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What is a ferromagnet ?
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Electron number: N, =N, N, >N, N, >N, =0 (half-metal)
Atomic energy: &, =&, & <&n EL= En
Electric current: J, #J, Magnetization: M = ug (N .~ N T)

J.=J.+], spin current : J;=Jy—J,



Spin diffusion length (Ay)

10 nm ~ 1 um
Ferromagnet L Metal
Semicond.
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Device size < }“N

= Spin Electronics Device !

(Charge current - usual electronics)



Tunnel magnetoresistance (TMR)
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(S. Maekawa and U. Gafvert: IEEE Mag. 18, 707 (1982))



Spin accumulation :

Parallel alignment :
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Spin accumulation in High-T_, superconductors :

(40-80A)LaAlO, balli y
Au [ 5i0, YBazCl1307 w

P~100%

(Z.W. Dong etal.: APL 71, 1718 (1997))
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Spin accumulation Zeeman splitting
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2A, = PeV
Pair breaking :

Magnetization 27, = pgH
M = g (ny —n))



AL~ 0.4 meV
H~O(1T)
V,~0(10° V) (P ~1)

M : u,N(Q)PeV — B =47M* : O(10e)

For YBCO,
AJP° 1 100 AY

H: O@10°T)
V,: O(10™ V)

Spin accumulation >> Zeeman effect



e Suppression of Critical Current Pl
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Non-Local Spin Accumulation Device, Co-Al-Co
F.J. Jedemacet. al., Nature 416, 713 (2002)
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(a) Top view

(b) Side view
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Spin accumulation:
Opi (X) = pin — 14,

Charge and Spin currents:

j = j1~ + j¢
jspin = j’[‘ — j¢



Spin-dependent currents: Bulk spin polarization
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p. =50: 70%*
Basic equations for Electro-chemical potential:
V? (UT My to U ¢) =0 <~ Charge conservation
1
Vv’ (ﬂT _M) Ty
ZS
A : spindiffusion length

(44 — 11, ) < Spin diffusion
pr — 1, o exp(—x/ Ag)

Jedemaetal. 7=42K

As P
Cu 1000 nm 1.4 pQcm
Al 650 nm 6 nQdcm
Py 5 nm* 8 uQdcm
Co 50 nm* 14 pQicm

(Py: NigyFey) *Bass and Pratt
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Co-Al-Co tunnel device
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(F. J. Jedema et al., Nature 416, 713 (2002)
S. Takahashi and S.M., PRB 67, 052409 (2003))



Injection current: | Vi
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Spin Hall effect :

e Intrinsic Spin Hall Effect:

Spin-Orbit Coupling in the Band Structure
-> Ballistic transport

e Extrinsic Spin Hall Effect:
Spin-Orbit Scattering of Electrons

-> Diffusive transport

N
metallic systems

Experiments:
Valenzuela & Tinkham, Nature 442, 176 (2006).
Saitoh et al., APL 88, 182509 (2006)
Kimura et al., PRL 98,156601(2007),

1

Anomalous Hall effect in ferromagnets



Boltzman equation for AHE (Anomalous Hall Effect):

Hamiltonian:

7[ zgkakaaka +ZZUIZ<O- alaaka

k.k' o,0'

Impurity potential:

Uﬁg’ = ,mp[ Mf T oo (glf zg( )JZ o (KK,

spin-orbit scatt.

Current density with spin o: Z[—+ 5 }akaaka

Anomalous velocity: @ = kﬂso [Gaaxq o
FLimp —> side jump

Fermi distribution function:

hk
fko- = fkoo- — z-imp Vf . + aSSTImp l:o-ov X _:l Vf .
m  —> skew scattering

= (27213) A, N (O)u.

imp



Spin Hall conductivity:

Spin current ET ‘
Jg = Jg +an [ Xx ] spin // x 4
J. =], +a, [Xx Jq}

J,=0\E Charge curre;zf‘y
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Room Temperature Spin Hall Effect

T. Kimura (ISSP, RIKEN), Y. Otani (ISSP, RIKEN), T. Sato (ISSP)
S. Takahashi (IMR, CREST), S. Maekawa (IMR, CREST)
( Phys. Rev. Lett. 98, 156601(2007))

““Conversion between charge-current and spin-current ™’

Nonlocal Spin Hall device




Spin-current induced Spin Hall effect

(Kimuraet al.)
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Nonlocal Spin Hall resistivity

AVc/l (mQ)
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Charge-current induced Spin Hall effect
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Nonlocal Spin Hall resistivity
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Spin-current induced SHE Charge-current induced SHE
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Spin-current induced Spin Hall effect:

Valenzuela & Tinkham: OB d o~ OB
(Nature 442, 176 (2006)) | | | 4 | | I
W AN
L yk_-_, " i/*/\
e \1‘&
J [\___— J [\
N N
ke=1.5 X108 cm~1 (Au)
ﬂ‘N pN pNﬂ‘N Tsf/ T ﬂso

Alb2 705 nm 5.88 uQcm | 4.15 x10-°Qcm? | 1.8 x10* 0.011

© Side jump analysis:

SJ /1
a9 =0t quq0
< oy Kl = kel 0 110 (L = )
A, 0.011




Conversion of spin current into charge current at room
temperature: Inverse spin-Hall effect E. Saitoh et al., APL88 (2006)

(a) nicrowave

Spin pumping:
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Spin-orbit coupling : A,
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Ay =+/ D7y R« 1
T Y
m o ey Oy = 2k2 k2 ) p A
Pn =" .
ne‘z | LA 42
7, 9 R, = h/e* =~ 25.8 kQ
T=4.2K ke=1.5 X108 cm™!
AN PN P T/ 7 Aso
Alc 705 nm 5.88 uQcm | 415 x 1011 Qcm? 18000 0.011
Cua 1000 nm 1.43 puQcm | 14.3 x 101 Qcm? 2100 0.033
Cub 1500 nm 1.00 uQcm | 15.0 x 10711 Qcem? 2300 0.031
Agd 195 nm 3.50 pQcm 6.8 x 10711 Qcm? 475 0.07
Aue 90 nm 2.45 pQcm 2.2 X107 Qcm? 50 0.21
Ptf 14 nm 12.8 uQcm 1.8 x 1071 Qcm? 33 0.26

a) Jedema et. al.,

e) Seki et al..(RT), f) Kurtet. al.

b) Kimura et. al.(77K), ¢) Valenzuela&Tinkham, d) Godfrey&Johnson



aH (Pt) — 30’ /150 (Pt) — 30
, (Al) Aso (A)

Spin-orbit interaction strength in Pt and Au
IS about 30 times larger than that in Al.

Pt, Au: Strong spin-orbit material

e Spin absorber
e Spin generator



® Spin-injection Hall device with a Josephson junction.

e Hall voltage Vi generates ac Josephson effect.

(hv = 2¢Vy; ~ 107Hz)
i3

hv

I inj .’

Takahashi, Maekawa
PRL88, 116601 (2002)
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