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(In,Mn)As: Munekata, Ohno, et al., PRL 1989
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(In,Mn)As: Ohno, et al., PRL 1992
(Ga,Mn)As: Ohno, et al., APL, 1996
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RHall = (R0/d)B + (RS/d)M⊥

H. Ohno et al. Appl. Phys. Lett. 1996
H. Ohno Science 1998

RHall = VHall/I
Rsheet ∝ Vsheet/I

Magnetic Properties of (Ga,Mn)AsMagnetic Properties of (Ga,Mn)As Ferromagnetism and Semiconductor DevicesFerromagnetism and Semiconductor Devices

Resonant Tunneling DiodesResonant Tunneling Diodes
Appl. Phys. Lett. 73, 363 (1998)

Light Emitting Diodes Light Emitting Diodes –– spin LED spin LED ––
Nature 402, 790 (1999)

spontaneous spin-splitting of bands

Magnetic Tunnel JunctionsMagnetic Tunnel Junctions

Field Effect TransistorsField Effect Transistors
Nature 408, 944 (2000)
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Mn spinsCarrier spins 0≠M

β

exchange

pp--dd Zener model of ferromagnetismZener model of ferromagnetism
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T. Dietl, et al. Science 287, 1019 (2000) and PRB 63, 195205 (2001)

Ferromagnetic (Ga,Mn)AsFerromagnetic (Ga,Mn)As
Mn acts as a source of spin and hole 

also Koenig et al. Phys. Rev. Lett. 2000

s><−= SxNH pd β0

H. Ohno et al. Appl. Phys. Lett. 1996
H. Ohno Science 1998

Comparison of exp. and calculated Comparison of exp. and calculated TTCC
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Hole concentration, p (cm-3)

Fermi surface of (Ga,Mn)As

InAs
(Al0.6Ga0.4)Sb

AlSb
GaAs sub.

5 nm
10 nm

400 nm
100 nm

(In0.97Mn0.03)As
polyimide

Au/Cr
800  nm
95/5 nm

Ohno et al., Nature 2000

ElectricElectric--Field Control of FerromagnetismField Control of Ferromagnetism

60 µm

RHall = (R0/d)B + (RS/d)M
(ordinary Hall effect + anomalous Hall effect)

Magnetization Curves under Gate BiasMagnetization Curves under Gate Bias
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Magnetism in Everyday LifeMagnetism in Everyday Life

1.1. Ferromagnetic IIIFerromagnetic III--V semiconductorsV semiconductors

2.2. CurrentCurrent--induced domain wall motioninduced domain wall motion

3.3. Toward high Toward high TTCC

4.4. Metal Spintronics: Hybrid LSIMetal Spintronics: Hybrid LSI

Welp et al., PRL 2003

5 µm

compressive strain 
in-plane easy axis

90o domains

1 mm

tensile strain
perpendicular easy axis 

stripe domains 

Shono et al., APL 2002

Well defined domains in (Ga,Mn)AsWell defined domains in (Ga,Mn)As

See Sugawara et al. PRL 2008 for 
Lorenz microscope observation

Why domain wall and why in (Ga,Mn)As?Why domain wall and why in (Ga,Mn)As?

Physics:
Addresses physics of nontrivial interaction between carrier-spins 
and localized spin texture and its consequences

Technology:
Electrical manipulation of magnetization

0)/( HMWtHSW +∝

M : magnetization
t : film thickness
W : element width

Smaller magnets get harder to reverseSmaller magnets get harder to reverse

L. Berger, J. Appl. Phys. 55, 1954 (1984).

j
domain wall

L. Berger, J. Appl. Phys. 71, 2721 (1992).

Single domain wall motion unambiguously 
seen in ferromagnetic semiconductors 
(Yamanouchi) and in metals 
(Yamaguchi/Ono, Vernier, Kläui, Parkin…)

(Ga,Mn)As(Ga,Mn)As
(1) small M, (2) high P, and (3) the 

p-d Zener model description

domain walldomain wall

nm 17≈=
u

s

K
Aπδ

Ku ~ 3 x 103 J/m3

As ~ 9 x 10-14 J/m

Dietl et al. Phys. Rev. B 64, 241201(R) (2001)

Yamanouchi et al. Nature 2004

105 A/cm2

Magnetic race-track memory

S.S.P. Parkin, Spintech 2005.
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S. I. GaAs (001) sub.
GaAs 100 nm

buffer 
layer

channel 
layer

In0.22Al0.78As 75 nm
Ga0.955Mn0.045As 30 nm

easy axis

In0.18Al0.82As 75 nm
In0.13Al0.87As 75 nm

In0.065Al0.935As 75 nm

Domain wall velocityDomain wall velocity
Sample structureSample structure

Preparation of domain wallPreparation of domain wall

Patterning of coercive force Patterning of coercive force HHcc by by 
etching of (Ga,Mn)As etching of (Ga,Mn)As Hc

’ Hc

etching

≠

20 nm 30 nm

Tc ~ 112 K Tc ~ 115 K

Au/Cr electrode 60 µm 20 µm

5 µm

[-110]

[110] (I) (II)

Tn = 100 K

Domain wall velocityDomain wall velocity

DW moves in the opposite direction 
of current pulse
deff depends linearly on pulse width

j = 8.0 x 105 A/cm2

1 µs

1.5 µs

2 µs

2.5 µs

3 µs

3.5 µs

wp

Effective DW displacement
deff : the area swept by DW 

divided by channel width

Effective DW velocity
veff : linear slope of deff - wp

for deff > 15 µm
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MOKE: Magneto-optical Kerr effect image

Domain wall velocityDomain wall velocity
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100 K

x105

M. Yamanouchi et al., Phys. Rev. Lett. 96, 096601 (2006)

jj
current

electron

Mn

Adiabatic spin transfer Adiabatic spin transfer 
(conservation of angular momentum) (conservation of angular momentum) 

MechanismMechanism

EF

d state
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Domain wall velocityDomain wall velocity
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M. Yamanouchi et al., Phys. Rev. Lett. 96, 096601 (2006)

Velocity: SubVelocity: Sub--threshold regimethreshold regime
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Current assisted domain wall creepCurrent assisted domain wall creep

Lemerle et al. PRL 80, 894 (1998)
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µµ = = 0.330.33

100 K

B ~ 4.4 mT

Initial configuration

DW motion by magnetic fieldDW motion by magnetic field

veff = 8.0 x 10-4 m/s

width
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µ−−= bHaveff )ln(

µµ = 1.2= 1.2

universality 
class

field drivecurrent drive

µ 1.2±0.10.33±0.06

( )µµ −−−= Hbjaveff or )ln(

Critical exponentsCritical exponents

* P. Chauve, T. Giramarchi, and P. Le Doussal, Phys. Rev. B 62, 6241 (2000)

random-field*not previously known

Yamanouchi, Ieda, Matsukura, Barnes, Maekawa and Ohno, Science, 317, 1726 (2007)

1.1. Ferromagnetic IIIFerromagnetic III--V semiconductorsV semiconductors

2.2. CurrentCurrent--induced domain wall motioninduced domain wall motion

3.3. Toward high Toward high TTCC

4.4. Metal Spintronics: Hybrid LSIMetal Spintronics: Hybrid LSI

TTCC by the by the pp--dd Zener ModelZener Model

xMn = 0.05
p = 3.5 x 1020 cm-3
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((Al,Cr)NAl,Cr)N and and Ge:MnGe:Mn

L. Gu et al., JMMM, 290-291, 1395 (2005) M. Jamet et al., Nature Mat., 5, 653 (2006)

Metallic random alloyMetallic random alloy

Electronic phase separationElectronic phase separation

Chemical phase separation on the same latticeChemical phase separation on the same lattice
can stabilize a structure that does not exist in its bulk formcan stabilize a structure that does not exist in its bulk form
a new route to nanostructure formationa new route to nanostructure formation

Precipitates with different crystal structuresPrecipitates with different crystal structures

Four different casesFour different cases

S. Kuroda et al. Nature Materials 2007
(Univ. Tsukuba)

The case of ZnThe case of Zn0.940.94CrCr0.060.06TeTe TTCC by the by the pp--dd Zener ModelZener Model

xMn = 0.05
p = 3.5 x 1020 cm-3
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T. Dietl et al. Science 2000, Phys. Rev. B 2001
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