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Introduction 

An electron has a charge –e and a spin 1/2

─ + = ─

Electronic industries have made good use of the charge.

But the electron spin has essentially been neglected.



Spintronics, or spin electronics, involves the 
study of active control and manipulation of 
spin degrees of freedom in solid-state 
systems.

in Reviews of Modern Physics, 
vol. 76, p.323-410, 2004, 
by I. Žutić, J. Fabian, and S. Das Sarma.

Quoted from the abstract of  
“Spintronics: Fundamentals and applications”
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Spintronics

Where magnetic material 
and magnetic field is 

involved:
• GMR:  giant magneto-

resistive effect 
• Memory / storage
• TMR, CMR

Spin-based Quantum 
Computing:

uses spin of nuclei as 
qubits

All electrical means of generation and 
manipulation of spins:
• spin-polarized transport in semiconductors
• spin FET, spin filter
• logic / storage

Introduction 
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Why spintronics ?

• new physical principles
• new challenges
• new working principles for applications
• new devices for technologies

• potentially decreases electric power 
consumption 

Introduction 
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Magnetic materials  
are involved.
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Magnetic materials  
are involved.
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SOI in semiconductors

Why spintronics in semiconductors ?

• compatible with the semiconductor industries
• highly tunable 
• spin-orbit interaction (SOI) is much larger than 

in vacuum
• zero magnetic field spin splitting in samples that 

has bulk inversion asymmetry (BIA) or 
structure inversion asymmetry (SIA).
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Amazing Spin-Orbit interaction in semiconductor:

In vacuum:
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In vacuum:   λ = –3.7x10-6 Å2

In semiconductor such as GaAs:   λ =  5.3 Å2

In semiconductor such as InAs:    λ =  120 Å2

SOI in semiconductors



Strength of 
spin-orbit 
goes as Z4.

It is larger 
for heavier 
atoms.

SOI in semiconductors
NCTU
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SOI in semiconductors

Physical origin of this large enhancement 
in the SOI coupling constant:

• a brief review of how SOI comes about,
starting from the Dirac equation.

• how does the SOI coupling constant gets 
enhanced in semiconductors:  
a k·p approach.
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How does spin-orbit interaction arises from Dirac equation,
when relativity is fully taken into account ?
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We focus upon the large component, when E > m0c2 .
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Note that this equation cannot replace the original Dirac 
equation, when large and small components are coupled.
This is because ψA alone is not normalized. From
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We know now how the spin-orbit interaction comes 
from the relativistic effect. The Thomas precession has 
also been taken into account in our taking of the 
nonrelativistic limit.

Can we then understand the amazing enlargement of 
the spin-orbit coupling parameter λ in semiconductor ?

NCTU
SOI in semiconductors
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Amazing Spin-Orbit interaction in semiconductor: 
To refresh our memory 

In vacuum:
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In vacuum:   λ = –3.7x10-6 Å2

In semiconductor such as GaAs:   λ =  5.3 Å2

In semiconductor such as InAs:    λ =  120 Å2
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k·p Method for an electron in a periodic potential V0(r)

SOI in semiconductors
NCTU



If we include the spin-orbit interaction, given by
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04
we get

where

Two component 
spinors
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For a fixed wave vector ko the sets of lattice 
periodic functions {|nk0＞} provide a complete 
and orthonormal basis. Therefore, we can expand 
the kets {|nk＞} in terms of band edge Bloch 
functions {|ν0＞} times spin eigenstates |σ＞

SOI in semiconductors
NCTU



σν ′′We choose the S and P orbitals for states                 . 

SOI in semiconductors
NCTU
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Physical meaning of  P2 :

Taking the E0 >> Δ0 :
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Schematic layer structure of an inverted 
In0.53Ga0.47As / In0.52Al0.48As 
heterostructure.
(Nitta et al. Phys. Rev. Lett.78, 1355(1997))

Calculated conduction band diagram (solid 
line) and electron distribution (dash line).
(Nitta et al. Physica E, 2, 527(1998))

SOI due to Structure Inversion Asymmetry
Rashba SOI 
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Rashba effect (spin-orbit interaction )

InGaAs

InAlAs

2DEG

Asymmetric Heterostructure:

Structure inversion asymmetry:

E

NCTU
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EV

In Lab. frame

Beff

In the rest  frame of an 
electron

I

I

Effective magnetic  field 
induced by the effective  
current I.

Effective magnetic  field 
induced by the effective  
current I.

An electron moves between 

two charged plane
An electron moves between 

two charged plane

The  SOI hamiltonian is given by

( )B    H      V Eeffμ σ∝= − ⋅ ⋅ − ×
r r rr r

( )Rashba 0 ˆH p zα σ≡ × ⋅
r r where           is  called the 

Rashba constant.
0α



Rashba spin-orbit interaction (SOI)

( )
:  normal to interface
:  the Pauli spin operato

Rashba term:

r

so ˆ

ˆ

H

v

p v

σ

α σ= × ⋅

r

r r
• SOI is significant in narrow gap
semiconductor heterostructures.

• Large variation (up to 50%) of
the SOI coupling constant α,
tuned by metal gates, has been
observed  experimentally.
[ Nitta et. al. PRL 78 (1997)
Engels et. al. PRB 55 (1997)
Grundler, PRL 84 (2000) ]

• Static gate control of α has been
the focus of previous proposals
on spin polarized transistors.
[ Datta et. al. APL 56 (1990), ……]

SOI in semiconductors



Fig.3.Dispersion relation for a 2D    
Rashba-type system and the Rashba
constant                 .

ky

kx

E

0 0.13α =

2 2 2 2
2 0  D x y x yE k k k kα= + ++NCTU

SOI in semiconductors



Tuning of the coupling constant       by a metal gateTuning of the coupling constant       by a metal gate0α

Spin-orbit  coupling  parameter         of the 
first (circle) and  second (square)  subband
as a function of the gate voltage: including 
(solid) and not including (open) band  
nonparabolicity correlation. 

(Nitta. et al. Phys.Rev.B 60,7736(1999))

α
InGaAs

InAlAs

2DEG2DEG

Gate

gV

SOI in semiconductors



SOI due to Bulk Inversion Asymmetry
Dresselhaus SOI 

Examples:  Zincblende structures  GaAs, InAs

SOI in semiconductors
NCTU
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Dresselhaus SOI:
Bulk Inversion asymmetry

2 2

2 2
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k x y

y
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β κ
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− −

Rashba SOI:
Structure inversion 
asymmetry

ˆ =  ( )kh k zα ×r

r r

Extrinsic origin:
SOI impurity

S0I  = pH h σ⋅r

r rIntrinsic origin:
Structural effect

( )Vk ∇×⋅
ρρρσλ 

SOI in semiconductors
NCTU Summary:  Physical origin of SOI



Spin Hall Effect
NCTU

A simple picture for the extrinsic spin Hall effect

J.E. Hirsch, PRL 83, 1834 (1999)



Injection of 
unpolarized current:

Spin accumulation 
without charge 
accumulation

Injection of partially 
polarized current:

Spin accumulation is 
accompanied by charge 
accumulation

Spin accumulation & Spin Hall Effect:
Spin-dependent deflection of injected carriers 
produces spin accumulation at lateral edges

Spin Hall Effect



Earliest proposal:
An electrical current passes through a sample with spin-
orbit interaction induces a spin polarization near the 
lateral edges, with opposite polarization at opposing 
edges (M.I. D’yakonov and V.I. Perel’, JEPT Lett., 13, 
467 (1971)).

This effect does not require an external magnetic 
field or magnetic order in the equilibrium state 
before the current is applied.

The M.I. D’yakonov and V.I. Perel’ (1971) paper was 
titled: “Possibility of orienting electron spins with 
current” in which an extrinsic mechanism was proposed 
for the spin Hall effect.
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V.M. Edelstein, Solid State Commun. 73, 233 (1990)
“Spin polarization of conduction electrons induced 
by electric current in two-dimensional asymmetric 
electron systems”

S. Murakami, N. Nagaosa, S.C. Zhang, 
Science 301, 1348 (2003)
“Dissipationless quantum spin current at room  
temperature”

J. Sinova, D. Culcer, Q. Niu, N.A. Sinitsyn, T. 
Jungwirth, and A.H. MacDonald, 
Physical Review Letters 92, 126603 (2004)
“Universal Intrinsic Spin Hall Effect”
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For an attractive scatterer with 
E ~ r –n (n>1), spin up electron is 
deflected more to the left and 
spin down electron is deflected more 
to the right.

A simple picture for the extrinsic SOI effect
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A “simple but not quite correct picture” for the intrinsic SOI effect 
(using Rashba SOI as an example)

E
ρ

This picture is not 
correct because it 
has not taken into 
account 2 features: 
1. the effect of  

background
impurities;

2. the form of SOI:
linear or non-
linear in k ?

J. Sinova, et al PRL 92, 126603 (2004)

J. Sinova, et al PRL 92, 126603 (2004)

Green arrows: 
wavevector

Green arrows: 
Effective 
magnetic field
direction



Experimental observation of extrinsic spin Hall Effect 
in thin 3D layers  (weak dependence on crystal orientation) 
Y.K. Kato, R.C.Myers, A.C. Gossard, D.D. Awschalom, Science 306, 
1910 (2004)
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Experimental confirmation of spin Hall Effect in a 2D 
hole gas  (intrinsic SHE) 
J. Wunderlich, B. Kaestner, J. Sinova, and T. Jungwirth, Phys. 
Rev. Lett. 94, 047204 (2005)
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J. Wunderlich, B. Kaestner, J. Sinova, and T. Jungwirth, Phys. 
Rev. Lett. 94, 047204 (2005)
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Spin Hall and Spin Accumulation

Spin is not conserved:

and definition of spin current remains an issue  
(Shi J, Zhang P, Xiao D, and Nui Q, Phys. Rev. 
Lett. 96 76604(2006)).

Experiments measure spin accumulation, not 
spin current.

Spin accumulation, not spin current, is the key
physical quantity of our interest.
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Derivation of a spin diffusion equation

S0I  = pH h σ⋅r

r r

Dresselhaus SOI:
2 2
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Rashba SOI:

ˆ=  ( )kh k zα ×r

r r

Dresselhaus SOI contains 
cubic term in k
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Linear response:
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Precession of the inhomogeneous spin 
polarization about the effective SOI field.

Charge-spin coupling
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2007 Autumn Workshop on Low 
Dimensional & Nano- Structures

Spin densities Diffusion equation
for Rashba-type semiconductor strip
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Boundary condition

More recent work on the boundary conditions for the spin 
diffusion equation:

*G. Bleibaum, Phys. Rev. B 74, 113309 (2006)
“Boundary conditions for spin-diffusion equations with
Rashba spin-orbit interaction”

V.M. Galitski, A.A. Burkov, and S. Das Sarma,
Phys. Rev. B 74, 115331 (2006)
“Boundary conditions for spin diffusion in disordered   
systems”

*Y. Tserkovnyak, B.I. Halperin, A.A. Kovalev, A. Brataas, 
New Journal of Physics 9, 345 (2007)
“Boundary spin Hall effect in a two-dimensional  
semiconductor system with Rashba spin-orbit coupling”

* Work that agrees with our result for hard wall boundary.

Spin Hall Effect
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Spin densities                           
for i = x, z as a functions of its width 
d.

The inset shows the dependence of 
ΔSz(y) on the transverse coordinate 

y. Lengths are measured in unit of 
.

Phys.Rev.Lett. 95, 146601(2005)
Mal’shukov, Wang, Chu, Chao

Spin Hall Effect
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Spin densities of ΔSz are of odd parity in a 2D strip with κ/k=1.3
for the strip width d = 10. 

x

ZSΔ

y x y

xSΔ

Spin accumulation in a Dresselhaus-type 2DEG has a 
comparable magnitude (~17μm-2 for GaAs)

Dresselhaus SOI  strip Spin Hall Effect
NCTU



SHE in Rashba-type spin-orbit systems vanishes 
in the presence of weak disorder

J.I. Inoue, et al, Phys. Rev. B 70, 041303 (2004)
E.I. Rashba, Phys. Rev. B 70, 201309 (2004)
O. Chalaev et al, Phys. Rev. B 71, 245318 (2005)
E.G. Mishchenko, et al, Phys. Rev. Lett. 93, 226602 (2004)
A.A. Burkov, et al, Phys. Rev. B 70, 155308 (2004)
O.V. Dimitrova, Phys. Rev. B 71, 245327 (2005)
R. Raimondi et al, Phys. Rev. B 71, 033311 (2005)
A.G. Mal’shukov et al, Phys. Rev. B 71, 121308(R) (2005)
B.A. Bernevig and S.C. Zhang, Phys. Rev. Lett. 95, 016801 
(2005)

Cubic dependence on k is crucial.

At the time the semiconductor spintronic community 
gradually realized that disorder due to normal impurities 
removes completely the Rashba SOI Spin Hall Effect.

Perspective Spin Hall Effect
NCTU
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What should be the distribution of electrons in the momentum 
space if there is spin-orbit scatterers in the system (extrinsic 
SOI) ?

Physical Review Letters 95, 166605 (2005)

We start by refreshing our understanding on the normal 
Boltzmann equation.
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When the impurities are spin-orbit scatterers, the 
distribution f(k) will become a matrix, a 2X2 matrix.
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We may expect the scattering rate to become a 
scattering rate matrix.

How do we come up with an appropriate 
definition of the scattering rate matrix ?
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Before we go on to find the scattering rate matrix expression, 
it is beneficial for us to look at the physical meaning of the 
scattering from a spin-orbit scatterer.
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We first consider the scattering matrix of a spin-orbit 
scattering event.

Without loss of generality, we can assume that the 
particle is incident along z and the spin is either 
parallel or anti-parallel to z.
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To find the φ dependence of  Sij we look at the 
total angular momentum along z.
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To find the θ dependence of  Sij we look at the “reflection symmetry”
in the yz plane.                                                         
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Spin current:

where

where J0 is the charge current in the absence of SO coupling.
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Spin dipole around a local scatterer

• isotropic normal scatterer in a Rashba 2DEG

• extrinsic spin-orbit scatterer in a normal 2DEG

Spin Dipole
NCTU



NCTU
Spin Dipole



PRB 54, R5283 (1996)
BG Briner, RM Feenstra
et al.  
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Scattering amplitude 
of the scatterer

Spin density in the vicinity of the scatterer

Vertex part

Isotropic normal scatterer in a Rashba 2DEG
NCTU

Spin Dipole



Spin dipole in the ballistic regime:   (PRL 97, 76601 (2006))  
spin accumulation occurs regardless of zero spin current in the bulk

NCTU
Spin Dipole



We invoke both the in-plane potential gradient SOI and the 
resonant effects for the amplification of the spin accumulation.

Chen, Chu, and Mal’shukov (Phys. Rev. B 76, 2007)

A ring-shaped potential 
pattern is embedded in a 
2DEG. An electric field E 
sets up a current in the 
2DEG.

SO ( )H k Vλ σ= ⋅ ×∇
r rr

[ ])()()( baVV O −−−= ρθρθρ

NCTU
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Sorbello and Chu, IBM J. Res. Dev. 32, 58 (1988)
Chu and Sorbello, Phys. Rev. B 38, 7260 (1988)

Radial wavefunction

Dipole-like

NCTU
Spin Dipole



Asymptotic 
form:

NCTU
Spin Dipole



n=1 
seriesn=2 series

n=3 series

Partial sum involving 
δl=5E* = 77.1 meV

V0 = 0.75

NCTU
Spin Dipole



Asymptotic 

n=1, 
l = 
5

Length
scale = 
46.3 Å

NCTU
Spin Dipole
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V0 = 
1
a = 20

b = 26.5

NCTU
Spin Dipole



V0 = 
1
a = 19.8

b = 26.3

NCTU
Spin Dipole



Possible realization of the microstructure:

1. Gate-patterning on the 2DEG

2. Carrier distribution profiles in Si-doped 
layers formed by focused ion beam 
implanatation and successive overlayer
growth
Ref. J. Vac. Sci. Technol. B 18, 3158 (2000)

NCTU
Spin Dipole



Summary

1. Nonequilibrium spin accumulation (spin cloud or 
spin dipole) is found in the absence of bulk “spin 
current”.

2. For the case of Rashba SOI, nonequilibrium spin 
cloud is formed around a normal impurity.

3. For the case of a normal 2DEG, nonequilibrium
spin cloud is formed around a local SOI structure.

4. The interplay between the in-plane potential 
gradient SOI and quantum resonances can lead to 
significant effects.

NCTU
Spin Dipole



Other recent work that invoked the importance 
of in-plane potential gradient:

Phys. Rev. Lett. 98, 186807 (2007)

NCTU
Giant spin splitting in 
surface metallic alloy



Giant spin splitting in 
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Giant spin splitting in 
surface metallic alloyNCTU

Band structure 
measurements by 
ARPES (left-hand 
panels) and 
calculations (right-
hand panels) in the 
vicinity of the Γ
point.  

Note the different 
horizontal scales.
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Spin Current Detection

• A nano-mechanical proposal

• An Inverse spin-Hall proposal and experiment

NCTU
Spin Current Detection
Nano-bridge proposal



Nanobridge consists of:
Semiconductor (yellow region);  Metal (green region);
Insulator (blue region)

Semiconductor provides the strain-induced SOI;  
Metal provides a rapid spin relaxation;
Insulator is to provide an asymmetric environment for the 
semiconductor so as to allow for a net torsional stress.

Spin Current Detection
Nano-bridge proposalNCTU

• Relate torsional energy to spin current
• Derive equation of motion for the torsion angle
• Relate the spin current to the spin density
• Estimate  torsion angle and its thermal fluctuation



Target:  To study the torsion angle the nanobridge is to twist
upon the diffusion of electron spin into the nanobridge
from the semiconductor side.  

Dimension of the Nanobridge:
b     :  the width                           Lt :  total length of the nanobridge
c/2  :  thickness of the semiconductor
L : length of the semiconductor in the nanobridge
c/2 : thickness of the insulator

Spin Current Detection
Nano-bridge proposal
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( ) ( ) ( )

SOI

           + 

x zx z xy y y xy x yz z z yz y zx x

x x yy zz y y zz xx z z xx yy

H u k u k u k u k u k u k

k u u k u u k u u

α σ σ σ

β σ σ σ

⎡ ⎤= − + − + −⎣ ⎦
⎡ ⎤− + − + −⎣ ⎦

 are elements of the strain tensoriju

Strain-induced SOI in semiconductor

  is the coupling constant for torsional motionsα

  is the coupling constant for flexural motionsβ

  for narrow gap semiconductorsβ α<<
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( ) ( ) ( )SOI x zx z xy y y xy x yz z z yz y zx xH u k u k u k u k u k u kα σ σ σ⎡ ⎤= − + − + −⎣ ⎦

   for torsional motion 
               along  axis

0yz
x

u =

terms involving  and  vanishy zk k

SOI y xy z zx xH u u kα σ σ⎡ ⎤= −⎣ ⎦
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SOI y xy z zx xH u u kα σ σ⎡ ⎤= −⎣ ⎦
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An influx of diffusive spin current can be represented by a 
Boltzmann distribution function Fk

i (r) from which we can 
calculate the spin distribution function Pk

i (r).  We assume Pk
i (r)  

to be uniform within the cross section of the semiconductor.

( )SO SOI
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Tr  

      2        
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∑∫

∑∫

r
r

r r
r

) r
Torsional energy:

From the above expression it is clear that the insulator 
plays a very important role in providing a net 
torsional stress.
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within the sensitivity of 
P. Mohanty’s group,
Phys. Rev. B 70, 195301 
(2004)

A.G. Mal’shukov, C.S. Tang, 
C.S. Chu, K.A. Chao, 
Phys. Rev. Lett. 95, 107203 
(2005)
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Summary

1. Strain-induced SOI provides a nanomechanical
scheme for the detection of spin current

2. The effect can be inverted for the generation of spin 
current from torsional motion

Spin Current Detection
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on spin injection



Symmetries of spin accumulation 
in weak in-plane magnetic fieldsWeak in-plane magnetic field as a probe 

for the SOI mechanism in a sample

L.Y. Wang, C.S. Chu, A.G. 
Mal’shukov,  2008



Symmetries of spin accumulation 
in weak in-plane magnetic fields



2007 Autumn Workshop on Low 
Dimensional & Nano- Structures

Thank you for your attention
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Interesting recent work 
on spin injection












