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Spintronics utilizes charge and spin 

currents on an equal footing

Charge current: flow of charges

Spin current:  flow of spins

Spin current carried by conduction electrons



Spin-wave (magnon) spin current



Spin Hall Effect / Inverse SHE

Conversion between charge and spin current

Charge curent
→Spin current

Spin current
→Charge current



Pt：SHE

Charge→Spin

Pt：ISHE

Spin→Charge
YIG：

Magnon spin current
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Transmission of electrical signalsby spin-wave
interconversion inamagnetic 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

Theenergy bandgap of an insulator is largeenough to prevent
electron excitation and electrical conduction1. But in addition to
charge,anelectronalsohasspin2,andthecollectivemotionof spin
canpropagate—andsotransfer asignal—insomeinsulators3.This
motion iscalledaspinwaveandisusuallyexcitedusingmagnetic
fields. Hereweshowthat aspin wavein an insulator can begen-
eratedanddetectedusingspin-Hall effects,whichenablethedirect
conversion of an electric signal into a spin wave, and its sub-
sequent transmission through (and recovery from) an insulator
over macroscopicdistances. First,weshowevidencefor thetrans-
fer of spin angular momentum between an insulator magnet
Y3Fe5O12andaplatinumfilm. Thistransfer allowsdirect conver-
sionof anelectriccurrent intheplatinumfilmtoaspinwaveinthe
Y3Fe5O12viaspin-Hall effects4–11.Second,makinguseof thetrans-
fer in aPt/Y3Fe5O12/Pt system, wedemonstrate that an electric
current inonemetal filminducesvoltageintheother, far distant,
metal film. Specifically, theapplied electric current isconverted
intospinangular momentumowingtothespin-Hall effect7,8,10,11in
thefirst platinumfilm;theangular momentumisthencarriedbya
spinwaveintheinsulatingY3Fe5O12 layer;at thedistant platinum
film, thespin angular momentum of thespin waveisconverted
back toanelectricvoltage. Thiseffect canbeswitchedonandoff
using a magnetic field. Weak spin damping3 in Y3Fe5O12 is
responsiblefor itstransparencyfor thetransmissionof spinangu-
lar momentum.Thishybridelectrical transmissionmethodpoten-
tially offers a means of innovative signal delivery in electrical
circuitsanddevices.

A flow of spin angular momentum iscalled aspin current2. In
solids, therearetwotypesof carriersfor non-equilibriumspin cur-
rents. Oneisaconduction electron2,12,13 (Fig. 1a). Theother iscol-
lective motion of magnetic moments (Fig. 1b)—spin waves14,15,
comprising magnetostatic and exchange spin-wave modes14,15.
Herewecall aspin current carried byspin wavesa‘spin-wavespin
current’ (seeSupplementary Information section Afor details).

Extensivestudiesof conduction-electron spin currentsin metals
and semiconductorshaveclarified that thecurrentshaveacritical
problem; theydisappear withinaveryshort distance, typicallyhun-
dredsof nanometres16. In contrast, it hasbeen shown that aspin-
wavespincurrent maypersist for muchgreater distancesbecauseit is
carriedbythecollectivemotionof spinscoupledbyexchangeinter-
action14,15.Significantly, aspin-wavespincurrent existseveninmag-
netic insulators, in which itsdecay istypically suppressed. This is
becausethedecay iscaused mainly byconduction electrons, which
are absent in insulators. For instance, in the magnetic insulator
Y3Fe5O12, thespin-wave decay length can beseveral centimetres3

and thusthewavesarepropagated over arelatively longdistance;
Y3Fe5O12 is an ideal conductor for spin-wave spin currents even
though it isan insulator for electriccurrents.

To makeuseof thespin-wave spin currents in insulators, it is
necessary to find methodsfor getting ad.c. spin current into and
out of theinsulators. Weshowthat thiscan bedonebyusingspin
pumpingandspin-transfer torque(STT).Here,spinpumpingrefers
to the transfer of spin angular momentum from magnetization-
precessionmotiontoconduction-electronspin9,17–19,aphenomenon

1Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan. 2Department of Applied Physics and Physico-Informatics, Keio University, Yokohama223-8522,
Japan. 3CREST, 4PRESTO,Japan Science and Technology Agency, Sanbancho, Tokyo 102-0075, Japan. 5FDKCorporation, Shizuoka431-0495, Japan.

Figure 1| Twotypesof non-equilibriumspincurrents insolids. a, A
schematic illustration of aconduction-electron spin current: spin angular
momentumJScarriedbyelectrondiffusion. b,Aschematicillustration of a
spin-wavespin current: spin angular momentumcarriedbycollective
magnetic-moment precession. c, Aschematic illustration of thespin-

pumpingdetection mechanismin thepresent system. If themagnetization
(M) dynamicsin theY3Fe5O12 layer (on thetopfaceof theblock) pumpsa
spin current JSinto thePt layer, thecurrent generateselectromotiveforce
ESHEviaISHE.
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Spin Hall effect

Magnon spin current

Inverse spin Hall effect

Transmission 

of electric signal!
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Spin current generation by FMR (Spin pumping) :

YIG (yttrium iron garnet): a magnetic INSULATOR

 FMR spin pumping is unaccompanied by charge transfer

FMR spin pumping is free from impedance mismatch problem

(spin injection into GaAs: Ando et al., Nature Materials 2011)  

Jc = QHs ´ Js

Spin Hall effect

Spin Pumping; Tserkovnyak, Brataas (2002)



Pt

Exchange coupling at the interface : Jsd

Spin accumulation : s

Interface exchange interaction (Jsd)

Between normal metal (Pt) and ferromagnet

Electric and thermal generation 

of spin current:



Theoretical modeling of FMR spin 

pumping

Bloch eq. (s: spin accumulation)

Landau-Lifshitz-Gilbert eq. (m: localized moment)

J sd

Nonmagnetic metal (N)

s0s− m( )DN

D2−G( )smJ sddt
d

Ferromagnet (F)

dt
dma m

dt
d m J sd ms H0

+=s

Microwave: h

+= m+g ( + h1 )



Linear response calculation 

¶ts = Jsdm´ s+ (DNÑ
2 -G)(s- s0m)Bloch eq.:

LLG eq.: ¶tm= Jsds´m+g(H0 +h1)´m+am´¶tm

Js
in º<¶ts

z >= (Jsd / Acontact )Im dwò < s+(w)m-(-w) >
  

(s0 = cNS0Jsd )

(s± º sx ± isy )

(m± ºmx ± imy )

(w0 = gH0 )

Js
in = -

Jsd
2

Acontact
dwò Im cN (w) | XF (w) |2< gh1

+(w)gh1

-(-w) >

s+(w) = Gs0

gh1

+(w)

(w0 +w - iaw)(-iw + G)

m-(w) =
gh1

-(w)

w0 -w - iaw

cN (w) =
cN

1- iw / G

XF (w) =
1

w -w0 + iaw

1) Define the spin current injected into N by Js
in =(1/Acontact)<dsz/dt>.

2) Linearize above two equations with respect to sx, sy, mx, my. 

3) Substitute 2) into 1) and obtain the following result: 

This is the general expression valid for any types of spin pumping!



Acoustic spin pumping (experiment) 

Single-ion (spin-orbit) magnetostriction is important 

f~3.5MHz

Uchida et al., Nature Mater. 10, 737(2012)

: magnons are OFF resonance with phonons

Volume (exchange) magnetostriction is important 

Em-p =|ÑJex | (Ñ×u)(m ×Ñ2
m) ~ gm-p(Ñ×u)(m+Ñ2m- +c.c.)



Interpretation 

Þ h1 = -dEm-p / dm= dgm-p(Ñ×u)Ñ2
mEm-p = gm-p(Ñ×u)(m ×Ñ2

m)

Nonlinear with respect to m, and need to employ method of many-body theory 

Js
in = -(Jsd

2 / Acontact ) dwò Im cN (w) | XF (w) |2<gh1

+(w)gh1

-(-w) >

Js
in = -(Jsd

2 / Acontact )B(gm-pK0uK0
)2

Because magnons are OFF resonance with phonons, 

any phonon frequencies are allowed to excite magnons. 

Start from general expression of spin pumping (derived at the beginning) 

J sd

Pt

YIG

electron

Phonon

magnon

Piezoelectric actuator

B = dwò Im cN (w)ImXF (w) | XF (w) |2

´ coth
w -n

2T

æ

è
ç

ö

ø
÷- coth

w

2T

æ

è
ç

ö

ø
÷

é

ë
ê

ù

û
ú

Analogue to the phonon-drag spin Seebeck effect

For details, see Adachi et al., Rep. Prog. Phys. (2013)



Another acoustic spin pumping 

-- “m
x,y

-linear” coupling --



Acoustic spin pumping (m
x,y

-linear coupling) 

Weiler et al., PRL 108, 176601(2012)

Surface acoustic wave (phonon) frequency~1.5GHz

Only when magnons are in resonance with phonons, 

the spin injection signal by SAW is observed.



\Js
in = -

Jsd
2 cN / 4G

Acontact

wrf (ghrf )
2

(w0 -wrf )
2 + (awrf )

2

We can employ the result for FMR spin pumping

MX-linear coupling, producing hrf= -dEmag-ph/dm = -DωXZmZ

Complete analogue to FMR spin pumping 

with a substitution hrf=-DωXZmZ

ωXZ: (local) rotation frequency

J sd

Pt

electron

magnonCo

Phonon

LiNbO3

(ω0=γH)

Interpretation P. Hess, Phys. Today (2002)



Two types of acoustic spin pumping

J sd

Pt

electron

magnonCo

Phonon

LiNbO3

Phonons & magnons IN resonance

Phonon freq. ~ GHz
-- single-ion (spin-orbit) magnetostriction --

Phonons & magnons OFF resonance

Phonon freq. ~ MHz
-- volume (exchange) magnetostriction --

Analogue to FMR spin pumpingAnalogue to phonon-drag SSE
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Spin Seebeck effect (SSE): 
Universal phenomenon of ferromagnets

Metal (Ni, Fe, Ni-Fe alloy; Uchida et al. 2008)

Semiconductor (GaMnAs; Jaworski et al. 2010)

Insulator (Yttrium Iron Garnet, Ferrite; Uchida et al. 2010)

Spin Hall effect

Jc = QHs ´ Js

Magnon spin current 

Transverse SSE device



Model for spin injection by thermal magnons

(c.f., J. Xiao et al.: Phys. Rev. B81, 214418 (2010))

H. Adachi et al.: Phys.Rev. B83, 094410 (2011)).

(Fluctuation-Dissipation theorem)

N

F



(Local) spin injection by thermal magnons

  

−

ts  Jsdm  s (DN
2 )(s s0m) lSpin diffusion eq.:

LLG eq.:

−

tm  Jsdsm  (Heff  h)m m tm

−

Js
in
ts

z  Jsd Im d  s()m() Injected spin current: −

(s0  NS0Jsd )

−

s()  s0XF
*
()h() N

*
()l()

m()  XF ()h
() JsdXF ()N ()l

()

−

(a  ax  iay)

−

Js
in
 Jsd d

1


ImN ()ImXF () s0  h

()h()  Jsd  l
()l()  

 Js
pump

 Js
back

−

Js
in
 Js

pump
 Js

back

(H. Adachi et al.: Phys.Rev. B83, 094410 (2011)).



Model for spin injection by thermal magnons

(c.f., J. Xiao et al.: Phys. Rev. B81, 214418 (2010))

H. Adachi et al.: Phys.Rev. B83, 094410 (2011)).

(Fluctuation-Dissipation theorem)

N

F



Summary: local spin injection by magnons

−

Js
in
 A(TF TN )

−

 A Jsd
2
d
1


ImN ()ImXF () 

−

Js
in
ts

z  Jsd Im d  s()m() 

(Field theoretical calculation of Green’s function) 

Local non-equilibrium

To get the non-equiliburium condition, we need heat flow!



No temp-diff. between Pt and YIG in the experiment 

need to consider the effect of temp-gradient in YIG

Consider the following model

Static condition:

Local equilibrium



Interpretation by magnon effective temp.

Magnon

Magnon

−

Js
in
 A(TF TN )

−

Js
in
ts

z  Jsd Im d  s()m() 

Field theoretical calculation of the Green function

Dynamics gives rise to 

the non-equilibrium !



Heat transport Q:

In ferromagnetic insulators,    

Q = Q(magnon) + Q (phonon)



Phonon-drag contribution to SSE

Phonon drag process; 

Magnons dragged by nonequilibrium phonons  spin injection

−

Js
phdrag

 phT
Phonon drag gives low-T enhancement of SSE 

due to the rapid suppression of umklapp scatt.

)( NF

in

s TTAJ 



Spin Seebeck eff. without global spin current

Our interpretation

Phonon drag: Effective at low-T.

GaMnAs: low Curie temp 



Phonon-drag spin Seebeck effect
Uchida et al., Nature Mater. 10, 737(2012)

Only phonons in the nonmagnetic substrate can sense gradT! 



Fitting of the data by our theory

−

Js
phdrag

(T)  const  B1(T)B2(T) ph(T)

−

B2(T)  (T /TM )
9 / 2 dvv7 / 2

th(v /2)
0

TM /T



−

B1(T)  (T /TD )
5 duu6

sh2(u /2)
0

TD /T


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Importance of phonons

T. Ota et al., (submitted).

Pronounced peak 

consistent with our prediction!

YIG
GaMnAs
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SSE in AFM & ferrimagnet

34

Ferri/NM interface

Spin current injected into NM:
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SSE = 0  because magnons are degenerate.
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Compensation effects
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Magnetization(MS) Angular momentum(Stot)
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Nondegenerate magnons exit
even when Stot

z & MS
z vanishes.
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Why is SSE finite at TM & TA ?

Spin current is driven by magnons
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Numerical Results of the injected spin current
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SSE from vanishing saturation magnetization!
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Spin current generation:
by heat :Spin Seebeck Effect

A variety of spin Seebeck devices!

In ferromagnetic insulators,    

Q = Q(magnon) + Q (phonon)

At the Interface,

Spin flow,  not Charge flow!!

(different from spin-dependent Seebeck effect)

Phonons

ferromagnets, substrates, piezoelectric actuators,…

In Summary:


