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My talk today: spin current physics

spin current
/ ——
contents:

E Introduction - spin current- (for nonspecialists)
E Inverse spin-Hall effect and spin-Hall effect

E Spin pumping and spin torque

B Spin Seebeck effect
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spin current
/ ——
contents:

B Introduction - What is spin current? -

B Inverse spin-Hall effect and spin-Hall effect
B Spin pumping and spin torque

B Spin Seebeck effect
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E Spin current (SC):
Is a flow of spin angular momentum:

spin current

/ SRS

Spin current coupled with charge and heat currents / E. Saitoh



PO

. &g
an electron has charge and spin {ews?
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Charge Current (electric current)
electric charge

. =

electron C+or-) : a leading role in electronics
charge
F; Spin Current : a leading role in spintronics

-

spin \ spin

. a flow of spin-angular momentum of electrons

6
Spin current coupled with charge and heat currents / E. Saitoh



ssssssss

E Paramagnetic charge current
(incoherent mode , conduction electron)

A é "

, >

E Topological current

I Super Charge cirirrant (enllective mode)

j~VO
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Charge Current (electric current)
electric charge

. =

electron C+or-) : a leading role in electronics
charge
F; Spin Current : a leading role in spintronics

-

spin \ spin

. a flow of spin-angular momentum of electrons
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There is a variety of spin currents including.... s ”q%?/‘
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A spin current is carried by

B Conduction electron (incoherent mode)
« O

4 v

O -

E Edge state in topological insulators

B Spin waves (collective mode)

|
TS oo~ TS, 25, IS, cdm 3> D =
! ! 1 I I I | !
! ! ! ! ! |
! ! i
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A form of charge and Spin current { ﬁi};\y
carried by conduction electron ronoKu
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Charge Current

> ©

Jo (= 14370

* Spin current
} T

Js (= 3,—J))#0

a flow of spin without charge flows

v
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Spin current has wonderful properties... é« w?}‘
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E time reversible
Charge Current Spin Current

o = /
V= (L—rx—)®(V——)

dr
E electric capacity is zero — no wiring delay

B magnetization manipulation without magnetic fields

Spin current coupled with charge and heat currents / E. Saitoh



Spin current has wonderful properties... é{”&é\?
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E time reversible
Charge Current Spin Current
o = /

V= dt (L—I/'X—)@(V—:)
E electric capacity is zero — no wiring delay
B magnetization manipulation without magnetic fields

N
N
spin current - Magnetization
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There are no spin currents
In electronics and electromagnetism

B
S
Ampere’s Faraday’s .
rotH=1 ., rotk = —L
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Spin is not conserved..... t«{”‘*&;\?

Neeww 7
TOHOKU

ssssssss

charge current vs spin current

>

Charge 4SSy :conserved quantity

>
Spin * :nonconserved quantity

al e} < >
spin diffusion length / <10 pm
(& ~ J

an electron loses spin memory after running /
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Maxwell’s and constituent equations :f‘;
in electromagnetism
1 Ampere’s
divD = p
rotH=1 e divB =0
rotE = -1
rotH=1 .,
.. an electric current generates H Do:cE+P
. Faraday’s B=yH+M
qD ofF — T /Jc Jo. tOE
T
.. temporal variation of B generates j, no spin current terms

15
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Aim of Study 1 &
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E We have investigated the
interaction between SC and electromagnetic
field

using a pure SC.

Spin current coupled with charge and heat currents / E. Saitoh 16




Starting point of our consideration &%

. . ‘o 08
- electromagnetic duality -
B Charge current B hypothetical monopole current
° H : E

rotH =J rotk =—J
Ampere’s law Dirac

Spin current coupled with charge and heat currents / E. Saitoh
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E spin current = a pair of magnetic monopole ""i”:i

currents with opposite signs TonRKY
N
spin current - 'Jm N
S J

E

spin current

R

W
0

Electric field generation due to SC

Spin current coupled with charge and heat currents / E. Saitoh




spin current is expected to generate an electric field R of
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E Ampere’s law B Spin current analogy
/\/\ E
\/g@
... an electric current generates H ... a spin current generates E

Spin current coupled with charge and heat currents / E. Saitoh




--from quantum mechanical point of view LU
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B e/m?order correction of Dirac eq.
Dipole Term

j' =Vl[ C u(x) +iu" (X)(V-V)xou'(x)}

density Darwin term ‘

due to the SO interaction acting on spins which contains V

spin motion generates electric dipole
due to spin-orbit interaction

spin 1 / |
electric dipole
.... should be enhanced in solids due to fine structures of Bloch waves

- (r)ﬂMﬂ

Blochwave @) =u, (l')eikr 2 W v ¥ s 10
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can be argued from another point of view TOHOKU
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A two-particle model for electric polarization generation from spin current

input spin current

G J

Spin-Orbit Interaction

H,=AVUxk)-&

electric field generation : called “inverse spin-Hall effect”

Spin current coupled with charge and heat currents / E. Saitoh




Spin-Hall effect family £
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E Spin Hall effect (SHE) ¥ Inverse Spin Hall effect (ISHE)

input charge current

J

input spin current

(o)

C

S
output spin current Hy, = AMVUxk)-G € electric field generation

Spin-Orbit Interaction

Spin current coupled with charge and heat currents / E. Saitoh
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B Introduction - What is spin current? -

E Inverse spin-Hall effect and spin-Hall effect
B Spin pumping and spin torque

B Spin Seebeck effect
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Experiment 1 ‘;@j;‘;}

E spin-current induced electric voltage (ISHE) ™
in Pt is measured

sample system microwave
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Spin Pumping operated by FMR éﬁf@}

R 08
TOHOKU
Magnetization a pure-spin current
microwave
“«
Ferromagnetic layer paramagnetic metallic layer

Spin current coupled with charge and heat currents / E. Saitoh 25




DC spin pumping operated by FMR {”’%
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E spin dumping and spin pumping

H

D: Magnetization reaxation vector A

.2.4 - -

DC Spin Current

D(¢) = aM(¢) x ‘ﬂ\;(t ) D(Y)

M(t)

L
L
L 4
L 4
L
L
L
L
L
L
L 4

Tserkovnyak et al. PRL(2002).
Mikukami et al. JJAP(2001).
Heinrich et al. PRL(1987).

. 1
e M| MP =M =20,

Xy

Spin current coupled with charge and heat currents / E. Saitoh 26
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/ microwave ‘\
FMR and

spin pumping

sample system

D=R Js XH o

D (electromotiveforce)

Spin current coupled with charge and heat currents / E. Saitoh 27



measurement setup &%
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microwave

Spin current coupled with charge and heat currents / E. Saitoh
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/ microwave ‘\
FMR and

spin pumping

sample system

“"‘xw«APL(2004) D=RJ;XH N

D (electromotiveforce)

Spin current coupled with charge and heat currents / E. Saitoh 29



Spectral width modulation & g
by attaching Pt
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Landau-Lifshitz-Gilbert equation

dM

V3

=) o= —yW _ :
= 20)0 o - resonance rrequency
]
= 0 :
E N|81 Fe19/Pt
x a In enhanced
T
s h

dissipation of spin angular

30 | 0 | 30
H-H_,_(mT)

evidence for the spin pumping to the Pt layer

momentum

Spin current coupled with charge and heat currents / E. Saitoh 30




Inverse spin-Hall effect induced by spin pumping g{%
)

7
Neee F

Nig,Fe g (10 nm)/ Pt (10 nm) thin film _ _ TOHOKU

Spin pumping operated by FMR itijécts

spin currents into the Pt layer

microwave

—
il =
_—

0}
5 — Ni_Fe, /Pt ~e
2 ~o
s 0 +,
T
3
-

i = - -

| exp. ]

30} O P ] APL(2004)
220p Vs Electromotive force induced by ISHE
> 10+

0 4

20 10 0 10 20

=
H-H,, (MT)

Spin current coupled with charge and heat currents / E. Saitoh
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In-plane magnetic field angle dependence P
of ISHE signal ‘@{
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d/(H)/dH (arb. units)

T30 60 90 120 150 180

| N | N | | L | . |
20 0 20 4, (deg)

VISHE o< cos ¢

b
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B Field-direction dependence S
i B when ©=90°
V= Vmax
E|lJ,Xo

B when ©=0 ....

V=20

Spin current coupled with charge and heat currents / E. Saitoh




d/(H)/dH (arb. units)

@spinHaII; pt =0.028

$,=0°
¢,=30°
¢,= 60°
,= 90"
¢,=120°
¢,= 150°
¢,=180°

V (uV)

ISHE
EISI—IE X JS X T

4,~60° ¢,=90°_

o2 s~ C

| §,—120° |

] ) L
20 10/ 20
H""'\’\Fmg,f(mT)

°‘\E i
o L
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0 30 60 90 120 150 180

9, (deg)

P

VISHE o< cos ¢

b

L
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Rough Material dependence of ISHE tkji;\é
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Ni . Fe,

B | Iz' N
H ) ISHE signal —— o
Pt, Pd, Ag, A ——

2 B I ’ L) ’ I

S ,
2 | Ag]
S 4t o
= s | _'
S i B e e ey e e e
5 : HL_
T
S“ _1 i 1 L 1 1 L 1 1 L |
L L B L
10.15 Cu
MWMMMMM
_2 i 1 1 1 1 1
20 0 20 100 120 140 160 180
H-H_,,r (MT) H (mT)
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Valenzuela et al. Nature (20006).
in Al non local

AVed (my)

Kimura et al. PLR (2007).

in Pt non local I
g = mﬁﬂ. o5 - -
. | e
Seki et al., Nature Mat. (2008). R S
in Au non local
Mosendz et al. PRL (2010)
in Pt Spin pumping

Spin current coupled with charge and heat currents / E. Saitoh 36
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Spin-charge coupling g{”“ﬁ;\;
“\ms/f

in a Nig,Fe, /Pt film

ssssssss

_ 7 Conduction Electron
Spin Pumping P> verse SHE =S

o enhancement  SPincurrent J, — J. output

microwave charge—

A NigFeso A

H - . current

</
v magnetization v

Spin Hall effect<

? J s (SHE)  input
T. — J charge-
£ S current

Spin current coupled with charge and heat currents / E. Saitoh 37
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B Introduction - What is spin current? -

B Inverse spin-Hall effect and spin-Hall effect
E Spin pumping and spin torque

B Spin torque induced by spin-Hall effect
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Experimental 2 & g
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FMR measurement with applying a current to the Pt layer

Nig;F€4q

Pt f
J, *
P4
magnetization N
\ Nig,Fe ;o 10 nm / Pt 10 nm / $/ ‘P{

&

Spin-Hall effect:
charge current — spin current

/ Sam p I e microwave \

NigFeq

39
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Asymmetry component of FMR £,

R e 0%
di(J.) dI(-J.) [ FMR absorptionintensity
dH dH J.: Electric current applied to the Pt layer
4 0=0 N [ 6’:990 | | . —

Q%)
T
o~ =
1
o
[+ ]
M

o

d/(J)/dH—di(—J )/dH (arb. unit)
o

—— 20 mA

0 mA

y

10 0 10
. H_,-!Fﬁ“{mT) 1

A

f'(.gj—f'(—l{} (8. u.)

1N

diJ YdH-d(—~J )/dH (arb. unit)
% ]

110 120 130 140 150 180 | 110 120 130 140 150 160

7

H(mT) AN H (mT) Y,
Ando & Saitoh et al. PRL (2008).
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Current (J,.) induced modulation »?;%

. ‘\ew.s/
of spectral width
W (spectral w1dth)~ spin relaxatic H
/ DO "‘;( o
= 0=90° | .
~ 2 ] w
2 L3 i
=, 5.0 B0 5 10 15 20 g ] Jjﬂ
7 S|/~
L 2 - by
0 ] Je W : width
= . l Y S : intensity
2.5 8=0
SR SR B
0 5 10 15 20 g : ‘
J_ (mA) > Woca Soct

- .

Current induced modulation of o !

Spin current coupled with charge and heat currents / E. Saitoh
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Measurement in N|81Fe19 and | gw”*fg;)
N|81Fe19/Pt Nig,Fe,o/Cu and Nig,Feq

ey | NigFePt . 75 H 1
5 50 1 g sof %ﬂs ]
% 25 i :" 25 - i
§ g - Ni, Fe /Cu -
0 {1 200 »H#}ZR
: S | g Ni,,Fe,, |

2.5 0° - 251 R

o 5 10 15 20 o 5 10 15 20
J, (MA) J_(mA)

inhomogeneity of an Oersted magnetic field is irrelevant!

Spin current coupled with charge and heat currents / E. Saitoh 42
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Damping modulation via spin torque L 4
6-90° spin current is absorbed by M T
torque
Spin Hall effect  » accum.

J. spin torque

— Damping modulation

/4
AaSHE = oMV JS
sV F

Takahashi & Maekawa ef al.

, spin current damping-4

Spin current coupled with charge and heat currents / E. Saitoh 43
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Spin-charge coupling é{”“ﬁ}
“\ms/

in a Nig,Fe, /Pt film

ssssssss

— 7 Conduction Electron
Spin Pumping P> verse SHE ==

o enhancement  SPincurrent J, — J. output

microwave charge—

A NigFe o A

H - . current

pt’ 4 /
v magnetization v
Spin Torque 7 Spin Hall effect<
= (SHE) input
J. — Js charge-
current

Spin current coupled with charge and heat currents / E. Saitoh 44



Damping modulation via spin torque 4%
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spin current is absorbed by M
6=90° »y
torque
Spin Hall effect  » accum.
/. spin current
N
I spi
— Damping modulation
Aa = / J M. saturation magnetization
o oM V. > V;: volume of the F layer

o: FMR frequency
y: gyromagnetic ratio

Takahashi & Maekawa ef al.

Spin current coupled with charge and heat currents / E. Saitoh 45



Spin-Current Meter g,

‘\««\/

wM V. TONOKY
J. =—""5SF A __

(oos/suids 4,01) °

20, o 5 10 15 20
J. (mA)
can be used as a spin current meter
Ando & Saitoh et al. PRL (2008).
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B We have shown that electric manipulation of spin
relaxation is possible using SHE.

75} 1s torque

| accum.
5. &~
o iy _ i
- {4 3 spin current damping 4
< 2 o I

| : %
3 =1 spin torque
S0 10 @
7 "
251
| | Aag
0 5 10 16 20
J, (MA)

B Then, is it possible to zero this spin relaxation?

Spin current coupled with charge and heat currents / E. Saitoh
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It is possible! by using a magnetic insulator.

Spin current coupled with charge and heat currents / E. Saitoh



Yttrium Iron Garnet (Y1G) : Y;Fe;O,, %ﬁj
/ferrimagnetic insulator (CT-type insulator)

« charge excitation gap is large (2.7 eV).
* spin excitation gap is very small (~peV)

* magnetization damping is very small (a~ 6.7x10-5)
a . damping constant

» Spin wave propagates over several tens centimeters.

K (T. Schneider, et al. Appl. Phys. Lett. 92, 022505 (2008&

If spin exchange (spin pumping & spin injection) is possible in
this system, we can combine the spin wave (SW) as well as a
SW-spin current in this insulator with SHEs.

Spin current coupled with charge and heat currents / E. Saitoh



Let’s try!

sample system:
Y;Fe;04,(1.2um) / Pt(10nm)

microwave
magnetic field - -~
Y3Fe5012\ <:’
Pt —=
y N

P ’@%\

£ [
£%
o L

TOHOKU

ssssssss

spin pumping and inverse
spin-Hall effect (ISHE)

Precession| - -x—
M

—id

ol

Y3Fes012

Pt

detection of spin current induced by spin pumping

Spin current coupled with charge and heat currents / E. Saitoh



Spin-wave resonance in Y;Fe;O,, éw\?

o L
Microwave absorption spectrum TOHQKU
(n, n)
/
al. 1.1
- Magnetostatic Surface Magnetostatic Backward Mode )
B Naves Pt Waves . calculation
S 0.5
Q 13 1.5
E 3.1 1,7
131 11 19.1%:1' 3 &L
| 1 &
1 *
Exp. Observed

= SWR spectrum

=

=

s

=

2

:
|
2:5 2.6 2.7

Magnetic Field (kOe)
Multi peaks are assigned with MSW-SW
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Inverse spin-Hall effect (voltage appears!) é{ m}
Neewe 2
Inverse spin-Hall effect in Y;Fe;04,(1.2 pym)/Pt(10 nm) system TOHOKU

ssssssss

microwave =0 0@z m T T e e e e s e e s s s s s s = === 1

s, Voltage spectrum
magnetic field ' |
Y3-F65012 N

|

|

1

|

N 05} ISHE 11

Spin-wave resonance spectrum - |
| | 1 Q :

_ SWR >3 . |
-3 |
b S |
T O = |
S © !
% |
054 1 L3

| : : 2.9 27

T 27 | H (kOe) l

Kajiwara & Saitoh et al. Nature (2008)

Spin pumping appears at Y;Fe;O,,/Pt junction !

Spin current coupled with charge and heat currents / E. Saitoh



Magnetic-field angle dependence of ISHE éﬁ%
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-—'/ké _—
o
—d 60° (@)
AN s ©
™ 30° D
g o~ 15° '“"5;;'
= 8=0 =
- -15° E
m— —_—
il -30° D
N — “‘"52
45" 3
S N 60° :.\-.E
B ¥ e 75° |
—\—v"ﬂ _900 0 900
1 1 1 9
2.5 2.6 2.7
H (kOe)

consistentwith K .. o J X6
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spin mixing at Y;Fe;O,,/Pt juction was estimated = = - %:3,

Spin current induced in Pt TOHOKU
-Z(x) h A A h ] - e—x//IN
__ 5 o 5 | ’
s de 4, 14T de I 1472 M
1w Ak
- i N
Electric voltage induced by ISHE F=a/r)tag) et Ay 26
n tanh(dy /A ) tanh(d/22,)( M. M_
V= ogye B 2 2 2
de\dy | 14T tanh’(dy/hy) | M.
On resonance (M+Mj: 26M, _ (rh,)’
From spin-pumping data... M: M. (o-yH) +(aw)’

V=48uV d,=10nm, wy, =3mm, 4, =7nm, «a=6.7x10",
£=94x10°s", y=1.76x10"0e”'s ™", gy =0.0037, a; ~1.24nm,

»  Mixing conductance : g, /Ay=3 X1072cm

Spin current coupled with charge and heat currents / E. Saitoh
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Spin pumping appears at the interface to
YIG. Then, what about the spin injection?

Spin current coupled with charge and heat currents / E. Saitoh
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Let’s try! - spin transfer into YIG- t«:fs;;“}

ssssssss

sample system:
Y;Fe;04,(1.2um) / Pt(10nm)

/— spin-Hall effect —\

\Tg netic field----7" “f'//i)
<77 Y3FesO12 -
. RN A./ Js
Y3Fes0q2 > J . Pt
Pt

N
~
~

D

K Generation of spin current/

detection of microwave oscillation

Spin current coupled with charge and heat currents / E. Saitoh



Damping modulation via spin torque 4%
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spin current is absorbed by M
6=90° »y
torque
Spin Hall effect  » accum.
/. spin current
N
I spi
— Damping modulation
Aa = / J M. saturation magnetization
o oM V. > V;: volume of the F layer

o: FMR frequency
y: gyromagnetic ratio

Takahashi & Maekawa ef al.

Spin current coupled with charge and heat currents / E. Saitoh 57
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/ Yttrium Iron Garnet (YIG) : Y;Fe,O,,  ———

ferrimagnetic insulator (CT-type insulator) \
« charge excitation gap is large (2.7 eV).

« very small spin excitation gap (~ueV)

* magnetization damping is very small (a~ 6.7x10-5)
« . damping constant

» Spin wave propagates over several tens centimeters.

k (T. Schneider, etal. Appl. Phys. Lett. 92, 022505 (2008y

Since the original magnetization relaxation in YIG is very small, this

relaxation may be negated by the spin torque, which may induce the
self oscillation of the magnetization...

Spin current coupled with charge and heat currents / E. Saitoh
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Microwave emission spectra

Spin current coupled with charge and heat currents / E. Saitoh
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microwave emission spectra . . K
P (measured with Takanashi’'s group) foe 08
TOHOKU
%_ magnetic field
% 1 i Y3Fe5012Pt///
N —
93
: =
= =
% M w067 GA/m? g
@ e 0 0.5 1
= T 044 GA/ :
5 R j (GA/m2)
0.33 GA/m2 -
022 GAIM? There is a threshold in the
' current dependence of the
| PR W, 4. emission intensity
) | ;
45 5 55 Kajiwara & Saitoh et al. Nature (2010)
f(GHz)
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£
&%

spin-transfer torque
- Microwave
\rrilgneilc field )é)&\‘r’y
T »H

damping torque

Current density dependence
/" of microwave

g \\\ spin current

Rl : |

E — this show that, at 0.5 GA/m?

= ,magnetization relaxation becomes zero
0 05 1' and self oscillations of M is induced

J (GA/m?) )

Spin current coupled with charge and heat currents / E. Saitoh
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Magnetic field dependence { /%
‘\ew.s/
— , — TOHOKU
M = Pt 6 = 90°
j=1.33 GA/m? 8- @ £xp.
120 — cal.

-———.&M g
H=1.15 kOe

| S
1.10 kOe JJA‘\MW-..«. >
1.05 kOe IMUL\M!

IMI 1.00 kOe 0 1 Z
7 \Tgnenc field H (fe)
'Mﬁh 0.95 kOe | YeFeor =7
lel 0.90 kOe !3y changing the.field, the. emissioni f_requency

is shifted according the Kittel's equition
0 _‘M‘ H =0.85 kOe

| | ]
4 45 5
f (GHz)
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We have shown the spin-current exchange at YIG/Pt junction §®7
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Yttrium Iron Garnet (YIG) : Y;Fe;O,,

ferrimagnetic insulator (CT-type insulator)
« charge excitation gap is large (2.7 eV).
« very small spin excitation gap (~ueV)

* magnetization damping is very small (a~ 6.7x10-5)
a . damping constant

» Spin wave propagates over several tens centimeters.
K \ (T. Schneider, etal. Appl. Phys. Lett. 92, 022505 (2008))/

In YIG: \
Spin-wave spin current has VERY LONG decay length!

by using SHE, we can combine this long-range spin current with spintronics

Spin current coupled with charge and heat currents / E. Saitoh
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spin pumping and torque are used at the same time...

: we can send DC signal in insulators via SC interconversion

output
Pt

Y3Fes012 :
ESHE
" \H\\

T B " spin pumping
> 4
input- \‘N/ o

- (f//'—'_? distance;

spin-transfer v 4 1 mm
torque //_‘f:“"ﬂ*

spin-wave spin current

Spin current coupled with charge and heat currents / E. Saitoh



Non-local |-V curve

H is perpendicular to electric current

H=2.3 kOe

1+

-1 05 0 05 1
J (GAIm?)

W()-W-)) (W)

0

0.5

J (GA/m2)

1
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coincides with the
threshold of the
current induced
magnetization
oscillation in the
same system,
showing that the
spin-wave
interconversion
induced by the SHE.




PN
Non-local I-V curve é”’ﬁ
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Magnetic field reversal

H=2.3 kOe H=2.3 kOe

1+ Ll

-1 -0.5 0 0.5 1 -1 -=0.5 0 0.5 1
J (GA/m?) J (GA/m?)
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Magnetic field is perpendicular Magnetic field is parallel sl
to electric current. to electric current. TOHOKU
o T Pt/YsFesO1s
Pt/Y3Fe5012 7l H =923 KOe )
1L H=2.3kOe i

> 6=0

£ ) st s g S et s e S
> e = 180° |

\\‘ ;

-1} \‘N/ . _

-1 -05 0 05 1
J (GA/m?)
SHE/ISHE are not activated

Egpp <), X0
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we can send electric voltage in YIG by the SW M:?;
interconversion induced by SHE ....

TOHOKU
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/- Yttrium lron Garnet (YIG) : Y;Fe;O,, ™

ferrimagnetic insulator (CT-type insulator)
« charge excitation gap is large (2.7 eV).

* spin excitation gap is very small (~peV)

* magnetization damping is very small (o~ 6.7x10-5)

\ « . damping constant /

Y3Feso12 \@
YIG: insulator for charge but conductor for SC i /

\‘N/ ;pln pumplng
SC is combined with SHE Wl ,v/ f// =
torque //_h

spin-wave spin current

Spin current coupled with charge and heat currents / E. Saitoh
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E Ferrimagnetic insulator with weak magnetic anisotropy

Charge sector Spin sector

Individual Mode
Energy Energy

A 4 (Stoner Excitation)

N

Collective mode
Large Band Gap (spin wave)

Mott Gap (CT Gap) Almost
Zero Gap

Insulator for Charge but Conductor for Spin current

Spin current coupled with charge and heat currents / E. Saitoh
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ways for measuring spin currents are found:

E Inverse spin-Hall effect (ISHE)

.... allows sensitive electric detection
of spin current (SC)

E magnetization relaxation modu'-*--

75} 18
’fc_? 50} 5
| : 73]
3 2
0 10 &
T [ &
.... allows quantitative measurement 25}
of spin current (SC) S S
0 5 10 15 20
J, (MA)

Spin current coupled with charge and heat currents / E. Saitoh
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B Introduction - What is spin current? -

B Inverse spin-Hall effect and spin-Hall effect
B Spin pumping and spin torque

B Spin Seebeck effect
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B Introduction - What is spin current? -
B Inverse spin-Hall effect and spin-Hall effect

B Spin pumping and spin torque
B Spin Seebeck effect

Spin-Seebeck effect Spin voltage

metallic magnet .
T % s i,
Js E :driving potential for spin

Spin current coupled with charge and heat currents / E. Saitoh
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E Spin Voltage  (p.- ) {ews?
. potential for driving a spin current

ssssssss

NOT necessary equal to the spin accumulation (spin polarization)
but includes thermo-dynamic component etc.
besides the accumulation component

(ou i Ou |
Sitr | = — | Sn, | | — D ST+ e8¢
T T -
I al’l P! aT !
: T ! !
Accumulation Term Entropy Term
(responsible for spin (thermo-dynamic
polarization : contribution
not important in : small but subsists even in
macroscopic scale) a macroscopic scale)

Spin current coupled with charge and heat currents / E. Saitoh



Spin voltage induced from VT ‘%ij
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Spin-dependnt electrochemical potential: g, (T,n,,¢)= u(T,n, )+ ed

C . . . . . .
M, : chemical potential derivative expansion

¢ : electrostatic potential .
out ) B ) s
V,ua | e T+ Ho liVn +ev

_ oT on_ ) e

ferromagneticmetal LoDl T
entropy contrlbutlon
: é decay within
. the spin-diffusion-length scale
VT

VT - -x

(37).,~(57).

spin voltage of opposite sign spin voltage induced from V T
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Sign of electromotive force is reversed.

Sample system
Pie sy A ISHE

ISHE Magnetizaticn,:’f

0
o

Q
o

Pt 10 nm
100 um /

o

. 0
* > < .
‘e Q 0
., R .,
. fteaaamas . .
. .
- .
.
mm ’
.
: + A
.
RLT T
K
0
K
pemmEEEEa,, R
ot e, K
. ‘e o

4 mm
NigFe 020 nm

. J

Sign of spin voltage is reversed.
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SSE measurement setup

Temperature-gradient
generator

sample thermocouple

Electric voltage V between the ends of
the Pt wire is measured at 300 K.

Spin current coupled with charge and heat currents / E. Saitoh 76
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AT dependence of V &
Ve 2
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Lower Higher | |
Temperature Temperature The magnitude of Vis
H .
. NieFer r@ proportional to V T.
-

The sign of V is reversed
between the lower and the
higher temperature ends.

v
ISHE voltage induced by

the spin-Seebeck effect

................... Temperature differ. Nature (2008)

Spin current coupled with charge and heat currents / E. Saitoh L4




Magnetic-field dependence of V é”””‘ﬁ
R e 08

(@) Lower T (b) Higher T (c) NizFew film Nature (2008). Tanasy
H
L )
H . _E®1 - _— hysteresis loop
-7 A ’ L
H -3 5 Nature (2008).
Im 0 VT 10.0 VT L —T10.0 VT Higher T T
X 1 H =100 Oe
| J Pt Z0
— —_— i Al o a2 o LTS TR N|31F919=-‘_
- vT e n
' 1I5K|15K 15K ‘ | |
T |! " —] A et 0 90 180 270 360
> 6 (deg)
N " Lower T \
ox| ok | - 9K ower
[E— Ir - H 0 _
6K| 6K | 6K )
[—— _Pn-————- - . ;
. _ <
s 3E| 3K i ——————_ W‘F* vt et 3 5" vT
AT=0K|AT=0K __AF=0K
e T . .
L T | L1 14 NO S|gna|S N
-100 0 100 -100 0 100 =100 0 100 ) . .
H (Oe) H (Oe) a plain NigFe;q film
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huge difference “;\sw;
between conventional and spin Seebeck effectsonoku
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P S
{“m

v

output
Electricity Magnetism
Material
Seebeck effect spin Seebeck effect
- LV
Conductor A t -*:::ZIZ::I.'ZZ........ (
Vet
vT
metal or semiconductor ferromagnetic metal

spin Seebeck effect

VA

Insulator >< h

V.
> vT

magnetic insulator

The spin Seebeck effect appears both in insulators and conductors

Spin current coupled with charge and heat currents / E. Saitoh




Electric detection of the spin Seebeck effect in insul ;27
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Sample system

Z
LaY2F85012 y‘\L.x
(Y1G, ferrimagnetic insulator)

A ferromagnetic metal layer is replaced
by a ferrimagnetic insulator LaY,Fe;O,,.

.

LaY2F8501 2

Electric detection

of spin currents

K ¢ ), X0

J

Spin current coupled with charge and heat currents / E. Saitoh
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AT dependence of V (LaY,Fe:;0,,, 300 K) ol

TOHOKU

VT
T=300K T+AT
LaY;Fes0 Pt

i 12- * The sign of V'is proportional to AT.

i * * The sign of V is reversed between
> Lower T _ Higher T the lower/higher temperature ends.

R
. g
o* K3
“ “ “
* o .
* R o
o * *
< . o*
g . B
— B PRSI
g +* o
- * *
> .“'.'.."'... . R4 *
LY [ ] “

>k same as in the Nig,Fe,¢/ Pt system.

*
£
.
*
.
-
.
.
G
‘e
.
G
‘e
.
e
L]
‘.

*

0 10 20 0O 10 20 :
) W Temperature difference

AT (K) AT (K)
Unpublished
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H dependence of V (LaY,Fe:O,,, 300 K) Col
T=300K T
) o Sign reversal of V by reversing H

Pt
LaYsFes012 o3®

ISHE voltage induced
by the spin-Seebeck effect

s I —
The reversal of V corresponds § 0.:f
s J 4 T=300K -

to the magnetization reversal. =,

AT=20K 1
—J T=300K
-100 0 100
H (Oe)

Because LaY,Fe:O,, is an insulator,
AP~ CL ol the conventional Seebeck and the Nernst-

-100 H(%e) 100 -100 H(% | 100 Ettingshausen effects are irrelevant.
e .
Unpublished

Spin current coupled with charge and heat currents / E. Saitoh
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B possibility of artifacts is eliminated:

back-flow currents, AMR, AHE,
Seebetck effect, Nernst effeCts—....

BB

YIG is a good insulator !

Spin current coupled with charge and heat currents / E. Saitoh



spatial distribution is very T dependent 2ol

TOHOKU
O roege LaYaFesOr Nine Pt wire were fabricated on
— AsINN(X o T 4 ATranee" . .
4547 the identical LaY,FesO;, (YIG).
To.5x107 " RN
T=300K v V varies xp; in a hyperbolic
To2 r sine distribution
: ) 4
T=250K 0
/ Asinh/(xm)
Tos 10 .

VIAT (VIK)

T=200K . (. o . . N
8 émm The fitting results using Asinh(x/A)
) m | show that the decay length 4
= « varies in the range from 2 to 6 mm

O  decreases with decreasing T
\ _J

0.0
100 200 300
T(K)

! ] 1 . .
f00 200 300 A is clearly different from

g ' the spin-diffusion length
Position of Pt wires

.
.
‘e
.
.
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Critical difference S
: Y
between spin and charge Seebeck effects TOHOKU
output
Electricity Magnetism
Material
Seebeck effect spin Seebeck effect
@ LV
Conductor " t :::.'::.'.'Z.'IIZ.':..,. y*l'
ve t
vT
metal or semiconductor ferromagnetic metal

spin Seebeck effect

VA

Insulator >< h

V.
> vT

magnetic insulator

The spin Seebeck effect appears both in insulators and metals

Spin current coupled with charge and heat currents / E. Saitoh




J. Xiao and G.E.W. Bauer’s theory ’:@ij
Tk

Spin currents at the YIG/Pt interface is
attributed to the spin pumping Ferromagnet

ViigrkB
IZ ~ m P
< >—2 MSV&(QF IN)

proportional to the difference between magnon
temperature T, and phonon temperature T,

D. J. Sanders and D.
Spatial distribution of T —T:

sinh %
Almp(z) =n ——5 AT

VT
lton, Phys. Rev. B (1977)

. |
H RED —_
inh =5 2, g /
T=150K o
The decay length A reaches o |
A . T1.0 £
several millimeters in YIG. 0 ey
A
I | L | L 1 I | P
» consisten with the experiment. < 2 4 o + 2 3 .L/2 0 L/2
Xpt (Mm) x (mm)

Xiao et al. PRB (2010)
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Final slide: {:«;,g%

J. Xiao and G.E.W. Bauer’s theory L
TP

Spin currents at the YIG/Pt interface is
attributed to the spin pumping Ferromagnet

ViigrkB
IZ ~ m P
< >—2 MSV&(QF IN)

proportional to the difference between magnon
temperature T, and phonon temperature T,

D. J. Sanders and D.
Spatial distribution of T —T:

sinh %
Almp(z) =n ——5 AT

VT
lton, Phys. Rev. B (1977)

. |
H RED —_
inh =5 2, g /
T=150K o
The decay length A reaches o |
A . T1.0 £
several millimeters in YIG. 0 ey
A
I | L | L 1 I | P
» consisten with the experiment. < 2 4 o + 2 3 .L/2 0 L/2
Xpt (Mm) x (mm)

Xiao et al. PRB (2010
iao et a (2010) Friday P9 by Prof.G. Bauer
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Summary

- insulators may be useful in spintronics

B We have found methods for sensitive
measurement of a spin current in solids

using ISHE.

E Spin transfer and spin torque were
found to appear in magnetic

insulators.

B Using ISHE, we found the spin-
Seebeck effect both in insulator and

metal systems.

spin-transfer +
torque

{i“/q’rs‘v.;
r-'{ “
¥ )

e 8
TOHOKU

4
&7y

EsHE
5 H\
M 4 SPin pumping
\ A -2 /:/

V L

spin-wave spin current

Magnetism

spin Seebeck effect
LV
"'.".'Z.'Jj.':::.'.'.'.':f * ' s
v $-
s h v T

ferromagnetic metal

spin Seebeck effect

Ve
V-
: Il vT

magnetic insulator
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