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What is a ferromagnet ?

Cu Fe,Co,Ni La1-xSrxMnO3
CrO2

( )μ ↓ ↑= −BM N N

N N↑ ↓= N N↓ ↑> 0N N↓ ↑> =Electron number :

Atomic energy : i iε ε↑ ↓= i iε ε↓ ↑< i iε ε↓ ↑=

E

E E

EF

(half-metal)

Electric current :
charge current :

cJ J J↑ ↓= + sJ J J↑ ↓= −spin current :
J J↑ ↓≠ Magnetization :



Spin diffusion length（λN）

10 nm ～ 1 μm

λN

Ferromagnet Metal
Semicond.
Supercond.

λN

Spin Electronics Device !

Device size <

(Charge current       usual electronics)



Tunnel magnetoresistance (TMR)

Parallel alignment Antiparallel alignment

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



Spin accumulation :

( )
:
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Antiparallel alignment
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:
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Parallel alignment



Antiparallel alignment

“Spin accumulation” “Spin current”

Parallel alignment 



Spin accumulation in High-Tc superconductors :

(Z.W. Dong et al.: APL 71, 1718 (1997))
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Zeeman Effect Spin Accumulation

BHμ

BHμ

δμ
δμ

02 PeVΔ ≈

Magnetization
( )BM n nμ ↑ ↓= −

Pair breaking :
02 BHμΔ ≈



For Al,
0 ~ 0.4 meVAlΔ
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For YBCO,
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2(0) 10 (0)YBCO AlN N⎡ ⎤⎣ ⎦:

Spin accumulation >> Zeeman effect



theory

Au

(S. Takahashi, H. Imamura, S.M., PRL. 82, 3911 (1999)



Spin accumulation signal:Spin accumulation signal:

P AP( ) /SR V V I= −

PP

APAP

650 nm
10 mS

L
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=
= Ω

Non-Local Spin Accumulation Device, 
F. J. Jedema et. al., Nature 416, 713 (2002)
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Co-Al-Co
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Spin accumulation:

Charge and Spin currents:

Non-local geometry
for measurement
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Basic equations for Electro-chemical potential:

Charge conservation

Spin diffusion
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 s  : spin diffusion lengthλ

8 μΩcm5 nm*Py
14 μΩcm

6 μΩcm
1.4 μΩcm

ρ

50 nm*

650 nm
1000 nm   

λS

Co

Cu
Al

( ) s/ exp xμ μ λ↑ ↓− ∝ −

(Py: Ni80Fe20)

Jedema et al.

←

←

Τ = 4.2Κ

*Bass and Pratt

Bulk spin polarization
of F:

F 50 70%*p = :
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(F. J. Jedema et al., Nature 416, 713 (2002)
S. Takahashi and S.M., PRB 67, 052409 (2003)) 



Hall effect

current

magnetic
field

Spin Hall effect

Spin current ( )J J↑ ↓−

current

(Anomalous Hall effect)

J↓

J↑

spin current

spin current:

current:
IInjection current:
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Ferromagnet

Normal metal / 
semiconductor



Spin Hall effect ：

Intrinsic Spin Hall Effect:
Spin-Orbit Coupling in the Band Structure

Ballistic transport

Extrinsic Spin Hall Effect:
Spin-Orbit Scattering of Electrons

Diffusive transport

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

metallic systems

Anomalous Hall effect in ferromagnets



side jump

Boltzman equation for AHE (Anomalous Hall Effect):

Hamiltonian:
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skew scattering
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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))

Nonlocal Spin Hall device

``Conversion between charge-current and spin-current’’
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(Kimura et al.)
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Onsager Reciprocal Relation!!
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Charge-current induced SHESpin-current induced SHE

Charge-current Spin-current



Valenzuela & Tinkham:

1.8 ×104

τsf / τ

Alb2 0.011
λso

4.15 ×10−10 Ωcm2

ρNλN

5.88 μΩcm705 nm

ρNλN

◎ Side jump analysis:

kF=1. 5 ×108 cm−1 (Au)
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Spin-current induced Spin Hall effect:

(Nature 442, 176 (2006))



Spin pumping:
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Conversion of spin current into charge current at room 
temperature: Inverse spin-Hall effect E. Saitoh et al., APL88 (2006)
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a) Jedema et. al., b) Kimura et. al.(77K), c) Valenzuela&Tinkham, d) Godfrey&Johnson
e) Seki et al..(RT), f) Kurt et. al.

Spin-orbit coupling : λso



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

( ) 30,
( )

H

H

Pt 
Al

α
α

=
( ) 30,
( )

so

so

Pt
Al

λ
λ

=

Pt, Au: Strong spin-orbit material
Spin absorber
Spin generator



Takahashi, Maekawa
PRL88, 116601 (2002)
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