the hysteretic
magnetization switching at j"0Hj< 3 mT already re-
ported [13,14], two absorption maxima can be discerned
as pronounced dips in Fig. 2(b). The latter show no hys-
teresis, are symmetric to zero external magnetic field, and

FIG. 2 (color online). Experimental observation of elastically
driven FMR in SAW transmission. (a) jS21j as a function of
frequency at H ¼ 0. The inset shows jS21j around the 9th
harmonic, recorded with the external magnetic field applied at
! ¼ 30', for "0jHj ¼ 100 mT (solid line) and "0jHj ¼ 7 mT
(dotted line). (b) jS21j as a function of the external magnetic field
applied at ! ¼ 30' (solid lines: upsweep, dashed lines: down-
sweep). With increasing frequency, the damping of the SAW
increases and the field-symmetric absorption dips shift to higher
magnetic fields, as expected for FMR.
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Long-range spin Seebeck effect and acoustic
spin pumping
K. Uchida1,2, H. Adachi2,3, T. An1,2, T. Ota1,2, M. Toda4, B. Hillebrands5, S. Maekawa2,3

and E. Saitoh1,2,3,6*
Imagine that a metallic wire is attached to a part of a large
insulator, which itself exhibits no magnetization. It seems
impossible for electrons in the wire to register where the
wire is positioned on the insulator. Here we found that, using
a Ni81Fe19/Pt bilayer wire on an insulating sapphire plate,
electrons in the wire recognize their position on the sapphire.
Under a temperature gradient in the sapphire, surprisingly, the
voltage generated in the Pt layer is shown to reflect the wire
position, although the wire is isolated both electrically and
magnetically. This non-local voltage is due to the coupling of
spins and phonons: the only possible carrier of information in
this system.We demonstrate this coupling by directly injecting
sound waves, which realizes the acoustic spin pumping. Our
finding provides a persuasive answer to the long-range nature
of the spin Seebeck effect1–8, and it opens the door to
‘acoustic spintronics’ in which sound waves are exploited for
constructing spin-based devices.

The spin Seebeck effect (SSE) is known as the generation of
‘spin voltage’ in a magnet as a result of a temperature gradient1–8.
Spin voltage represents the potential for spins, which drives a spin
current9–12, that is, a flow of spin-angular momentum; when a
conductor is attached to a part of amagnet with a finite spin voltage,
the voltage injects a spin current into the conductor. The SSE is
of crucial importance in spintronics13–16 and energy-conversion
technology, because it enables simple and versatile generation of
spin currents from heat. The SSE has been observed in a variety
of materials ranging from magnetic metals1 and semiconductors4,8
to magnetic insulators3,5,6. However, the mechanism of the SSE in
metals is still to be clarified2,7.

In Fig. 1a, the conventional configuration of the SSE in
a ferromagnetic metal is illustrated schematically. The system
comprises a millimetre-sized rectangular ferromagnetic metal film
and a paramagnetic metal wire attached to the end of the
ferromagnetic metal. A uniform temperature gradient, rT , is
applied to the ferromagnetic metal along the x direction. If a spin
voltage is generated from rT in the ferromagnetic metal, it injects
a spin current with the spatial direction Js and the spin-polarization
vector � parallel to the magnetizationM of the ferromagnetic metal
film into the paramagnetic metal wire (Fig. 1a). This injected spin
current is converted into an electric field EISHE due to the inverse
spin Hall effect17–22 (ISHE) in the paramagnetic metal. When M
is along the rT direction, EISHE is generated along the y direction
because of the relation17–22

EISHE =DISHEJs ⇥� (1)

1Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan, 2CREST, Japan Science and Technology Agency, Sanbancho, Tokyo
102-0075, Japan, 3Advanced Science Research Centre, Japan Atomic Energy Agency, Tokai 319-1195, Japan, 4Graduate School of Engineering, Tohoku
University, Sendai 980-8579, Japan, 5Fachbereich Physik and Forschungszentrum OPTIMAS, Technische Universität Kaiserslautern, 67663 Kaiserslautern,
Germany, 6PRESTO, Japan Science and Technology Agency, Sanbancho, Tokyo 102-0075, Japan. *e-mail: saitoheiji@imr.tohoku.ac.jp.

The ISHE efficiency DISHE is enhanced in noble metals with strong
spin–orbit interaction, such as Pt. Therefore, by measuring EISHE,
we can detect the SSE electrically.

The unsolved issue of the SSE in ferromagnetic metals is the
long-range spatial distribution of the spin voltage1. When the
ferromagnetic metal (for example Ni81Fe19)/paramagnetic metal
system is placed in a uniform temperature gradient (Fig. 1a),
the thermally generated spin voltage was found to appear over
a millimetre scale in the ferromagnetic metal, a situation that
seemed inconsistent with the common knowledge that a spin
voltage disappears within a very short distance called the spin-
diffusion length23, typically a few to several hundred nanometres
in metals. This long-range nature of the SSE in ferromagnetic
metals was not solved even by the recently proposed mechanism
based on magnon propagation, which on the other hand explains
the experimental results in magnetic insulator (for example,
Y3Fe5O12, YIG) systems2,3,7.

In this study, we show that the ‘long-range’ feature of the SSE
in ferromagnetic metals can be explained by phonon-mediated
thermal spin pumping. We prepared a sample system consisting of
a Ni81Fe19/Pt bilayer thin wire placed on a single-crystal sapphire
substrate (Fig. 1b). This wire is completely isolated both electrically
and magnetically because there are no electric and spin carriers in
the sapphire. Owing to this structure, only acoustic vibration, or
phonons, can pass through the substrate (Fig. 1d). Therefore, if SSE
appears even in this sapphire/[Ni81Fe19/Pt-wire] structure, it will be
conclusive proof for the existence of phonon-mediatedmechanisms
in the SSE in ferromagneticmetals.Wemeasured the electric voltage
difference V (SSE voltage) between the ends of the Pt layer of the
sapphire/[Ni81Fe19/Pt-wire] sample at 300K while controlling the
temperature difference 1T between the ends of the substrate and
applying an external magnetic field H (with the magnitude H ) in
the x–y plane at an angle ✓ to the x direction (Fig. 1c).

During themeasurements, we confirmed a uniform temperature
gradient using an infrared camera. Figure 2a shows a temperature
image of the sapphire/[two Ni81Fe19/Pt-wires] sample placed in
a temperature gradient. As plotted in Fig. 2b, the temperature
distribution in the sapphire substrate has a linear profile along
the x direction. The inset to Fig. 2b shows that there are no
temperature variations along the y direction in the substrate. We
also confirmed that this temperature distribution in the substrate
is not changed by attaching voltage probes to the sample (see
Supplementary Section SA).

Figure 2d shows the SSE voltage V as a function of 1T at
H= 300 Oe in the sapphire/[Ni81Fe19/Pt-wire] sample, measured
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sample used for measuring the SAW-driven spin pumping.
The sample consists of a 3-lm-thick YIG film with 10-nm-
thick Pt wires attached to the top of the YIG film. The
single-crystalline YIG (111) film was grown on a 0.5-mm-
thick GGG (111) substrate by liquid phase epitaxy, and six
Pt wires were then sputtered in an Ar atmosphere. The sur-
face of the YIG layer has a 10! 3 mm2 rectangular shape.
The length and width of the Pt wires are 3 mm and 0.1 mm,
respectively. The interval between the adjacent Pt wires is
0.7 mm. To generate SAWs in the YIG film, an acrylic
wedge transducer with a PZT ceramic of dPZT¼ 0.4 mm
(fp¼ 5.4 MHz) is attached to the YIG surface [see Fig. 7(a)],
where the longitudinal sound waves generated from the PZT
are coupled with the surface modes in the YIG film.45,56 The
acrylic wedge was machined to the wedge angle hw¼ 51 #,
since SAWs are excited most efficiently when hw satisfies
sin hw ¼ vL=vSAW, where vL is the velocity of the longitudi-
nal bulk sound wave in the acrylic wedge ($2800 m=s) and
vSAW is the SAW velocity in the YIG film ($3600 m=s).56

When the AC voltage of f¼ 5.4 MHz is applied to the PZT,
strong SAWs are generated in the YIG film due to the piezo-
electric resonance of the PZT. In the Pt/YIG sample, if the
injected SAW modulates the magnon distribution function in
the YIG film via the magnon-phonon interaction, it induces a
spin current in the Pt wire. This SAW-driven spin current is
converted into an electric field owing to the ISHE in the Pt
wire [see Fig. 7(b) and Eq. (1)].

Figure 7(c) shows V between the ends of the Pt wire
nearest to the acrylic wedge transducer as a function of f at
Vpp¼ 10 V and H¼ 100 Oe, where the piezoelectric reso-
nance frequency of the PZT, fp¼ 5.4 MHz, is marked with a
red arrow. Also in the Pt/YIG lateral structure combined
with a piezoelectric wedge transducer, the V-dip signal was
found to appear in the vicinity of f¼ fp. The magnitude of
the observed V dip is proportional to the SAW intensity in
the YIG film [see the inset to Fig. 7(c)]. We confirmed that

extrinsic heating in the YIG film due to the piezoelectric res-
onance of the PZT is negligibly small.25 The magnetic-field-
dependent data shown in Figs. 7(d) and 7(e) are consistent
with Eq. (1), indicating that the observed V-dip signal is due
to the spin current and the ISHE in the Pt layer induced by
the SAW-driven spin pumping.

Owing to the lateral structure combined with the SAW,
we can investigate the Pt-wire-position dependence of the
ISHE voltage induced by the SAW-driven spin pumping in
the same Pt/YIG sample. In Fig. 7(f), we show V at f¼ 5.4
MHz as a function of xPt, the displacement of the Pt wire
from the end of the acrylic wedge transducer. The magnitude
of the V-dip signal was observed to decay exponentially with
increasing xPt. The decay length of V is estimated, via a fit-
ting using an exponential function, to be $1.3 mm, which
corresponds to the attenuation length of the SAW in the Pt/
YIG sample since the SAW-driven ISHE voltage in the Pt
wire is proportional to the SAW intensity [see the inset to
Fig. 7(c)]. This result indicates that the SAW-driven spin
pumping combined with the ISHE also enables the electric
detection of SAW propagation in magnetic hybrid structures.

IV. SUMMARY

In this paper, we report the systematic investigations on
the ASP: the generation of spin currents by a sound-wave
injection. Using Pt/Y3Fe5O12 (YIG)/piezoelectric-actuator
hybrid systems, we demonstrate that the sound waves
injected in the YIG layer generate a spin current in the Pt
film attached to the YIG. The injected spin current is con-
verted into an electric field due to the ISHE in the Pt film.
The ISHE signal induced by the ASP appears at the piezo-
electric resonance frequency of the actuator coupled with the
Pt/YIG sample. The experimental results show that, in the
present Pt/YIG/piezoelectric-actuator systems, the sign of
the sound-wave-driven signal is opposite to that of the

FIG. 7. (Color online) [(a) and (b)] The SAW-driven
spin pumping and the ISHE in the Pt=YIG sample. The
acrylic wedge transducer was attached to the YIG sur-
face with conductive epoxy. The AC voltage with the
frequency f and the peak-to-peak voltage Vpp was
applied between the top and bottom electrodes of the
PZT ceramic attached to the acrylic wedge. The PZT
has 3! 3 mm2 rectangular shape and 0.4 mm thickness.
The magnetic field H was applied along the x direction,
except when collecting the data in (e). (c) f dependence
of V between the ends of the Pt wire at xPt¼ 0.3 mm,
Vpp¼ 10 V, and H¼ 100 Oe. xPt denotes the position of
the Pt wires (xPt¼ 0 at the end of the acrylic wedge
transducer). Inset to (c) shows that the Vpp dependence
of V at xPt¼ 0.3 mm, f¼ 5.4 MHz, and H¼ 100 Oe.
[(d) and (e)] H dependence of V at xPt¼ 0.3 mm,
Vpp¼ 10 V, and f¼ 5.4 MHz, measured when H was
applied along the x (d) or y (e) direction. (f) xPt depend-
ence of V at Vpp¼ 10 V, f¼ 5.4 MHz, and H¼ 100 Oe.
The dashed line represents the fitting result using an ex-
ponential function.
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Acoustic spin pumping: Direct generation of spin currents from sound
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Using a Pt/Y3Fe5O12 (YIG) hybrid structure attached to a piezoelectric actuator, we demonstrate
the generation of spin currents from sound waves. This “acoustic spin pumping” (ASP) is caused
by the sound wave generated by the piezoelectric actuator, which then modulates the distribution
function of magnons in the YIG layer and results in a pure-spin-current injection into the Pt layer
across the Pt/YIG interface. In the Pt layer, this injected spin current is converted into an electric
voltage due to the inverse spin-Hall effect (ISHE). The ISHE induced by the ASP is detected by
measuring a voltage in the Pt layer at the piezoelectric resonance frequency of the actuator coupled
with the Pt/YIG system. The frequency-dependent measurements enable us to separate the ASP-
induced signals from extrinsic heating effects. Our model calculation based on the linear response
theory provides us with a qualitative and quantitative understanding of the ASP in the Pt/YIG
system. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3688332]

I. INTRODUCTION

A spin pumping effect refers to the transfer of spin-
angular momentum from magnetization dynamics in a
ferromagnet to conduction-electron spins in an attached
paramagnet;1–15 when a magnetization motion in the ferromag-
net is excited, a spin current11,16,17 is pumped out of the ferro-
magnet into the paramagnet. The spin pumping is of immense
importance in spintronics18–23 since it allows the generation of
pure spin currents using a simple ferromagnetic/paramagnetic
bilayer structure.

The conventional spin pumping has been operated by
microwaves of several GHz frequencies under ferromagnetic
resonance (FMR)1–8,10,12–15 or spin-wave resonance (SWR)9,11

conditions, where a steady magnetization motion is maintained
in a ferromagnet. This microwave-driven spin pumping has
been observed in a variety of sample systems ranging from
magnetic metals and semiconductors to magnetic insulators
covered with paramagnets.

In a recent letter, we have demonstrated a new type of
spin pumping: acoustic spin pumping (ASP).24,25 We
showed that spin currents are generated by an external injec-
tion of sound waves into a ferromagnet and that the sound-
wave-driven spin currents can be detected electrically by
means of the inverse spin-Hall effect5–15,26–28 (ISHE) in a
paramagnetic metal attached to the ferromagnet. The ASP
has been operated by sound waves of several MHz frequen-
cies (<10 MHz, far below the FMR or SWR frequencies) as
a consequence of the energy transfer from sound waves to
spin waves, or magnons, in a ferromagnet. In this paper, we

perform systematic experiments and formulate a theory of
the ASP in paramagnetic metal (Pt)/ferrimagnetic insulator
(Y3Fe5O12:YIG) hybrid structures.

II. EXPERIMENTAL PROCEDURES

Figure 1(a) shows a schematic illustration of the sample
system used in the present study. The sample consists of a
single-crystalline YIG slab with a Pt film attached to the
(100) surface of the YIG. The YIG surface was well polished
with alumina paste, and the resultant surface roughness was
confirmed to be <2 nm with an atomic force microscope.
The Pt layer was then fabricated by a radio-frequency mag-
netron sputtering method. The lengths of the YIG slab (Pt
film) along the x, y, and z directions are, respectively, 6 mm
(LPt¼ 6 mm), 2 mm (0.5 mm), and dYIG¼ 1 mm (15 nm),
except when collecting a set of sample-size-dependent data
shown in Sec. III C. The Pt/YIG sample is covered with a
silicone-rubber heat sink and is fixed on a piezoelectric actu-
ator: a polyvinylidene-fluoride (PVDF) film of the thickness
of 52 lm or a lead-zirconate-titanate (Pb(Zr,Ti)O3:PZT)
ceramic of the thickness of dPZT (¼ 0.6 mm, 0.4 mm, and
0.3 mm) [see Fig. 1(a)]. Each actuator is of 10" 3 mm2

rectangular shape. When an AC voltage is applied between
the top and bottom electrodes of the actuator, it vibrates in
the thickness direction (z direction) and injects longitudinal
sound waves into the attached YIG slab [see Fig. 1(b)].

The mechanism of the measurement is as follows. In the
Pt/YIG/piezoelectric-actuator system, if the injected sound
wave modulates the magnon distribution function in the YIG
slab via the magnon-phonon interaction, it induces a spin
current24 with the spatial direction Js and the spin-
polarization vector r parallel to the magnetization M of thea)Electronic mail: kuchida@imr.tohoku.ac.jp.
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Figure 2 | Experimental set-up for mobile spin resonance. a, Schematic
view of the sample. An interdigital transducer (IDT) formed on the
quantum well wafer generates SAWs propagating along ˆy (||[¯110]). A Ti film
with slits defines the straight and winding channels for the moving
piezoelectric dots. We set the sample in an electromagnet so that Bext is
parallel to the x axis. b, Optical reflectivity images of the straight and
winding channels.

the channels formed beneath the slits (Fig. 2a). Here, we discuss
experimental results for acoustically induced spin transport along

straight and winding channels whose dimensions are provided in
the optical reflectivity images shown in Fig. 2b.

We performed Kerr microscopy10,23 to measure the spin
dynamics of the electrons moving along the channels. A circularly
polarized pump light generates electron spins oriented along
ẑ at position (x, y) = (0,0) on the channels, and a linearly
polarized light probes the magneto-optic Kerr rotation, which
is proportional to the spin density at the probe position. By
scanning the probe position in the quantum well plane, we can
obtain two-dimensional images of the spin distribution under a
SAW.

Figure 3a maps the steady-state spin density for the straight
channel in the absence of an external magnetic field. The
long-lasting Kerr rotation signal indicates the successive carrier
transport along the channel formed under the slit of the metal
film. The Kerr rotation signal oscillations are attributed to the
spin precession induced by BSO (ref. 9). Although the random
fluctuations of BSO due to the electron scattering in themoving dots
induce the D’yakonov Perel’ spin relaxation24, the spin coherence
is maintained for a very long time (⇠20 ns) because of the
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pumping spin-polarized electrons at (x,y) = (0,0). The same data averaged along the x axis are plotted as a function of y on the right side of each Kerr
rotation image. c,d, Comparison of experimental and calculated Kerr rotation signals plotted as a function of Bext and y for the straight (c) and winding (d)
channels. The inset in c shows the Bext dependence of the spatial Larmor frequency (L) together with a fitted line from which we obtained the |BSO
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Manipulation of mobile spin coherence using
magnetic-field-free electron spin resonance
H. Sanada1*, Y. Kunihashi1, H. Gotoh1, K. Onomitsu1, M. Kohda2, J. Nitta2, P. V. Santos3

and T. Sogawa1

Electron spin resonance (ESR) has applications in the
manipulation of individual electron spins for quantum infor-
mation processing1–6. In general, ESR requires two external
magnetic fields: a static field (B0) to split the spin states in
energy and an oscillating field (B1) with the frequency resonant
to the splitting energy. However, spin manipulation methods
relying on real magnetic fields—much broader than the
size of individual electrons—are energetically inefficient and
unsuitable for future device applications. Here we demonstrate
an alternative approach where the spin–orbit interaction7

of trajectory-controlled electrons induces effective B0 and
B1 fields. These fields are created when electron spins surf
on sound waves8–10 along winding semiconductor channels.
The resultant spin dynamics—mobile spin resonance—is
equivalent to the usual ESR but requires neither static nor
time-dependent real magnetic fields to manipulate elec-
tron spin coherence.

In the electron systems in inhomogeneous magnetic fields
or systems with spin–orbit coupling, the motion of electrons
is converted to time-dependent effective magnetic fields. The
latest studies have reported that ESR can be driven by effective
B1 fields, which are produced by the reciprocating motion of
electrons with spatially dependent spin splitting11–13 or with
spin–orbit coupled systems14–16, but these techniques still need
external B0 fields. A promising approach for incorporating effective
B0 fields is the use of long-distance spin transport, which
induces spin precessions around the static spin–orbit magnetic
fields9,17. In addition, spin-qubit operations usingmoving quantum
dots have been theoretically proposed18. Thus, we expect all
of the magnetic fields needed for ESR to be replaced with
spin–orbit effective magnetic fields (BSO) by using trajectory-
controlled travelling electrons.

Mobile spin resonance is based on the dependence of BSO on
the electron momentum vector k. For simplicity, we assume a
two-dimensional electron system in a (001) III–V quantum well
with only k-linear terms in the Dresselhaus spin–orbit interaction19

(SOI). The effective Dresselhaus field is described by

BSO(k)= 2�
gµB

0

@
ky
kx
0

1

A (1)

where we used a coordinate system with base vectors x̂ k [110],
ŷ k [1̄10] and ẑ k [001]. Here, g is the g factor of the electrons, µB is
the Bohr magneton and � is a constant proportional to the strength
of the Dresselhaus SOI. The vectors determined by equation (1) in
k-space are plotted in Fig. 1a.
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Figure 1 |Direction of momentum vectors and spin–orbit effective
magnetic fields. a, Dresselhaus spin–orbit effective fields for different
k-vectors. b, k-vectors and Dresselhaus fields for electrons moving along a
sinusoidal channel. c, The travelling electrons experience static (BSO

0 ) and
oscillating (BSO

1 ) fields that are normal to each other.

Now we consider electrons travelling along the sinusoidal
channel shown in Fig. 1b. At each position of the channel, the
deflection angle of the path determines the direction of the k-vector.
As a result, the moving electrons experience an effective magnetic
field that swings with the frequency f = vy/⌦, where vy is the
time-averaged y-component of the electron velocity and ⌦ is the
period of the winding channel. In the reference frame moving with
the electrons, the time-dependent effective magnetic field can be
expressed as the sum of a static field (BSO

0 ) and an oscillating field
(BSO

1 ; Fig. 1c). As BSO
0 and BSO

1 are normal to each other, they can
drive coherent Rabi rotations when hf matches the spin-splitting
energy, that is, hf = gµB|BSO

0 |, where h is the Planck constant. Note
that a similar mechanism with different vector configurations also
applies to electron systems with the Rashba SOI (ref. 20), or with
both Dresselhaus and Rashba contributions.

To control the trajectory of travelling electrons, we adopted
acoustically induced moving dots21,22 produced in an undoped
20-nm-thick GaAs/AlGaAs (001) quantum well, where the SOI
acting on the two-dimensionally confined electrons is dominated by
the Dresselhaus term10. The piezoelectric field induced by a surface
acoustic wave (SAW) beam propagating along ŷ(||[1̄10]) produces
an array of potential wires, which align in the h110i direction and
move along ŷ with the acoustic velocity vSAW ⇡ 2.97 km s�1. A Ti
film with 3-µm-wide slits deposited on the wafer partially screens
the piezoelectric field and produces moving dots that travel along
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Magneto-optic Kerr microscopy was employed to investigate the spin-orbit interactions of electrons

traveling in semiconductor quantum wells using surface acoustic waves (SAWs). Two-dimensional

images of the spin flow induced by SAWs exhibit anisotropic spin precession behaviors caused by the

coexistence of different types of spin-orbit interactions. The dependence of spin-orbit effective magnetic

fields on SAW intensity indicates the existence of acoustically controllable spin-orbit interactions

resulting from the strain and Rashba contributions induced by the SAWs.

DOI: 10.1103/PhysRevLett.106.216602 PACS numbers: 72.25.Dc, 71.70.Ej, 71.70.Fk, 77.65.Dq

The control of the spin-orbit interaction (SOI) in semi-
conductors is one of the keys to developing spintronics
technologies [1] because it will greatly enhance spin life-
times [2] and enable spin manipulation in ways that have
been proposed for spin field-effect transistors [3], spin
filters [4], and quantum computers [5]. The measurement
of spin precession during carrier transport is a straightfor-
ward way of investigating SOIs in semiconductors.
Conventional techniques involving spin transport under a
dc-electric field [6] have been used to observe the spin
precessions induced by SOI in the absence of an applied
magnetic field [7]. Surface acoustic waves (SAWs) applied
to semiconductor quantum wells (QWs) provide another
way to transport electron spin coherence [8–10]. This
method has the advantage of effectively suppressing the
dominant spin relaxation process caused by the electron-
hole exchange interaction [11], owing to the spatial sepa-
ration of electrons and holes in the type-II-like lateral
potential modulation created by the SAWs [8]. As a result,
it has become possible to transport electrons acoustically
over distances close to 100 !m while maintaining their
spin coherence during precession around the effective
magnetic fields caused by SOIs [9].

The effective magnetic field induced by any type of SOI
can be used to manipulate the spin states of moving elec-
trons. In systems with the Rashba SOI [12], the strength of
the SOI can be controlled by an external gate voltage [13].
Recently, alternative SOIs induced by strain have been
experimentally investigated in lattice mismatched hetero-
structures [7,14,15] and mechanically strained samples
[16–18]. In contrast to the static strain fields used in these
studies, SAWs provide dynamic strain and piezoelectric
fields, thus opening the way for tuning the SOI by electri-
cally adjusting the SAW intensity.

Measurements of the momentum direction dependence
of SOIs have been widely used to determine their origins
[7,14,15,19]. However, in the previous acoustic spin

transport experiments based on photoluminescence polar-
ization measurements [8–10], a detailed analysis of the
momentum direction dependence of the SOIs has been
difficult to achieve, because the photoluminescence
method requires special procedures for enhancing radiative
recombination by locally screening the SAW-induced pie-
zoelectric field. Here, we adopted the magneto-optic Kerr
rotation (KR) method to explore the two-dimensional (2D)
dynamics of traveling spins under SAWs over a wide range
of acoustic amplitudes. This KR detection method does not
require carrier recombination and so provides flexibility
when we perform spatially resolved measurements of spins
traveling in the QW plane. The present experiment, in
which we precisely determined the SOIs with strengths
of the order of 10!14 eVm, reveals the existence of spa-
tially anisotropic SOIs as well as their dependence on SAW
strength. A theoretical analysis of the experimental results
elucidates the mechanisms of the acoustically controllable
spin dynamics by taking into account the SAW-dependent
SOIs induced by both the strain and Rashba contributions
as well as the SAW-independent static SOIs.
The sample we studied was a 20-nm-thick undoped

GaAs single QW with short-period GaAs=AlAs (30%
average Al content) barriers grown by molecular-beam
epitaxy on a (001) semi-insulating GaAs substrate.
The QW was located 485 nm below the surface. A 50-
nm-thick Al film deposited on top of the sample was
processed by electron-beam lithography into interdigital
transducers, which were designed for operation at a SAW
wavelength of 2:55 !m and a frequency of 1.154 GHz.
Rayleigh SAWs propagating along ½#110$ with a SAW
velocity jvSAWj ¼ 2:9 km=s produce ‘‘moving wires,’’
which are formed by 1D lateral confinement of the
SAW-induced piezoelectric potential. The interference
of two orthogonal SAW beams forms ‘‘moving dots’’
traveling along [010] with a velocity of

ffiffiffi
2

p
jvSAWj

(Fig. 1, inset) [9].
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The spin dynamics during transport was measured by
time- and spatially resolved KR microscopy using a mode-
locked Ti:sapphire laser (1.5 ps, 82 MHz, 1.527 eV) as
illustrated in the inset in Fig. 1. Circularly polarized pump
pulses (an averaged power of 1:1 !W) were focused at a
fixed position on the sample, while the KR angle of re-
flected linearly polarized probe pulses (0:9 !W) with a
time delay was measured by using a balanced detection
technique. The polarization of the pump light was modu-
lated between left- and right-circular polarizations at
50.1 kHz, and the probe light was chopped by using an
acousto-optic modulator at 52.0 kHz. The difference fre-
quency (1.9 kHz) was used as a reference for lock-in
detection. The full width at half maximum spot size of
the normally incident probe beam was approximately
3 !m, whereas the waist size of the obliquely incident
pump beam was 6 !m and its spot on the sample was
slightly elongated along the [100] direction. The position
of the probe light spot was scanned in the QW plane for
spatially resolved KR measurements. For the 2D mapping
of steady-state spin distributions, we adopted a two-color
pump-probe method using a pair of cw Ti:sapphire lasers.
All the measurements were carried out at 30 K in the
absence of applied magnetic fields.

Figure 1 shows the spatiotemporal evolution of photo-
injected spins trapped in the moving dots traveling along
[010]. The slope of the KR signal in Fig. 1 indicates that
the spin-polarized electrons move with the expected veloc-

ity of
ffiffiffi
2

p
jvSAWj ¼ 4:14 km=s. The oscillations with a

period of about 4.5 ns are attributed to spin precession
around the SO effective magnetic field. The data thus
clearly demonstrate that our method successfully extracts
information about the spin dynamics including spin trans-
port and spin precession induced by SOIs.

Figure 2 compares the spatial mapping of the steady-
state spin densities for moving wires [Figs. 2(a) and 2(c)]
and moving dots [Fig. 2(b)]. In the two-color measure-
ment, the pump energy was fixed at 1.527 eV, whereas the
probe energy was tuned at 1.525, 1.526, and 1.528 eV for

½!110#, [010], and [110], respectively, because the band gap
energies at the electron-trapping positions are modulated
by SAW fields [20]. The pump (probe) power was
20 ð0:9Þ !W, respectively. In contrast to the well-confined
carrier transport by moving dots [Fig. 2(b)], carriers in
moving wires diffuse rapidly along the wire axis
[Figs. 2(a) and 2(c)]. Though the KR signal for the wires
is reduced by the carrier diffusion, we can access the
momentum direction dependences of spin precessions
[Fig. 2(d)], where the sum of the mapping data
[Figs. 2(a)–2(c)] shows that the isophase lines have clear
elliptical shapes. In Fig. 2(e), the KR angles "K (open
circles) along the particular axes (½!110#, [010], and
[110]) are fitted with a function "KðdÞ ¼ "0 cosð2#$dÞ&
expð'd=LsÞ, where d is the pump-probe distance
and Ls and $ are fitting parameters representing the
spin decay length and spatial precession frequency,
respectively. We obtained $½!110# ¼ 0:0589( 0:0008,
$½010# ¼0:05369(0:00009, and $½110# ¼ 0:0460(
0:0006 !m'1, for the traveling directions ½!110#, [010],
and [110], respectively. Since $ is proportional to the SO
effective magnetic field, these results demonstrate that the
SOIs are spatially anisotropic in the present system.
The SOI dependence on the traveling direction is known

to be caused by the coexistence of different types of SOIs
[7,14,15,19]. For electrons confined in (001) QWs, the
momentum-dependent effective magnetic field !soðkÞ
is primarily determined by k-linear terms, which are
classified into two types [21]:

FIG. 2 (color). (a)–(d) 2D images of spin densities for moving
wires traveling along ½!110# (a), [110] (c), and for moving dots
traveling along [010] (b). The sum of the data (a)–(c) is plotted in
(d), where the dashed ellipses are guides to the eye. (e) Line cuts
along the three directions in the data (a)–(c) are plotted (sym-
bols) with fitted curves (red lines). The dashed lines represent
precession phases of #=2; ð3=2Þ#; ð5=2Þ#; . . . .

FIG. 1 (color). Spatiotemporal evolution of the KR signal for
the moving dots traveling along [010]. The dashed line shows the
slope determined by

ffiffiffi
2

p
jvSAWj. Inset: The setup for spatially

resolved KR measurements.
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illustrated in the inset in Fig. 1. Circularly polarized pump
pulses (an averaged power of 1:1 !W) were focused at a
fixed position on the sample, while the KR angle of re-
flected linearly polarized probe pulses (0:9 !W) with a
time delay was measured by using a balanced detection
technique. The polarization of the pump light was modu-
lated between left- and right-circular polarizations at
50.1 kHz, and the probe light was chopped by using an
acousto-optic modulator at 52.0 kHz. The difference fre-
quency (1.9 kHz) was used as a reference for lock-in
detection. The full width at half maximum spot size of
the normally incident probe beam was approximately
3 !m, whereas the waist size of the obliquely incident
pump beam was 6 !m and its spot on the sample was
slightly elongated along the [100] direction. The position
of the probe light spot was scanned in the QW plane for
spatially resolved KR measurements. For the 2D mapping
of steady-state spin distributions, we adopted a two-color
pump-probe method using a pair of cw Ti:sapphire lasers.
All the measurements were carried out at 30 K in the
absence of applied magnetic fields.

Figure 1 shows the spatiotemporal evolution of photo-
injected spins trapped in the moving dots traveling along
[010]. The slope of the KR signal in Fig. 1 indicates that
the spin-polarized electrons move with the expected veloc-

ity of
ffiffiffi
2

p
jvSAWj ¼ 4:14 km=s. The oscillations with a

period of about 4.5 ns are attributed to spin precession
around the SO effective magnetic field. The data thus
clearly demonstrate that our method successfully extracts
information about the spin dynamics including spin trans-
port and spin precession induced by SOIs.

Figure 2 compares the spatial mapping of the steady-
state spin densities for moving wires [Figs. 2(a) and 2(c)]
and moving dots [Fig. 2(b)]. In the two-color measure-
ment, the pump energy was fixed at 1.527 eV, whereas the
probe energy was tuned at 1.525, 1.526, and 1.528 eV for

½!110#, [010], and [110], respectively, because the band gap
energies at the electron-trapping positions are modulated
by SAW fields [20]. The pump (probe) power was
20 ð0:9Þ !W, respectively. In contrast to the well-confined
carrier transport by moving dots [Fig. 2(b)], carriers in
moving wires diffuse rapidly along the wire axis
[Figs. 2(a) and 2(c)]. Though the KR signal for the wires
is reduced by the carrier diffusion, we can access the
momentum direction dependences of spin precessions
[Fig. 2(d)], where the sum of the mapping data
[Figs. 2(a)–2(c)] shows that the isophase lines have clear
elliptical shapes. In Fig. 2(e), the KR angles "K (open
circles) along the particular axes (½!110#, [010], and
[110]) are fitted with a function "KðdÞ ¼ "0 cosð2#$dÞ&
expð'd=LsÞ, where d is the pump-probe distance
and Ls and $ are fitting parameters representing the
spin decay length and spatial precession frequency,
respectively. We obtained $½!110# ¼ 0:0589( 0:0008,
$½010# ¼0:05369(0:00009, and $½110# ¼ 0:0460(
0:0006 !m'1, for the traveling directions ½!110#, [010],
and [110], respectively. Since $ is proportional to the SO
effective magnetic field, these results demonstrate that the
SOIs are spatially anisotropic in the present system.
The SOI dependence on the traveling direction is known

to be caused by the coexistence of different types of SOIs
[7,14,15,19]. For electrons confined in (001) QWs, the
momentum-dependent effective magnetic field !soðkÞ
is primarily determined by k-linear terms, which are
classified into two types [21]:
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wires traveling along ½!110# (a), [110] (c), and for moving dots
traveling along [010] (b). The sum of the data (a)–(c) is plotted in
(d), where the dashed ellipses are guides to the eye. (e) Line cuts
along the three directions in the data (a)–(c) are plotted (sym-
bols) with fitted curves (red lines). The dashed lines represent
precession phases of #=2; ð3=2Þ#; ð5=2Þ#; . . . .
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the moving dots traveling along [010]. The dashed line shows the
slope determined by
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news & views

Electron spin resonance1 (ESR), which 
is based on the resonant absorption 
of electromagnetic energy by an 

electron spin, has diverse applications in 
chemistry, biology, medicine and physics. 
!e technique also plays an essential role in 
spin-based quantum information processing 
as it enables the coherent manipulation of 
electron spins2,3. However, ESR is not easily 
scalable: it requires two perpendicular 
magnetic-"eld components: one static and 
one alternating. !e static "eld is usually 
generated by a large magnet, whereas the 
alternating "eld is produced by a microwave 
generator3. !e physical size of these devices 
makes it non-trivial to address individual 
spins packed in a small space. E#orts 
have been made to eliminate the need for 
an oscillating magnetic "eld (ref. 4, for 
example) but these alternative techniques 
still require a static magnetic "eld. Writing 
in Nature Physics, Haruki Sanada and 
colleagues5 use a clever trick to demonstrate 
ESR in a semiconductor without applying 
any external magnetic "eld.

For ESR spin manipulation, a static 
"eld B0 is applied parallel to one of the two 
basis states of the electron spin operator — 
conventionally referred to as spin-up or spin-
down — along the z axis. !e spin precesses 
around the z axis at the Larmor frequency. 
In the rotating frame of this precession, 
a spin state can be represented by a static 
point on the surface of the so-called Bloch 
sphere. An alternating magnetic "eld B1 
applied perpendicular to B0 with a frequency 
matching the Larmor precession can rotate 
the spin around an axis perpendicular to the 
z axis. !en, by controlling the duration of 
rotation, the spin state can be rotated to any 
point on the Bloch sphere.

Is it possible to generate these magnetic-
"eld components without an external 
magnetic-"eld source? It is known that 
the spin–orbit interaction — a relativistic 
e#ect between a moving charge and an 
electric "eld — can provide such an e#ective 
magnetic "eld. In certain materials, the 
symmetry of the crystal structure leads to an 
intrinsic spin–orbit interaction such that the 
mere movement of the electrons in a certain 

direction can produce an e#ective magnetic 
"eld. Stotz et al.6 used this mechanism to 
create spin rotation by dragging electrons 
using surface acoustic waves (SAWs) — 
sound waves travelling on the material 
surface. In a piezoelectric material such as 
GaAs, the SAW-induced lattice deformations 
produce waves in the electrostatic potential. 
!e moving potential troughs can be used to 
carry electrons at a constant velocity — the 
SAW velocity7. When the transport direction 
is aligned with a certain crystal orientation, 
the electrons experience a static e#ective 
magnetic "eld owing to the spin–orbit 
interaction, which consequently precesses 
the spin around the axis parallel to the "eld.

But how can the alternating "eld be 
added? !is is where the ingenuity of Sanada 
and colleagues’ work lies. To understand 
their method, we need to look at the 
dependence of spin–orbit interactions on 
the crystal orientation. In (001)-oriented 
GaAs, the Dresselhaus spin–orbit interaction 
is such that when the momentum 

component kx or ky is in the [110] or [110] 
direction, an e#ective magnetic "eld appears 
perpendicular to the momentum direction 
in the x–y plane. If the SAWs travel in the 
y direction, but electrons are forced to 
take a meandering path de"ned by surface 
gates (as shown in Fig. 1), the momentum 
component kx oscillates, whereas ky is 
constant. As a result, a constant B0

SO in the 
x direction and an alternating B1

SO in the 
y direction are simultaneously generated. 
!e oscillation frequency of B1

SO is de"ned 
by the period of the winding path and the 
SAW velocity. !e ‘resonance’ is achieved by 
matching this oscillation frequency to the 
Larmor frequency given by B0

SO. Although 
in the actual experiment Sanada et al. 
did use an external magnetic "eld to 
verify the spin resonance (by varying the 
Larmor frequency), in principle no external 
magnetic "eld is required.

So, will Sanada and colleagues’ method 
‘fully’ replace other ESR techniques in spin-
based quantum information processing? 

ELECTRON SPIN

The long and winding road
In electron spin resonance techniques, spins are usually manipulated by applying external magnetic fields, but the 
same e!ect can be obtained by guiding electrons along a meandering path using surface acoustic waves.

Masaya Kataoka

B0
SO

y

B1
SO

x

Figure 1 | Magnetic field-free ESR. Using SAWs in GaAs, electrons are guided along a meandering path. 
The SAWs move the electrons in the y direction with a constant momentum, generating a constant 
e!ective magnetic field B0

SO in the x direction through the spin–orbit interaction. The meandering path 
oscillates the momentum in the x direction, generating an alternating e!ective magnetic field B1

SO in 
the y direction.
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　　　　　 Time-resolved Kerr spectroscopy 
bination of the carriers by depositing semitransparent metal
stripes to short-circuit !SAW at the surface.2 Due to the
sample geometry, however, the screening of !SAW at the QW
plane was not strong enough to induce a PL signal for spin
detection.

The experiments were carried out with the sample in a
microscope cryostat with an external coil to apply in-plane
magnetic fields Bext up to 0.15 T !Fig. 1". The output of a
tunable Ti:sapphire laser producing 2 ps pulses with a rep-
etition rate of 76 MHz is split into pump and probe beams
which are focused at the generation !G" and detection !D"
points with intensities IG=100 "W and ID=10 "W, respec-
tively. The pump beam is polarization-modulated using a
photoelastic modulator !PEM" operating at 50 kHz and fo-
cused under oblique incidence onto a 15 "m spot on the
sample surface. The linearly polarized probe is focused onto
a 10 "m spot and can be delayed by up to 5 ns relative to
the pump using a 1 m delay line. The change in probe polar-
ization induced by interactions with electron spins is de-
tected by using a # /2-plate, a Wollaston prism, and a pair of
balanced photodetectors whose signal is detected by lock-in
amplifiers synchronized with the PEM #lock-in !a"$ and an
optical chopper on the probe path #lock-in !b"$.

The pulsed pump beam creates a high carrier concentra-
tion within the illuminated area of the undoped QW, which
was probed by measuring the changes $IR in the probe re-
flectivity as a function of position and time.12 All measure-
ments were carried out with the laser energy tuned to the
electron heavy-hole exciton !#hh%813.1 nm", and using a
SAW generated by applying Prf=20 dBm to the IDT. In or-
der to discriminate SAW effects from the thermal ones aris-
ing from the high Prf, the rf and the laser excitations were
applied in the form of square pulses at a frequency of
&200 Hz. The optical measurements were then carried out
with the rf and optical pulses in-phase !SAW plus thermal
effects" and out-of-phase !only thermal effects". Due to the
slow thermal relaxation, the temperature is approximately
the same in both cases. The latter was estimated to be ap-
proximately 53 K from the energetic shifts of the PL lines at
the generation point.

The bright areas in the two-dimensional plot for $IR in
Fig. 2!a" show the spatial-temporal evolution of the carrier
density generated by the pump beam under the acoustic
field. The high carrier concentration around %x=0 drifts
initially slowly along the SAW propagation direction with an
average velocity much smaller than the SAW velocity
vSAW=#SAWfSAW=2.93 "m /ns !dashed line, where fSAW
=524 MHz is SAW resonance frequency at the measurement
temperature". The low effective carrier velocity is attributed
to the screening of the SAW piezoelectric field by the high
carrier concentration present after the pump pulse. As a re-
sult, only a small fraction of the generated carriers are trans-
ported by each of the first SAW cycles following the pump.
The carriers trapped in the first few SAW cycles lead to the
faint cloud around the dashed line in Fig. 2!a". These carri-
ers, however, maintain their spin polarization over long
transport distances, as illustrated in Fig. 2!b", which displays
the normalized TRKR signal $IK for Bext=65 mT detected
under the same conditions as in Fig. 2!a". The clear oscilla-
tions in $IK following the vSAW-line are attributed to the
precession of the photoexcited electron spins moving with
vSAW around the magnetic field Bext.

In order to extract quantitative information from the
spatial-temporal plots !cf. Fig. 2", Fig. 3 displays profiles for
$IK recorded along the dashed !circles" and dot-dashed
!squares" lines in Fig. 2!b", in the presence !open symbols"
and absence !solid symbols" of a magnetic field Bext
=65 mT. The lines were obtained by fitting the measured
data to the expected spin dynamics during Larmor precession
under a transverse magnetic field Bext given by

$IK & exp'−
%t

T2
!(cos!2'(L%t", (L =

g"B

h
Bext, !1"

where g is the g-factor, "B the Bohr magneton, h the
Planck’s constant, (L the precession frequency, and T2

! the

FIG. 2. !Color online" !a" Reflectivity !$IR" and !b" Kerr signal !$IK" as a
function of the delay time !%t" and distance !%x" between pump and probe
pulses under a magnetic field Bext=65 mT and a SAW power Prf
=20 dBm. The dashed line has a slope equal to the SAW velocity vSAW.

FIG. 3. !Color online" TRKR signal $IK at %x=0 in the absence of SAW
!squares" and in the presence of a SAW #circles, measured along the dashed
line in Fig. 2!b"$. The solid and open symbols were measured for Bext=0 and
65 mT, respectively. The lines are fits of Eq. !1" to the data. The inset shows
the corresponding time-resolved reflectivity $IR obtained at %x=0 without
SAWs !squares" and along the SAW path #circles, from Fig. 2!a"$.
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Time-resolved Kerr reflectometry !TRKR" is used to investigate the long-range transport of spins by
surface acoustic waves in undoped GaAs !110" quantum wells. TRKR measurements under an
applied magnetic field demonstrate the coherent precession of the optically generated electron spin
during acoustic transport over several micrometers and yield information about the relaxation
processes for moving spins. © 2010 American Institute of Physics. #doi:10.1063/1.3524218$

The moving piezoelectric potential !SAW created by a
surface acoustic wave !SAW" provides an efficient tool for
the transport and manipulation of spins in semiconductor
quantum wells !QWs".1–3 These potentials can capture pho-
togenerated electrons and holes in their spatially separated
maxima and minima, respectively, thus dramatically increas-
ing the recombination lifetime. The trapped carriers can then
be transported with the well-defined SAW velocity vSAW
while maintaining the electron spin coherence over long dis-
tances. Long electron spin transport distances require the
control of spin scattering mechanisms and, therefore, spin
coherence time. The spatial separation of electrons and holes
by the SAW field has the beneficial effect of reducing the
electron-hole exchange interaction, which is a main spin
scattering mechanism in undoped semiconductors #the Bir–
Aronov–Pikus !BAP" spin dephasing mechanism$.1 A second
important scattering mechanism for moving spins arises from
the spin-orbit coupling #the Dyakonov–Perel !DP" spin
dephasing4$, which makes the spin precession angle depen-
dent on the carrier trajectory. Two approaches have been pro-
posed to reduce DP dephasing during acoustic transport in
GaAs-based QW structures. The first consists of controlling
the electron momentum and spin relaxation processes
through mesoscopic confinement of carriers in moving po-
tential dots produced by the interference of two SAW
beams.2 The second, which will be explored here, takes ad-
vantage of the special symmetry of GaAs !110" QWs. The
latter makes DP spin dephasing processes inoperative for
electron spins oriented along the growth axis, reducing also
the overall dephasing of spins precessing around an axis ly-
ing in the QW plane.3–8

Previous investigations of the acoustically induced spin
transport in !110" QWs were carried out using optical exci-
tation to generate spin-polarized electron-hole pairs in an un-
doped QW. The spin density after transport was then de-
tected by analyzing the circular polarization of the
photoluminescence !PL" emitted when the carriers are
brought to recombine after transport over several tens of
micrometers.2,3 The PL detection presupposes an efficient ra-
diative recombination of the acoustically transported carriers,
which is difficult to achieve in deep transport channels. In
addition, the spin information is lost after recombination,
thus limiting the use of this technique in many spintronics
applications.

In this letter, we demonstrate an alternative approach to
detect spins during acoustic transport in GaAs !110" QWs
based on spatial- and time-resolved Kerr reflectometry
!TRKR".9,10 Here, the spins are optically generated using a
circularly polarized pump laser pulse focused onto the SAW
path !cf. inset of Fig. 1". They are then detected during
acoustic transport by measuring the change in polarization of
a weaker, linearly polarized probe pulse displaced by "x and
delayed by "t with respect to the pump. An in-plane mag-
netic field perpendicular to the transport path induces the
coherent precession of the spin vector as a function of "x,
thus delivering information about the spin scattering pro-
cesses. This technique has also been recently successfully
applied in spin relaxation studies in moving potential dots in
GaAs QWs.11

The sample used in the studies consists of a 20 nm thick
undoped GaAs !110" QW with Al0.15Ga0.85As barriers lo-
cated 400 nm below the surface. In order to enhance the
piezoelectric field, the whole structure was coated with a 424
nm thick piezoelectric ZnO film. The SAW was generated
along the x % #001$ surface direction by an interdigital trans-
ducer !IDT" !cf. inset of Fig. 1" designed for an acoustic
wavelength #SAW=5.6 $m. Attempts have been made to
block the acoustic transport and induce the radiative recom-

a"Electronic mail: alberto@pdi-berlin.de.
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FIG. 1. !Color online" Setup for the detection of acoustic spin transport
using TRKR. The IDT launches SAWs propagating along the #001$ axis.
Spin polarized electrons are excited by a circularly polarized pump beam
and detected using a probe beam focused "x away from the pump.
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Magneto-optic Kerr microscopy was employed to investigate the spin-orbit interactions of electrons

traveling in semiconductor quantum wells using surface acoustic waves (SAWs). Two-dimensional

images of the spin flow induced by SAWs exhibit anisotropic spin precession behaviors caused by the

coexistence of different types of spin-orbit interactions. The dependence of spin-orbit effective magnetic

fields on SAW intensity indicates the existence of acoustically controllable spin-orbit interactions

resulting from the strain and Rashba contributions induced by the SAWs.

DOI: 10.1103/PhysRevLett.106.216602 PACS numbers: 72.25.Dc, 71.70.Ej, 71.70.Fk, 77.65.Dq

The control of the spin-orbit interaction (SOI) in semi-
conductors is one of the keys to developing spintronics
technologies [1] because it will greatly enhance spin life-
times [2] and enable spin manipulation in ways that have
been proposed for spin field-effect transistors [3], spin
filters [4], and quantum computers [5]. The measurement
of spin precession during carrier transport is a straightfor-
ward way of investigating SOIs in semiconductors.
Conventional techniques involving spin transport under a
dc-electric field [6] have been used to observe the spin
precessions induced by SOI in the absence of an applied
magnetic field [7]. Surface acoustic waves (SAWs) applied
to semiconductor quantum wells (QWs) provide another
way to transport electron spin coherence [8–10]. This
method has the advantage of effectively suppressing the
dominant spin relaxation process caused by the electron-
hole exchange interaction [11], owing to the spatial sepa-
ration of electrons and holes in the type-II-like lateral
potential modulation created by the SAWs [8]. As a result,
it has become possible to transport electrons acoustically
over distances close to 100 !m while maintaining their
spin coherence during precession around the effective
magnetic fields caused by SOIs [9].

The effective magnetic field induced by any type of SOI
can be used to manipulate the spin states of moving elec-
trons. In systems with the Rashba SOI [12], the strength of
the SOI can be controlled by an external gate voltage [13].
Recently, alternative SOIs induced by strain have been
experimentally investigated in lattice mismatched hetero-
structures [7,14,15] and mechanically strained samples
[16–18]. In contrast to the static strain fields used in these
studies, SAWs provide dynamic strain and piezoelectric
fields, thus opening the way for tuning the SOI by electri-
cally adjusting the SAW intensity.

Measurements of the momentum direction dependence
of SOIs have been widely used to determine their origins
[7,14,15,19]. However, in the previous acoustic spin

transport experiments based on photoluminescence polar-
ization measurements [8–10], a detailed analysis of the
momentum direction dependence of the SOIs has been
difficult to achieve, because the photoluminescence
method requires special procedures for enhancing radiative
recombination by locally screening the SAW-induced pie-
zoelectric field. Here, we adopted the magneto-optic Kerr
rotation (KR) method to explore the two-dimensional (2D)
dynamics of traveling spins under SAWs over a wide range
of acoustic amplitudes. This KR detection method does not
require carrier recombination and so provides flexibility
when we perform spatially resolved measurements of spins
traveling in the QW plane. The present experiment, in
which we precisely determined the SOIs with strengths
of the order of 10!14 eVm, reveals the existence of spa-
tially anisotropic SOIs as well as their dependence on SAW
strength. A theoretical analysis of the experimental results
elucidates the mechanisms of the acoustically controllable
spin dynamics by taking into account the SAW-dependent
SOIs induced by both the strain and Rashba contributions
as well as the SAW-independent static SOIs.
The sample we studied was a 20-nm-thick undoped

GaAs single QW with short-period GaAs=AlAs (30%
average Al content) barriers grown by molecular-beam
epitaxy on a (001) semi-insulating GaAs substrate.
The QW was located 485 nm below the surface. A 50-
nm-thick Al film deposited on top of the sample was
processed by electron-beam lithography into interdigital
transducers, which were designed for operation at a SAW
wavelength of 2:55 !m and a frequency of 1.154 GHz.
Rayleigh SAWs propagating along ½#110$ with a SAW
velocity jvSAWj ¼ 2:9 km=s produce ‘‘moving wires,’’
which are formed by 1D lateral confinement of the
SAW-induced piezoelectric potential. The interference
of two orthogonal SAW beams forms ‘‘moving dots’’
traveling along [010] with a velocity of

ffiffiffi
2

p
jvSAWj

(Fig. 1, inset) [9].
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The spin dynamics during transport was measured by
time- and spatially resolved KR microscopy using a mode-
locked Ti:sapphire laser (1.5 ps, 82 MHz, 1.527 eV) as
illustrated in the inset in Fig. 1. Circularly polarized pump
pulses (an averaged power of 1:1 !W) were focused at a
fixed position on the sample, while the KR angle of re-
flected linearly polarized probe pulses (0:9 !W) with a
time delay was measured by using a balanced detection
technique. The polarization of the pump light was modu-
lated between left- and right-circular polarizations at
50.1 kHz, and the probe light was chopped by using an
acousto-optic modulator at 52.0 kHz. The difference fre-
quency (1.9 kHz) was used as a reference for lock-in
detection. The full width at half maximum spot size of
the normally incident probe beam was approximately
3 !m, whereas the waist size of the obliquely incident
pump beam was 6 !m and its spot on the sample was
slightly elongated along the [100] direction. The position
of the probe light spot was scanned in the QW plane for
spatially resolved KR measurements. For the 2D mapping
of steady-state spin distributions, we adopted a two-color
pump-probe method using a pair of cw Ti:sapphire lasers.
All the measurements were carried out at 30 K in the
absence of applied magnetic fields.

Figure 1 shows the spatiotemporal evolution of photo-
injected spins trapped in the moving dots traveling along
[010]. The slope of the KR signal in Fig. 1 indicates that
the spin-polarized electrons move with the expected veloc-

ity of
ffiffiffi
2

p
jvSAWj ¼ 4:14 km=s. The oscillations with a

period of about 4.5 ns are attributed to spin precession
around the SO effective magnetic field. The data thus
clearly demonstrate that our method successfully extracts
information about the spin dynamics including spin trans-
port and spin precession induced by SOIs.

Figure 2 compares the spatial mapping of the steady-
state spin densities for moving wires [Figs. 2(a) and 2(c)]
and moving dots [Fig. 2(b)]. In the two-color measure-
ment, the pump energy was fixed at 1.527 eV, whereas the
probe energy was tuned at 1.525, 1.526, and 1.528 eV for

½!110#, [010], and [110], respectively, because the band gap
energies at the electron-trapping positions are modulated
by SAW fields [20]. The pump (probe) power was
20 ð0:9Þ !W, respectively. In contrast to the well-confined
carrier transport by moving dots [Fig. 2(b)], carriers in
moving wires diffuse rapidly along the wire axis
[Figs. 2(a) and 2(c)]. Though the KR signal for the wires
is reduced by the carrier diffusion, we can access the
momentum direction dependences of spin precessions
[Fig. 2(d)], where the sum of the mapping data
[Figs. 2(a)–2(c)] shows that the isophase lines have clear
elliptical shapes. In Fig. 2(e), the KR angles "K (open
circles) along the particular axes (½!110#, [010], and
[110]) are fitted with a function "KðdÞ ¼ "0 cosð2#$dÞ&
expð'd=LsÞ, where d is the pump-probe distance
and Ls and $ are fitting parameters representing the
spin decay length and spatial precession frequency,
respectively. We obtained $½!110# ¼ 0:0589( 0:0008,
$½010# ¼0:05369(0:00009, and $½110# ¼ 0:0460(
0:0006 !m'1, for the traveling directions ½!110#, [010],
and [110], respectively. Since $ is proportional to the SO
effective magnetic field, these results demonstrate that the
SOIs are spatially anisotropic in the present system.
The SOI dependence on the traveling direction is known

to be caused by the coexistence of different types of SOIs
[7,14,15,19]. For electrons confined in (001) QWs, the
momentum-dependent effective magnetic field !soðkÞ
is primarily determined by k-linear terms, which are
classified into two types [21]:

FIG. 2 (color). (a)–(d) 2D images of spin densities for moving
wires traveling along ½!110# (a), [110] (c), and for moving dots
traveling along [010] (b). The sum of the data (a)–(c) is plotted in
(d), where the dashed ellipses are guides to the eye. (e) Line cuts
along the three directions in the data (a)–(c) are plotted (sym-
bols) with fitted curves (red lines). The dashed lines represent
precession phases of #=2; ð3=2Þ#; ð5=2Þ#; . . . .

FIG. 1 (color). Spatiotemporal evolution of the KR signal for
the moving dots traveling along [010]. The dashed line shows the
slope determined by

ffiffiffi
2

p
jvSAWj. Inset: The setup for spatially

resolved KR measurements.
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　　　　　Max}ell’s  equations  on  merC\-­‐go-­‐round

N�

“Max}ell’s  eq.  on  merC\-­‐go-­‐round”L.  I.  Schff,  Proc.  Nat.  Acad.  Sci.  (1939)
“A  question  in  general  relativit\”

Erot = E + Ω× r( )× B
Brot = B

 
HSOI =

qλ

σ ⋅ p − qA( )× E + Ω× r( )× B( )

Consistent  with  E-­‐B  field  in  rotating  Mame.

cf.    Matsuo,  Ieda,  Saitoh,  &  Maekawa,  
Phys.  Rev.  B  84,  104410  (2011),  Appendix



　　　　　E-­‐M  field  in  rotating  Mame
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