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"' Methods for generating charge and spin currents
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Observation of the spin Seebeck effect
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,.' Seebeck and spin Seebeck effects

Seebeck effect SSE

metal O O

Uchida et al. (2008)

" v
metal or semiconductor

semi-
conductor O Spin-Seebeck effect (SSE)

Jaworski et al. (2010} Vi

Insulator >4 O V.
Uchida et al. (2010) [ %%
ferromagnet

The spin Seebeck effect (SSE) appears
both in a magnetic conductors and insulators.

" Spin Seebeck effects (SSEs)

Experiments: ) This talk & Today's panel session (a.m.)

. Uchida et al., Nature (2008).
. Uchida et al., Nat. Mater. (2010).
. Uchida et al., Appl. Phys. Lett. (2010).

. M. Jaworski et al., Nat. Mater. (2010).
. M. Jaworski et al., Phys. Rev. Lett. (2011).

[SSE in metals]

] [SSE in insulators]

[SSE in semiconductors]

> 00 XXX

. Slachter et al. Nature Physics (2010).

[Thermal spin-current injection by spin-dependent Seebeck effect]

Theory ) Today's panel session (p.m.)
J. Xiao et al., Phys. Rev. B (2010)

H. Adachi et al., Appl. Phys. Lett. (2010).
H. Adachi et al. Phys. Rev. B (in press).
J. Ohe et al. Phys. Rev. B (in press).

[Scattering theory]

[Linear-response theory]

[Numerical calculation]
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" Inverse spin-Hall effect and spin pumping
-

Inverse spin-Hall effect (ISHE)

Electric detection
of spin voltage

« E. Saitoh et al., Appl. Phys. Lett. (2006).
+S.0. Valenzuela et al., Nature (2006).
+T. Kimura et al., Phys. Rev. Lett. (2007).
« T. Seki et al., Nature Mater. (2008).

Spin pumping

spin current

A

magnetization
’ L
ferromagnet EMF
paramagnet

When the magnetization motion is
maintained, a spin current is pumped
out of the ferromagnet.

+R. H. Silsbee et al., Phys. Rev. B (1979).
Y. Tserkovnyak et al., Phys. Rev. Lett. (2002).

"' Detection of SSE in ferromagnetic metal (F)/Pt system
-

F(20 nm)/Pt(10 nm) system
(F = Nig,Feyq, Ni, Fe)
Higher T

z
==
300K =

VT T 300K+AT

Lower T 4 mm>=6mm
Ferromagnet

H

300K
O T 300K+aT

fabricated on a sapphire
(Al,O5) substrate

Electromotive force of opposite sign

Spin voltage of opposite sign
K. Uchida et al., Nature (2008).
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,.W Measurement system
-

N

T-generation system

stainiess Cublock
piate e

(_  closed-cycle helium refrigerator

Electric voltage V between the ends of the Pt wire is measured at 300 K.
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* The sign of V is proportional to AT.

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

ISHE voltage induced
by the spin-Seebeck effect

Temperature difference
between the end of the sample
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,.W Magnetic field H dependence of V (Nig;Fe;q, 300 K)

NigiFew/ Pt

T T T T

Kerr signal

1 I s I
T T T

_5|- Lower T { %2
1 1

: .
-100 0 100
H (Oe)

g Higher F@] Sign reversal of V by reversing H
~

5 Higher T 7
< /

s ]k
A

ar=a0k] =A%

] AT=20K- Lover T

_/Ke"s‘g"a'— % The origin of the V signal
s, Py is a spin current.

+
Hysteresis loops

7

™ This sign reversal of V corresponds
to the longitudinal Kerr loops.

H-angle dependence of V and other supplementary
experiments are consistent with the ISHE symmetry.

Nig,Fe /Pt AK|2K
system %Mf

s
Iwu VT,
«— k| plain
I18K| 18K 7 ) 18 NiBlFelg fllm
15K
12K
9K
6K

“& K. Uchida et al.,
ALz0K! Nature (2008).
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" Pt-wire-position x,, dependence of V (Nig,Fe,4, 300 K) "' Seebeck and spin Seebeck effects
L -
x(mm)  NigFerw Py
|- i Electricity Magnetism
V varies almost linearly Murid
along the T direction @ Besedenid b/ faisasbetiietect
+ Livs
V=0 at Xpp = 0 ‘Conductor

ViuVv)

The spin-diffusion equation
cannot reproduce this long-
range spin-voltage distribution.

Insulator

magnetic insulator

Xp, (nm)

The spin Seebeck effect appears even in a magnetic insulator.
K. Uchida et al., Nature Mater. (2010).

mm scale !!
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,.’ H dependence of V (LaY,Fe;0,,, 300 K) ," Pt-wire-position x,, dependence of V (LaY,Fe;0,,, 300 K)
L -

Sign reversal of V by reversing H Nine Pt wire were fabricated on a single LaY,Fe;O,, sample.

When a finite AT is applied,
V clearly increases for xp>0
but decreases for xp<0.

ISHE voltage induced
by the spin-Seebeck effect

. E R 001 = Y
The reversal of V corresponds HE 1
e T20% | to the magnetization reversal. o s
25K [AT=25K P
et .
== ‘
. - Pt-wire position
| 5K e Since LaY,FesOy, is an insulator,

the conventional Seebeck and the Nernst- The long-range spatial distribution of the spin voltage bears witness to
s Ettingshausen effects are irrelevant.

_ M{emu)

. g

similar to the behavior of the SSE
observed in ferromagnetic metals.

Viuv)

the extremely weak damping of the magnetization dynamics in YIG.
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,.W Proposed theories ,"Unsolved issues on SSE
L L

In magnetic insulators,

{Conduction electron excitation is prevented by a huge charge gap.

” o | . What causes the long-range nature of

c ) . ) . 300 K. X N

ollective excitation of local spins (magnon) easily occurs under the spin Seebeck effect in metals?
v

« Spin pumping + two temperature model J. Xiao, G.E.W. Bauer et al. gl ol i

« Nonequilibrium (Keldysh) Green's function H. Adachi, S. Maekawa et al.
« Numerical simulation using LLG equation J. Ohe, S. Maekawa et al.

Collective motion of local spins (magnon e s-d interaction at the
F/Pt interface, and the fluctuation-dissipation theorem are important.

The SSE-induced spin current is proportional to
the difference between the effective magnon
temperature in YIG and electron temperature in Pt.

()
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« Acoustic spin Seebeck effect
The long-range nature of the SSE is due to phonons.

K. Uchida et al.,
° arXiv:1103.6120 (2011).

"' Experimental setup for acoustic SSE
L

Sample: A Nig,Feo/Pt bilayer wire placed on a single-crystal sapphire
substrate, where only phonons can pass through the substrate.

Conventional SSE configuration Present SSE configuration
FM FM (NigiFe1s)

PM Ho— Y-f_x PM(P) H ]

cross-section

» substrate
vT vT —

- —

Sapphire

Lower T Higher T

The Nig;Fe,o/Pt wire is completely isolated both electrically and magnetically.
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,.' Measurement system and temperature gradient
L

Electric voltag;a between the ends of the Pt wire
was measured with applying the magnetic field
and temperature gradient.

A uniform temperature gradient is
confirmed using an infrared camera.

," Influence of voltage-probe contact
L

a before attaching after attaching difference 4 b
voltage probes. woltage probes (after - before) 3
sapphire voltage probe =
NigsFeo/Pt o
- =
E e m "2 difterence {Lower T)
8 4
297 EEEET 323 | 297 EEEII323 | 3 4
Tu (K} Ta (K} n {f c
)
£
T
I =
& <2
£ 4
207 NN 373 | 297 EEEEENI 323 | -3 WENEEE3 P IR S S Y
To (€} Ta () ATon (K) L

The temperature of the sapphire/[Nig, Fe,o/Pt-wire] sample does
not change at every position by attaching the voltage probes.
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,.' AT dependence of V (Nig;Fe, /Pt wire, 300 K)
L

v
~ * The V magnitude is proportional to AT.
W
[ » The V signal disappears when H LVT.
sapphire/[Nig;Feo/Pt-wire] X i
o era « The sign of V is reversed between
e et the lower/higher temperature regions.
o=
osr Fozs
H=300Oe
e The Nig,Fe,¢/Pt wire picks up its
> b 8=90 t+ ayr
©% 820 own position on the substrate.
B T R T K. Uchida et al., arXiv:1103.6120 (2011).

," H dependence of V (Nig,Fe;o/Pt wire, 300 K)
L

1F F " mry )
5 \ sapphire/[Nig;Fe g/Pt-wire] (Lower T) 0= 0 Sign reversal of V by reversing H
Z0 =
> \ +

2} b Pt T e P PO O R T Hysteresis loops

1 [ sapphire/[NisiFeo/Pt-wire] (Higher T) =0
/7] o
< s L — N

q[aT=20k] 16k 12K BK 4k

s | R AD S 1 e ISHE voltage induced

by the spin-Seebeck effect

" These sign reversals of V
corresponds to the magnetization
reversal of the Nig,Fe 4 layer.

Higher T
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" H dependence of V (Nig,Fe, /Pt wire, 300 K)
L

LiZ [ sapphire/[Nig:Fa,o/Pt-wire] (Lower T) 6=0 . )
Zol 1V "L i The V signal disappears both
z =
S

e _;—2 ToK| 16K | 12K 8K ak oK in the sapphire/[Nig, Fe,o-wire] sample
in which the Pt layer is missing

and

L Vv

in the sapphire/[Nig, Fe;o/Cu-wire]
sample in which the Pt layer is
replaced by a Cu film.

v

.

1F sapphirel[Niy Fe w/Cu-wire] (Higher T) 6= 0 :
L - 1 The V signal is
afar=ook] wex | w2k 8K aK oK generated in the Pt Iay

202-202202202202202
H (107 Oe)

VinV)
o

"' Wire-position x,, dependence of V (sapphire substrate)
-

<<<<< Ten Nig,Fe /Pt wires were attached to a
single sapphire substrate.

e/[NigiFeyof @ array]

uay] | he wires are separated from each other far
enough to cut electric and magnetostatic
coupling between them.
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V varies almost linearly
along the T direction
+

V=0atx,=0

. 4

The SSE appears even in the
isolated Nig,Fe,o/Pt wire on
the insulating substrate.

297 mE——— 323
T(K)

sapphire
substrate

i

The Nig,Fe, /Pt wires

know their positions.
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,.' Model calculation by Adachi et al.
-

Js

Js ]P!
T

sapphire
substrate

electron -
magnon -
phonon -

VT —

ISHE voltage: V :[eﬂ
(o

0,: spin Hall angle, w: wire width
BAT |5, " electrical conductivity
R : magnetic coupling strength at the interface
B : entropy-related quantity

K’ a4
phonon life time in substrate proportional to acoustic-impedance (Z)

- matching condition between Nig,Fe g
The SSE signal should depend and substrate. 42,7,
on the substrate species. Tse= > <1
(ZS +ZF)
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,.W Wire-position x,, dependence of V (glass substrate)

’W
Sapphire/Nin FeyPluire o o a2 V= O |( ke
L) o wh’
©

N’

330 sapphire
substrate

Qm In the glass substrate,
FIE _the uniform T is generated.
“ Nevertheless, the V signal disappears

in the glass/[Nig;Fe,/Pt-wire array]
sample.

(7%0)

s
=
&

s

o N

Phonon propagation in the substrate
and acoustic-impedance-matching
condition between the substrate and
the Nig,Fe,q layer are important.

vy

,.' What causes long-range feature of SSE in metals?
-

Conventional Nisi Fers-im/Ptiwire sample

..... The phonon-mediated process
e through the Nig,Fe;, film can
}”‘“"’W explain the long-range spin
sapprire  VOItage in the Nig,Feyq.

substrate

The path of phonons is limited
| to the substrate.

g

The SSE signal in the conventional
sepehre | Nig,Fe, /Pt system is one order of

magnitude greater than that

observed in the present sample.
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« Acoustic spin pumping
Direct generation of spin currents from sound waves
K. Uchida et al., arXiv:1103.6120 (2011).
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"' Sample system
-

Ege < J, x0

Sample size:
Y;Fes0,, slab:

Y3FesOr (YIG) H
piezoelectric actuator

Viiazo 6 mmx 2mmx 1 mm
0 / . Pt film:
0 ad soun: z
Vor \/ Wave an 6 mmx 0.5 mmx 15nm

By applying AC voltage with the frequency f (<10 MHz) to the piezo
actuator, longitudinal sound waves are injected into the YIG slab.

The sound-wave-driven spin current is detected by using the ISHE.
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,.’Comparison between f dependences of V and heating effect
L

Acoustic spin pumping  SSE signal When f > 5 MHz, the SSE signal
" appears due to the heating of

the piezoelectric actuator.

Around f = 3.5 MHz, the V dip of

z S
) . negatlve_ sign appears, although
z T | the heating is negligible small.
& Arviccue=0)
s e

4 H=1h0e

al i 4
2 4.6 81
1(Mtl»k)

The V dip is irrelevant to

the conventional SSE.

" Temperature rise of the actuator

,.' V,,, dependence of V (Y;Fes0,, 300 K)
-

o T T

aF (a)] (0) [5.0:107 « The magnitude of the V dip is
Safbe-e g Ve =236V proportional to V.2, i.e., sound-
g3r Pess e b I\ wave intensity injected in the YIG.
St S -

5 @;ﬁ" & \f.,u_l « The sign of V is reversed by

5 35 s reversing H.

Voo (V) <

o — 148

-1 1.8 v
z-2 8.9
&3 . ISHE voltage induced by
> “; 30 the acoustic spin pumping

- ']

8

0 2 200 600 4 0 1
(V) H (kOe)
Electrical power applied to the piezoelectric actuator

K. Uchida et al., arXiv:1103.6120 (2011).
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,.W H dependence of V for various values of f

(©) - The V signal disappears
PUYIGIEVOFE when H LVT.
T100 @=90 T100 e=0|T100 e%g0°
=10.0 MHz
=100 MHz|_f=100
—Z g0 50 et
= ST a !
>80 8.0 8.0}, consistent with
° 7.0 7.0 the ISHE symmetry:
o 5.0 60 E H
& = oC X
S 50 50 sHE ° Js X O
4.0 4.0 40
., 35 3 35
30 ~— 3.0 30 "
o0l20 a 2.0 20| The V signal disappears when
4 o % oo 1 a4 o 1 the Ptlayer is replaced by Cu.
H (kOe) H (kQe) H (kOe)

(a) H W PUYIGIPZT
® H=1k0u
dorr'y e
dhz1 =03 mm
dorry
L | dzr=0dmm f=72MHz
2 ™ ¢ =
& o 3
S
S | dr=06mm b s
o &
S
&
b1

10

The V-dip structure generated by the acoustic spin pumping is
due to the elastic resonance of the piezoelectric actuator.
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» Conclusion

"' Conclusion
-

« We observed the spin Seebeck effect (SSE) in ferromagnetic metals and
ferrimagnetic insulators by means of the inverse spin-Hall effect in Pt.

* We revealed that the long-range nature of the SSE in ferromagnetic
metals is due to phonons;

Electrons can recognize temperature information at

remote locations through the magnon-phonon coupling.

« By using the Pt/Y1G/piezoelectric-actuator o E i"\’ o
systems, we demonstrated the direct iy "
generation of spin currents from sound waves: = %" & & &~
the acoustic spin pumping. Nebsa

SaPphing T
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,.' Essence of spin Seebeck effect
L

) ferromagnet () paramagnet (P)
a

[1] When an effective magnon temperautre in
a ferromagnet deviates from an electron
temperature in an attachd paramagnet,
spin currents are generated at the interface.

(b)

[2] There are various processes to disturb
™ > T the magnon temperature in equilibrium,

© e.g., magnon-mediated process
phonon-mediated process
sound-wave-driven process




