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Materials ar (10710 eVm)
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RESEARCH ARTICLE

Observation of the Spin Hall
Effect in Semiconductors

Y. K. Kato, R. C. Myers, A. C. Gossard, D. D. Awschalom™

Electrically induced electron-spin polarization near the edges of a semicon-
ductor channel was detected and imaged with the use of Kerr rotation
microscopy. The polarization is out-of-plane and has opposite sign for the two
edges, consistent with the predictions of the spin Hall effect. Measurements
of unstrained gallium arsenide and strained indium gallium arsenide samples
reveal that strain modifies spin accumulation at zero magnetic field. A weak
dependence on crystal orientation for the strained samples suggests that the
mechanism is the extrinsic spin Hall effect.

AAAS Newcomb Cleveland Prize in 2005
(Best paper published in Science during 2004.6-2005.5)

Science 306, 1910 (2004) Kato et al.



AEMKFARE

¢ N

st wf; k,DIEAT MLODEE R

DAE > D



A EAKFATEL

O T%@%/‘I’\T//V)l/
Beff

1’4 Ioc
E loc
eff

CEDNEFIETEY MIR. EER—ILIIRTRAF 21 —GELEFENDHE EE CIR5R
(X2)Ew bestet 3Ty MIRZFHELTWSD




AER—)LEIR
¢

o ZERICELD
Y @ HRBADRE > B

N

o 0 -

Kerr rotation (urad)

Magnetic field (mT)

unstrained GaAs Science 306, 1910 (2004) Kato et al.



Position (um)
o
=) o

o
(=]
oF]

40 20 .0 20 40 -40 20 0 20 40

RAEZR—

Reflectivity (a.u.)

150 e A

100F '8

oo

Position (um)

Position (um)

N B

B,,; (mT)
N2 O —=-NO OO OO

1 1
BN

A, (urad)

faea ALK FE UTIRVN(EBE THBEER)

JLENER

Kerr rotation (urad)

-1 0

1 2

4

-
-
=
——
-
-

v
F .

E//[110]

40 20 0 20 4040 20 0 20 40
Position (um)

Position (um)

— SMEIE (AFEYDRYEL)

Science 306, 1910 (2004) Kato et al.



o FEMARIEVIEDELE
— > RigE & JEFEERRDEIRH
— BFEID R D 7 55 —ElERHIEEL
e 5> 1) \FPE
« AE>FETEBET B3R5




L,

2ak,
RERIEE wp = ”
_ 2m* m*
AE>NEEA AO = 3 a([{g) BB t =1 x e

Appl. Phys. Lett. 56, 665 (1990) Datta & Das



A E > FETOEZRITI
1. 533 )\ZhRDS5 — Nl

2. AE>DOE—L > MEx
3. AE>iFEA /1R



A E > FETDOEZR=F i

. 523 )HROS — Ml

E—L > X

3. REZFEA/IRH




) BNERDT — NEITEI(T)

N|
\/l
LI

0.6 S~ n, =2 x 1012 cm2
N 300k 7|30
> 04 >
L — 20 2
w (0]¢]
W ®
| 0.2 — -
= 1 =
b= 2
£ 00 0.0
(a 3I
02 |- 10 =
INg 5,Alg 45AS INg 53Gag 47AS INg 5,Gag 48AS InP
(20 nm, Schottky layer) (20 nm) /‘ '\ (Buffer) . (Substrate)
z «<— REEiEE  !M0s2Ga0.4sAS n*-Ing 5,Gag 48AS

(6 nm, spacer) (7 nm, n=4x10'8 cm™3)

Phys. Rev. Lett. 78, 1335 (1997) Nitta et al.



P, (arb. unit)

1.0

1.5 2.0 2.5
B (Tesla)

Phys. Rev. Lett. 78, 1335 (1997) Nitta et al.



oy (10712 eVm)

5> 3)VU\SA—4

10 77171 6.0
- N |
O ]
Cll A 1
A
4 5.5
8 I O - ;UD
0 3
7 I O =
I 4 5.0
; ° a8
6 | ‘: ® ] O ag (HF node)
i ] ® A; (LF node)
- A ] A\ A (HF node)
5 L | W Lvvva bl 45 A A (LF node)
-1.0 0.0 1.0 2.0
Ve (V)

Phys. Rev. Lett. 78, 1335 (1997) Nitta et al.



== 1) GIROT — lE(IT)

[ I [
surface buffer
top C.S. layer 60A
1.0 Z spacer 60A -
1 l |n0.5SGa0.47AS R
Quantum Well 100A
2 spacer 60A
> 3 ]",' bottom C.S. layer 60A
\CU, 4 I'.'," substrate buffer
Luu- 0.5 ,, '.-__.;.---.IL-.’-"—“’_
| ~
o
> B
0.0
0 100 200 300 400 500
z(A)
Sample 1(O)  2(O) 3(4) 4(V)
N, (1018 cm™3) 4 3 2 1
N, (108 cm™3) 0 1 2 3

(1-W g0T) | h|

R, (Q)

1(O)
2(00)
3(A)

4(V)

Phys. Rev. Lett. 89, 046801 (2002) Koga et al.

~



99E 1t LR BTE

B RETRHEES |Ya)

O

H% BISEIRES
[¥g)

HFE R COHERIRIE

((Yal + WD ((Ya) + [¥5)

= |P41% + [Yl* + 2R[(Y4lYp)]
418 Kol REnffigE 1 T34

BENMIVWDTHDOED

I

S EBEIZ "S> 1) GHRICKD
B (C KD TR (CAIEZE
Z2 oD EB/E>END



99E 1t LR BTE

HERIEE B SIRIn

WAty /\/\ J\/\
(WAL)




99E 1t LR BTE

1(O) WAL
wd 2(00) WAL
Sample N, N,
1(O) 4 0 .
2(0J) 3 1 &3
3(A) 2 2 .
4(V) 1 3

3(A) WAL

4(v) WL

Phys. Rev. Lett. 89, 046801 (2002) Koga et al.



Sample N, N, E 3 'Qiil.]:l g 0 =-._VVV
> ""'E..'_u L WV‘v\ g

1(0) 4 O NGJ ﬂ'--... _1 | | | | | @;\
2(00) 3 1 To 2 I O 04 08 12
3(A\) 2 2 =

1 | —1
4(V) 1 3 S ﬁﬁ&‘--...

0 ~——— -.-'"'--

v
Ve
1 | Navan e

| | | | \V/ IV
04 0.6 0.8 1.0 1.2 14 1.6

N, (102 cm™?)

Phys. Rev. Lett. 89, 046801 (2002) Koga et al.



A E > FETDE Z= i

1. 523/ GHROT — Ml

2. AE>DE—L > Mk
3. A

C 2 EAN/IRE




AE>DIE—L > bk
RIb—L > An-GaAsDHjhsE

ZEED R D 7 57 —EIERATE

n.=10%cm=3, T=5K, B=4T

AN
UUVUUUVVVUUVUUUUUVVWWV

T N"ﬁ

400 600 800 1000
Delay (ps)

Phys. Rev. Lett. 80, 4313 (1998)
Kikkawa & Awschalom

“ZE> )y KN

y
BEiRfmeTIO—J RfmAR T Té X

Nature 397, 139 (1999) Kikkawa & Awschalom



HIE X E > 1815

F&) ULADAEDR UBFE(13 ns) KD T, WA RULMGE -

2| - At
«‘2’ “ ﬁ Ty ﬂ ] f q ﬂ m M (B) cos (Atg%B) exp <_T2*(B)>
% | : “HI5 15
(TR A AL
E At = 1 ns (BEE) : | | |
; : : 6 v | V
T Field (T) «—
T e 13 ns
repetition WAWM
10 “FEHIS"H515

1
Interval (ns)

Phys. Rev. Lett. 80, 4313 (1998) Kikkawa & Awschalom



Faraday Rotation

Faraday Rotation

-0.2 -0.1 0 0.1 0.2

HIE X E > 1815

B At +n
M. (At,B) = E @(At + ntrep)A CoS [guff (At + ntrep)] exp (— T rep)
2
n

At = 10ps

Data

Faraday Rotation

20 -10 0 10 20
Field (G)

Field (T)
Phys. Rev. Lett. 80, 4313 (1998) Kikkawa & Awschalom



AE>DOIE—L > Mk

-50 0 50 100
AXx (um)
BTFAEEA()
100 pmBl L DnX(ZERI D EEEEL12 pm)
H2RB/VULAThifcENZAE> )y
NOERENE

_ gugB

Wy 7 (At + ntrep)

4

T-005T

0 100

RSADFTICK DI\ O Ny Et
Nature 397, 139 (1999) Kikkawa & Awschalom



T OG X E > [olEx

AT LA IUBEICLDE E
2
)ULIn-GaAs(001) S E
300 x 100 x 2 ym?3 ®© ~
k%) X
© c
) S
Q N2
O e
T 3
Q e}
5 2
(a (o}
=
vyl [110] o
S
B S
x 1 [1T0] 1 E o

o 1 2 3 4 5
Time (ns) Time (ns)

Nature 427, 50 (2004) Kato et al.



T OWG X E > [olE#x

| I |
20

T
50 £ 10
< a0
5
T 0 | 0
o !
> : 2
© .

9 ! )
E . S A
0 ; <

\ i \ 0

-25 0 25
Magnetic field (mT)

NEMEE B, (DEEMT(AL = 13.1 ns)

A COS(Q.UB\/Bext mtAt/h)

© 0.2} B=99 "
(neV ns um-1)
0.0 | |

0o 2 4
Vg4 (Lm ns~T)

0 20 40 60 80
Pump—-probe distance (um)

RAEZRBENE RY T MNEE v, DBEHR

Ay = gugBint = By

Nature 427, 50 (2004) Kato et al.



T OWG X E > [olE#x

0.1
s s
= =
= f=
Q. g- -0.1
C -
Q Q
) » -0.2
] ] ]
0 2 4 6
Drift velocity (um ns~7) Drift velocity (um ns™)
B Membrane O EIN[110], 200 nm
O w/ substrate, E|l [110] v E|l [110], 2000 nm
® w/ substrate, £l [1-10] A F| [1-10], 2000 nm
® £ [1-10], 200 nm
[110] [110]  BIA SIA PN

*
\/ I}\/{: I\'\// Bint > Nature 427, 50 (2004) Kato et al.



A E > FETOE =i
1. 5> 32)BIRDST — i

2. AE>DOEe—L > X
3. AE>FEA /R




A DI RA=ZAILY F

A R— g —af
/ & Xt/'fﬁ*ﬂi.—‘(F)Z) p = O_TF n O-LF
é\\ ¢ RESATME Ay
ESAEEE  OF/s
ntgg 4 <E=E (F) FIEK(S) o
1= _ p exp <_ 1)
Je _ 2\ OF4s A
1+(1-p?) O r S
»1
B RED SR EFENADEIRIAE VFEAFHIF TR

FIRESR
N> AN
e \—TXZ)(p = 1)

« ABEZMZEZD Phys. Rev. B 62, R4790 (2000) Schmidt et al.



[1I-ViEm S EIR

VOLUME 63, NUMBER 17 PHYSICAL REVIEW LETTERS 23 OCTOBER 1989

Diluted Magnetic III-V Semiconductors

H. Munekata, H. Ohno, @ g von Molnar, Armin Segmiiller, L. L. Chang, and L. Esaki

IBM T. J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598
(Received 8 August 1989)

A new diluted magnetic III-V semiconductor of In;-,Mn,As (x =0.18) has been produced by
molecular-beam epitaxy. Films grown at 300°C are predominantly ferromagnetic and their properties
suggest the presence of MnAs clusters. Films grown at 200 °C, however, are predominantly paramag-
netic, and the lattice constant decreases with increasing Mn composition; both are indicative of the for-
mation of a homogeneous alloy. These films have n-type conductivity and reduced band gaps.

Phys. Rev. Lett. 63, 1849 (1989) Munekata et al.
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(Ga,Mn)As: A new diluted magnetic semiconductor based on GaAs
H. Ohno?

Laboratory for Electronic Intelligent Systems, Research Institute of Electrical Communication, Tohoku
University, Sendai 980-77, Japan, and Research Development Corporation of Japan (JRDC)

A. Shen and F. Matsukura

Laboratory for Electronic Intelligent Systems, Research Institute of Electrical Communication,
Tohoku University, Sendai 980-77, Japan

A. Oiwa, A. Endo, S. Katsumoto, and Y. lye
Institute for Solid State Physics, University of Tokyo, Tokyo 106, Japan

(Received 2 February 1996; accepted for publication 10 May 1996)

Appl. Phys. Lett. 69, 363 (1996) Ohno et al.
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Imaging Spin Transport in Control of Spin Precession in a
Lateral Ferromagnet/ Spin-Injected Field Effect Transistor
Semiconductor Structures e o stane o on” longhua Eom Joonyeen Chang, ™

S. A. Crooker,'* M. Furis,” X. Lou,? C. Adelmann,® D. L. Smith,*
C. J. Palmstrem,> P. A. Crowell?

Science 309, 2191 (2005) Crooker et al. Science 325, 1515 (2009) Koo et al.

Electronic measurement and control of spin transport
in silicon

lan Appelbaum’, Bigin Huang' & Douwe J. Monsma® Nature 447, 295 (2007) Appelbaum et al.

Electrical detection of spin transport in
lateral ferromagnet-semiconductor
devices

XIAOHUA LOU', CHRISTOPH ADELMANN=, SCOTT A. CROOKER?, ERIC S. GARLID", JIANJIE ZHANG?,
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Nature Phys. 3, 197 (2007) Lou et al.
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