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Outline
✦ “Spintronics”: an overview

✦ Spintronics without magnetism: controlling spins in 
semiconductors via:

✦ The spin-orbit interaction (spin Hall effect)

✦ Circularly polarized photons (coherent spin dynamics)



Some reminders
Electron has spin = 1/2 with two possible projections along magnetic 

field B: “up” and “down” 

 

ΔE = ge
e
2me

B = geµBB
Free electron: g = 2
Solid state: -0.4 < g < ~50

B ΔE T1 T2

Schrodinger (non-relativistic) equation: “spinless” 
Dirac equation (relativistic): includes spin and yields 
coupling between spin and orbital motion of electrons 
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So, what exactly is “spintronics”?
(a) An acronym for “spin-transport based electronics.”

(b)A misnomer for a commonly used technology. 

(c) A potentially exciting path towards processing and 
storing classical and/or quantum information in solid 
state devices in the distant future.

(d)A convenient excuse for funding your favourite 
condensed matter physics project.

(e) All of the above. 



“Spintronics”
• “Spin-transport based electronics”: originally coined for ferromagnetic 

metal sensors that read magnetically stored information. 

✤ Giant magnetoresistance (GMR): spin-dependent scattering; used in magnetic 
read head sensors -- 2007 Nobel prize in Physics for Fert and Grunberg

✤ Tunnel magnetoresistance: read heads, magnetic random access memory 

Baibich et al, PRL (1998)

340 MB
microdrive

(IBM 
ca. 1999)



Semiconductor Spintronics

• Fundamental objectives: controlling spins (band electrons, 
magnetic ions & nuclei) in semiconductors. 

• Challenge and opportunity: how to transition from 
fundamental exploration of spin control in semiconductors towards a 
technology?
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Task 2.   Expertise in engineering of hybrid structures at Minnesota, Penn State, and UCSB will 

be used to perfect semiconductor readouts of the metallic tunnel junction and SMT memory cells 

prepared at Cornell and Virginia.  Additional features such as gates (for both depletion and spin 

manipulation) will be added according to designs developed at Iowa.  The interconnect 

technologies developed in Task 3 will be used as necessary.  The second step in this task will be 

linking the logic stages of the device to electrical and optical outputs using the communication 

stages developed in Task 3.  The device resulting from this task will be able to take electrical or 

optical inputs from the memory cells, perform logic operations and return either electrical or 

optical outputs as programmed by the logic stage.  In the third step, tests of electrical 

performance will be carried out by Cornell and Penn State while optical performance will be 

tested by Minnesota and UCSB.   

 

 

1. Interfacing the memory cells (fabricated in Task 1) and logic stages (developed in Task 

2) to electrical and optical outputs using the communication stages developed in Task 3. 

Information in the outputs of the memory cells (described in Task 1) and logic devices 

(described in Task 2) can be encoded in either the total electrical current, the spin current, or an 

optical polarization, depending on the type of application.  For example, Memory: Pathways A & 

B and Logic: Pathway A encode a signal in the total current.   In contrast, Memory: Pathway A 

and Logic: Pathway C encode the signal in the spin current.  Finally, approaches such as 

Memory: Pathways C & D and Logic: Pathway B encode signals as an optical polarization.  

Thus the integration task for linking these memory cells and logic devices to electrical and 

optical outputs requires first transforming those outputs from electrical to optical or vice versa, 

and then moving this information from the region of the chip where the logic devices reside to an 

output region of the chip. The choice of conversion mode would be controlled by memory 

elements (described in Task 1 and integrated into logic stages). It is also important to keep the 

logic stages isolated from whatever the chip outputs are driving, and thus isolators for all three 

types of outputs will be developed as part of this integration task. 
 

The essential components for moving electrical spin-polarization information from the logical 

outputs to the output region of the chip itself will be the highly-efficient spin-coherent nanowire 

conduits of Communications: Pathway A (for transporting spin over multiple hundreds of 

?

(Gupta, Knobel, Samarth, 
Awschalom, 2001)



Semiconductor Spintronic Device - I 

• The “spinFET”: inject a spin 
polarized current from a 
ferromagnetic source into the 
channel of a semiconductor field 
effect transistor.

• Apply an electric field via the 
gate -- S-O coupling makes this 
act like a magnetic field, causing 
spin precession.

• Use a ferromagnetic drain to act 
as a spin detector.

• Question: is this faster or more 
efficient that current (or even 
projected) CMOS technology?? “Electronic analog of the electro-optic modulator,” Datta 

& Das: APL 56, 665 (1990)
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Progress towards spin FETs
Electrical spin injection from FM metals into semiconductors & spin 
detection now demonstrated -- Crowell (Minnesota), Jonker (NRL)

Lou et al. PRL (2006); Nature Physics (2007). 

Still no demonstration 
of the complete 
spinFET device



Semiconductor Spintronic Devices -- II
Does the performance of spin-
based semiconductor devices 
potentially warrant the effort?

REVIEW ARTICLE

nature physics | VOL 3 | MARCH 2007 | www.nature.com/naturephysics 157

non-local electrically detected spin-injection experiment sensitive 
to precession has also been performed for a semiconductor76. 

Spin injection and detection can be considered the ‘input’ and 
‘read-out’ stages of a logic device within which the spin is manipulated 
by external or internal magnetic ! elds or by spin-selective scattering. 
It has been demonstrated that the internal e" ective magnetic ! elds in 
semiconductors with spin-orbit interactions can be used to reorient 
spins and also to drive magnetic resonance34. # ese e" ective internal 
magnetic ! elds can be manipulated with applied external electric 
! elds77,78, which implies new gating mechanisms for spin-based 
transistors79. Furthermore the separation of spins can be achieved 
through the recently demonstrated spin Hall e" ect, ! rst seen in 
semiconductors40–42,44, later in metals16, and most recently at room 
temperature43. Control of the spin Hall e" ect via control of the material 
mobility may be used to change spin currents in magnitude or even 
direction54, using a controllable spin Hall e" ect to route spins for 
logic. Finally, it might be possible to do away with magnetic materials 
entirely due to the achievement of spontaneous spin polarization at 
room temperature in a non-magnetic semiconductor80,81.

STORAGE
Many of the ferromagnetic semiconductor materials have extremely 
high carrier-doping levels, and controlling the interfaces of these 
materials is a great challenge. If novel storage devices based on 
ferromagnetic semiconductors are to be attempted, then achieving 
ferromagnetism in lower-doped semiconductor materials will be 
highly desirable. # ere are some indications that this might occur 
naturally at the edges of ferromagnetic materials, as the carriers are 
depleted from the region but magnetism remains82.

Only very recently has there been a report of a p–n diode made with 
a ferromagnetic material83,84 — previous attempts led to poor diodes 
because the doping level in the intrinsic, or depletion, region was too 
high to support a signi! cant voltage. Another recent achievement was 
the demonstration of exchange biasing in magnetic semiconductors85. 
A central element of metallic MRAM, exchange biasing will be a key 
element of semiconductor spintronics storage technology.

COMMUNICATIONS
Optics and ferromagnetism has turned out to be a dirty partnership 
so far in GaMnAs. # e optical lifetimes are so short, unlike for non-
magnetic semiconductors, that it was some time before they could be 
measured86. As the desired magneto-optical devices typically require 
substantial Faraday rotation without signi! cant optical losses, 
magnetic semiconductors have not been successful at dislodging 
magnetic insulators from this niche. Experiments on CdMnTe 
and CdMnHgTe optical isolators, however, suggest competitive 
values to yttrium iron garnet for the optical rotation relative to 
optical loss87,88 in a material that can be monolithically integrated 
on a semiconductor substrate. A semiconductor waveguide with 
an integrated ferromagnetic metal clad has also shown good 
performance as an optical isolator89.

As the materials become cleaner and more controlled the 
magneto-optical properties should improve further. It has been 
discovered that much cleaner GaMnAs could be achieved through 
very long low-temperature post-growth annealing. At the same time 
the optical properties of very lightly doped GaMnAs seem quite good, 
even though the material itself is not doped su$  ciently to become 
ferromagnetic. New discoveries of ferromagnetic semiconductors 
suggest there should be materials with better optical properties, such 
as ZnCrTe. Whether this material is a carrier-mediated ferromagnet 
or not is not clear yet, although it is dopable and the magnetism has 
a large in% uence on the optical properties.

QUANTUM COMPUTING
# e achievement of large-scale quantum-information processing 
in any physical system will be a tremendous success. Recent 
experimental advances in semiconductor spintronic quantum 
computing include the demonstration of long T1 and T2 times in 
semiconductor quantum dots (albeit at low temperatures45), the 
demonstration of coherent single-spin manipulation in diamond, 
and numerous examples of gate operations performed on ensembles 
of spins90–92, but expected to be extended to single-spin manipulation 
in quantum dots or embedded ions in the near future.
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Figure 4 Schematic structure of a MOSFET (left) and a spin-FET (right). MOSFETs work by raising and lowering a barrier to turn the current on or off. A magnetic 
semiconductor spin lifetime FET uses static spin-dependent barriers and changes the spin character of the electrons in the channel to turn the current on or off. Reused with 
permission from ref. 51. Copyright 2006, American institute of Physics.
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Performance of a spin-based insulated gate field effect transistor
Kimberley C. Hall
Department of Physics, Dalhousie University, Halifax B3H 3J5, Canada

Michael E. Flattéa!

Optical Science and Technology Center and Department of Physics and Astronomy,
University of Iowa, Iowa City, Iowa 52242

!Received 29 January 2006; accepted 28 February 2006; published online 18 April 2006"

Fundamental physical properties limiting the performance of spin field effect transistors are
compared to those of ordinary !charge-based" field effect transistors. Instead of raising and lowering
a barrier to current flow these spin transistors use static spin-selective barriers and gate control of
spin relaxation. The different origins of transistor action lead to distinct size dependences of the
power dissipation in these transistors and permit sufficiently small spin-based transistors to surpass
the performance of charge-based transistors at room temperature or above. This includes lower
threshold voltages, smaller gate capacitances, reduced gate switching energies, and smaller
source-drain leakage currents. © 2006 American Institute of Physics. #DOI: 10.1063/1.2192152$

Spin-based electronic devices currently have broad com-
mercial applications to magnetic-field sensors and nonvola-
tile memory devices.1,2 Semiconductor spin-based electronic
devices3 have been shown to permit switching, modulation,
and gain, along with new functionality !principally nonvola-
tility and spin-selective properties".4–8 As the management of
active and leakage power dissipation is a key roadblock to
scaling of traditional charge-based transistors beyond
2010,9–11 assertions1,3 that spin-based devices may permit
lower-power operation through the incorporation of reconfig-
urable logic chips into devices, or lower-power spin-based
switching, have attracted considerable attention. Despite this,
no quantitative comparisons of the key elements of transistor
power dissipation !the leakage current and gate switching
energies" have been performed between spin-based insulated
gate field effect transistors and charge-based metal oxide
semiconductor field effect transistors !MOSFETs" !although
Ref. 12 reports some narrowly focused calculations".

Here the performance of an individual spin transistor
device is directly compared with current and future
MOSFETs. This comparison relies on calculations of the
leakage current and gate switching energy, in addition to the
gate switching speed, source-drain saturation current, and
gate capacitance for a spin transistor. The semiconductor
roadmap11 identifies three principal paths for complementary
metal oxide semiconductor !CMOS" transistor structures:
high-performance, low operating power, and low standby
power designs. As our focus here is on fundamental power
dissipation limits, the comparisons here will consider those
CMOS transistors with the most stringent power require-
ments: the low standby power !LSTP" development path. A
principal conclusion is that the leakage current and switching
energies of the spin transistor can be made significantly
smaller than those of current and future LSTP CMOS tran-
sistors, including those scheduled for introduction on the
semiconductor roadmap11 in 2018. This superior perfor-
mance is tied to fundamental aspects of spin-based switching
in an individual device. Some essential challenges that need
to be overcome in order to achieve this level of performance
in a spin transistor are also identified.

In order to make a direct comparison at the individual
transistor level, a spin transistor design is considered whose
source, drain, and gate contacts are in local equilibrium.
Thus the spin transistor cannot pass on a quantum-
mechanically coherent current to the next transistor in a cir-
cuit, such as would be the case, e.g., if the next transistor in
the circuit used the spin polarization of the drain current of
the previous transistor. A circuit using more general designs
might perform better than would be predicted based on indi-
vidual transistor performance.

The role of the barrier to current flow differs qualita-
tively in the two FET designs. Shown in Fig. 1!a" is a sche-
matic of the “off” and the “on” positions of the barrier in a
MOSFET. The electrons attempt to move from left to right
!in a MOSFET this barrier is between the source and the
drain" through a channel which is either insulating !off" or
conducting !on". The height of the barrier, Vth, is controlled
by a gate. For LSTP CMOS the barrier is designed to be at
least 400 mV high, corresponding to %16kBT at room tem-
perature, where kB is Boltzmann’s constant and T is the tem-
perature. This is the minimum barrier height to reduce the
ratio of the thermally excited current over the barrier in the
off state to the current in the on state to %10−7. Another
central characteristic of the MOSFET is the gate capacitance
Cg, which is proportional to the area A of the region of the
channel that is blocked with this barrier. The switching en-

a"Electronic mail: michael!flatte@mailaps.org

FIG. 1. Schematic barriers used in !a" a MOSFET and !b" a spin-based FET.
A MOSFET works by controlling the height of the barrier, with a barrier
height and width largely determined by the desired on-off current ratio and
leakage current. The spin-based FET considered here works by controlling
the nature of the initial state moving past the barrier in !b"; if the initial state
is fully spin polarized the transistor is off, otherwise it is on.

APPLIED PHYSICS LETTERS 88, 162503 !2006"

0003-6951/2006/88"16!/162503/3/$23.00 © 2006 American Institute of Physics88, 162503-1
Downloaded 07 Nov 2006 to 128.118.88.141. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Spintronics with Magnetic Semiconductors

★ Combining magnetism with semiconductors may allow devices with new 
functionality: electrical control of exchange interactions.

★ Electrical control of steady state ferromagnetism demonstrated by Ohno. 

★ Can we demonstrate electrically control of spin dynamics in magnetic 
semiconductors?Ohno et al, Nature (2000)

Ohno et al., Nature 
(2000)
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Crooker et al, PRL 77, 2814 (1996)

Gating of spin dynamics in quantum wells
• Magnetic ions in II-VI semiconductor: sp-d exchange coupling results in 

highly enhanced Zeeman splitting and large spin polarization of Fermi sea 
[review: Furdyna, JAP R29 (1988)]

• Design “parabolic magnetic quantum wells” -- magnetic ions in center of 
parabolic potential

• Electric field varies exchange overlap, pump-probe Kerr effect measures 
time dependent spin dynamics

Myers et al., PRB 72, 041302(2005) 

~THz 
spin precession

~GHz 
spin precession

GHz Mn 
precession



Materials for Semiconductor Spintronics
Do not need “exotic” 
materials! Conventional 
semiconductors suffice. 
Additional refinements 
(e.g. magnetic dopants, 
lithography)) also now 
standard.

Hybrid GaMnAs/GaAlAs 
ferromagnet/semiconductor 

microdisk lasers

III-V II-VI

Zinc-blende lattice

(Ga,Mn)As-based 
Submicron Magnetic 

Tunnel Junction

1 µm

(Zn,Mn)Se Nanowire



Outline
✦ “Spintronics”: an overview

✦ Spintronics without magnetism:

✦ Spin-orbit interaction (spin Hall effect)

✦ Circularly polarized photons (coherent spin dynamics)



Spin-orbit Coupling & Scattering
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Theory of Spin Hall Conductivity in n-Doped GaAs

Hans-Andreas Engel, Bertrand I. Halperin, and Emmanuel I. Rashba
Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

(Received 21 May 2005; published 13 October 2005)

We develop a theory of extrinsic spin currents in semiconductors, resulting from spin-orbit coupling at
charged scatterers, which leads to skew-scattering and side-jump contributions to the spin-Hall con-
ductivity. Applying the theory to bulk n-GaAs, without any free parameters, we find spin currents that are
in reasonable agreement with experiments by Kato et al. [Science 306, 1910 (2004)].

DOI: 10.1103/PhysRevLett.95.166605 PACS numbers: 72.25.Dc, 71.70.Ej

Generating and manipulating nonequilibrium spin mag-
netization by electric fields is one of the most desirable
goals of semiconductor spintronics, because electric fields
have potentialities for accessing individual spins at nano-
meter scale. Spin-orbit (SO) coupling is a mechanism for
achieving this goal. It has the prominent consequence of
the spin-Hall effect (SHE), where an electric current can
induce a transverse spin current and nonequilibrium spin
accumulation near sample boundaries. Recent observations
of the SHE are important achievements [1,2]. Theoreti-
cally, two different mechanisms of SHE were proposed.
The extrinsic mechanism [3–5] is based on spin-dependent
scattering of electrons by impurities and is mostly due to
Mott skew scattering [6]. An intrinsic mechanism also has
been proposed, based on the recently advanced concept of
‘‘dissipationless spin currents’’ in a perfect crystal [7,8].

The theory of spin transport in media with SO coupling
is intricate and includes all problems inherent in the theory
of anomalous Hall effect (AHE), which has a long history;
for reviews, see [9,10]. Also, the precise definition of spin
currents is under dispute due to spin nonconservation in
media with SO coupling. For small spin-relaxation rates,
spin currents with nonzero divergence can lead to spin
accumulations, which are experimentally observable quan-
tities [11–13]. However, spin currents do not necessarily
vanish in thermodynamic equilibrium, so their relation to
spin transport and accumulation is not obvious [14].

These problems inherent in the spin-transport theory
make identification of physical mechanisms underlying
the SHE observed in Refs. [1,2] rather challenging. On
one hand, Wunderlich et al. [2] observed a strong SHE in
two-dimensional (2D) layers of p-GaAs and ascribed it to
the intrinsic effect because of the large magnitude of the
effect and large splitting of the energy spectrum typical of
heavy holes. On the other hand, Kato et al. [1] attribute
their measurement of SHE in 3D n-GaAs layers (2 !m
thick) to the extrinsic mechanism. We believe that this is
indeed the case as we explain in this work. Although an
intrinsic spin-Hall effect, driven by the k3 Dresselhaus SO
coupling [15], could give rise to spin accumulation in this
system, as proposed in Ref. [16], its estimated size, when
impurity scattering is taken into account, is an order of
magnitude smaller than the observations. Further, because

of the large sample thickness, a specifically 2D mechanism
of spin accumulation relying on the properties of near-edge
states [17,18] cannot play a role in the geometry of Ref. [1].

In the following, we develop a theory of extrinsic spin
currents in a 3D electron system. It results from intrinsic
SO coupling in the bulk crystal that produces a SO con-
tribution to the impurity potential. (This effect can occur
even in an inversion symmetric crystal.) We show that
scattering by charged impurities and SO interaction in
n-GaAs are strong enough to support spin currents that
are in reasonably good agreement with findings by Kato
et al. [1] without using any adjustable parameters.

We consider an electron Hamiltonian of form

H ! @2k2
2m" # V$r% # "! & $k'rV%; (1)

where the potential energy V$r% varies slowly on the scale
of the host lattice constant. In vacuum, the last term of
Eq. (1) results from relativistic corrections in the Pauli
equation and is known as the Thomas term, with " !
(@2=4m2

0c
2 ) (3:7' 10(6 !A2, vacuum electron mass

m0, and velocity of light c. In direct gap cubic semicon-
ductors such as GaAs, a SO interaction of the same form
develops in the framework of the k & p model due to the

x,E

y
z

FIG. 1 (color online). Spin-dependent scattering at an attrac-
tive impurity. We show the classical trajectories (solid lines), for
a screened Coulomb potential and for strongly exaggerated spin-
orbit coupling with "> 0 and with quantization axis ẑ. The
skew-scattering current results from different scattering angles
for spin- " and spin- # and leads to a positive spin-Hall conduc-
tivity, #SH

SS ! (jzSS;y=Ex > 0. Further, we show the horizontal
displacement due to the side-jump effect (dashed lines), contrib-
uting to the spin current with opposite sign.

PRL 95, 166605 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
14 OCTOBER 2005

0031-9007=05=95(16)=166605(4)$23.00 166605-1  2005 The American Physical Society

Engel et al, PRL (2005)



Spin-Orbit Coupling in Semiconductors
Nonrelativistic approximation to Dirac equation in vacuum yields: 
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2 1 Introduction
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Fig. 1.1. Qualitative sketch of the
band structure of GaAs close to the
fundamental gap

Parmenter [5] and Dresselhaus [6]. Unlike the diamond structure of Si and
Ge, the zinc blende structure does not have a center of inversion, so that
we can have a spin splitting of the electron and hole states at nonzero wave
vectors k even for a magnetic field B = 0. In the inversion-symmetric Si and
Ge crystals we have, on the other hand, a twofold degeneracy of the Bloch
states for every wave vector k. Clearly, the spin splitting of the Bloch states
in the zinc blende structure must be a consequence of SO coupling, because
otherwise the spin degree of freedom of the Bloch electrons would not “know”
whether it was moving in an inversion-symmetric diamond structure or an
inversion-asymmetric zinc blende structure (see also Sect. 6.1).

In solid-state physics, it is a considerable task to analyze a microscopic
Schrödinger equation for the Bloch electrons in a lattice-periodic crystal po-
tential.2 Often, band structure calculations for electron states in the vicinity
of the fundamental gap are based on the k · p method and the envelope
function approximation. Here SO coupling enters solely in terms of matrix
elements of the operator (1.1) between bulk band-edge Bloch states, such
as the SO gap ∆0 in Fig. 1.1. These matrix elements provide a convenient
parameterization of SO coupling effects in semiconductor structures.

Besides the B = 0 spin splitting in inversion-asymmetric semiconductors,
a second important effect of SO coupling shows up in the Zeeman splitting
of electrons and holes. The Zeeman splitting is characterized by effective g
factors g∗ that can differ substantially from the free-electron g factor g0 = 2.
This was first noted by Roth et al. [7], who showed using the k · p method
that g∗ of electrons can be parameterized using the SO gap ∆0.
2 We note that in a solid (as in atomic physics) the dominant contribution to

the Pauli SO term (1.1) stems from the motion in the bare Coulomb potential
in the innermost region of the atomic cores, see Sect. 3.4. In a pseudopotential
approach the bare Coulomb potential in the core region is replaced by a smooth
pseudopotential.
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The Spin Hall Effect

Spin Hall effect in semiconductors: Kato,
Myers, Gossard, Awschalom (2004)

Spin Hall effect in n-doped GaAs 
Kato et al, Science 306, 1920 (2004)

An “ordinary” current flowing in an “ordinary” n-
doped semiconductor leads to spin accumulation at 
sample boundaries: 
• (Extrinsic) Spin Hall effect
• Predicted by Dyakonov & Perel, Phys. Lett. A 

13, 467 (1971), 
• Observed in n-GaAs and n-InGaAs at low 

temperatures by Kato et al, Science (2004)) 

E

Theory of Spin Hall Conductivity in n-Doped GaAs

Hans-Andreas Engel, Bertrand I. Halperin, and Emmanuel I. Rashba
Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

(Received 21 May 2005; published 13 October 2005)

We develop a theory of extrinsic spin currents in semiconductors, resulting from spin-orbit coupling at
charged scatterers, which leads to skew-scattering and side-jump contributions to the spin-Hall con-
ductivity. Applying the theory to bulk n-GaAs, without any free parameters, we find spin currents that are
in reasonable agreement with experiments by Kato et al. [Science 306, 1910 (2004)].

DOI: 10.1103/PhysRevLett.95.166605 PACS numbers: 72.25.Dc, 71.70.Ej

Generating and manipulating nonequilibrium spin mag-
netization by electric fields is one of the most desirable
goals of semiconductor spintronics, because electric fields
have potentialities for accessing individual spins at nano-
meter scale. Spin-orbit (SO) coupling is a mechanism for
achieving this goal. It has the prominent consequence of
the spin-Hall effect (SHE), where an electric current can
induce a transverse spin current and nonequilibrium spin
accumulation near sample boundaries. Recent observations
of the SHE are important achievements [1,2]. Theoreti-
cally, two different mechanisms of SHE were proposed.
The extrinsic mechanism [3–5] is based on spin-dependent
scattering of electrons by impurities and is mostly due to
Mott skew scattering [6]. An intrinsic mechanism also has
been proposed, based on the recently advanced concept of
‘‘dissipationless spin currents’’ in a perfect crystal [7,8].

The theory of spin transport in media with SO coupling
is intricate and includes all problems inherent in the theory
of anomalous Hall effect (AHE), which has a long history;
for reviews, see [9,10]. Also, the precise definition of spin
currents is under dispute due to spin nonconservation in
media with SO coupling. For small spin-relaxation rates,
spin currents with nonzero divergence can lead to spin
accumulations, which are experimentally observable quan-
tities [11–13]. However, spin currents do not necessarily
vanish in thermodynamic equilibrium, so their relation to
spin transport and accumulation is not obvious [14].

These problems inherent in the spin-transport theory
make identification of physical mechanisms underlying
the SHE observed in Refs. [1,2] rather challenging. On
one hand, Wunderlich et al. [2] observed a strong SHE in
two-dimensional (2D) layers of p-GaAs and ascribed it to
the intrinsic effect because of the large magnitude of the
effect and large splitting of the energy spectrum typical of
heavy holes. On the other hand, Kato et al. [1] attribute
their measurement of SHE in 3D n-GaAs layers (2 !m
thick) to the extrinsic mechanism. We believe that this is
indeed the case as we explain in this work. Although an
intrinsic spin-Hall effect, driven by the k3 Dresselhaus SO
coupling [15], could give rise to spin accumulation in this
system, as proposed in Ref. [16], its estimated size, when
impurity scattering is taken into account, is an order of
magnitude smaller than the observations. Further, because

of the large sample thickness, a specifically 2D mechanism
of spin accumulation relying on the properties of near-edge
states [17,18] cannot play a role in the geometry of Ref. [1].

In the following, we develop a theory of extrinsic spin
currents in a 3D electron system. It results from intrinsic
SO coupling in the bulk crystal that produces a SO con-
tribution to the impurity potential. (This effect can occur
even in an inversion symmetric crystal.) We show that
scattering by charged impurities and SO interaction in
n-GaAs are strong enough to support spin currents that
are in reasonably good agreement with findings by Kato
et al. [1] without using any adjustable parameters.

We consider an electron Hamiltonian of form

H ! @2k2
2m" # V$r% # "! & $k'rV%; (1)

where the potential energy V$r% varies slowly on the scale
of the host lattice constant. In vacuum, the last term of
Eq. (1) results from relativistic corrections in the Pauli
equation and is known as the Thomas term, with " !
(@2=4m2

0c
2 ) (3:7' 10(6 !A2, vacuum electron mass

m0, and velocity of light c. In direct gap cubic semicon-
ductors such as GaAs, a SO interaction of the same form
develops in the framework of the k & p model due to the
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FIG. 1 (color online). Spin-dependent scattering at an attrac-
tive impurity. We show the classical trajectories (solid lines), for
a screened Coulomb potential and for strongly exaggerated spin-
orbit coupling with "> 0 and with quantization axis ẑ. The
skew-scattering current results from different scattering angles
for spin- " and spin- # and leads to a positive spin-Hall conduc-
tivity, #SH

SS ! (jzSS;y=Ex > 0. Further, we show the horizontal
displacement due to the side-jump effect (dashed lines), contrib-
uting to the spin current with opposite sign.
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Local Hanle Effect

• Apply a magnetic field along y 
(normal to current density)

• Measure spatially-resolved Kerr 
effect as a function of B  

• Magnetic field leads to 
precessional depolarization of spin 
Hall signal (Hanle effect)

•Lorentzian fit yields spin 
decoherence time τ .

•In conjunction with a drift-
diffusion analysis of spatial profile 
of spin Hall effect, this allows us to 
extract a “spin Hall conductivity”.
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FIG. 2: (a) θK as a function of B for n-ZnSe at T = 50
K. Open circles are the data, while the solid lines are fits
to the data as described in the text. The maximum E that
can be applied to each sample without heating decreases with
increasing n due to lower sample resistances. The inset shows
the electric field dependence of the θel and τ for the n =
9 × 1018 cm−3 sample.

even with no observable Bint.
The spin Hall effect is probed using a low-temperature

scanning Kerr microscope with a spatial resolution of
approximately 1 µm [5, 7, 27]. The ZnSe channel is
mounted with B ⊥ E (B ‖ y) so in-plane CISP does
not precess and is not detected. No differences in spin
accumulation between the [110] and [110] channel are ob-
served. Figure 3a shows the geometry for the spin Hall
effect measurements, with the laser propagating along
−z. The origin is taken to be the center of the chan-
nel. Figure 3b shows typical KR data for scans of B
near the edges of the channel at y = ±48 µm on the
n = 9 × 1018 cm−3 sample. The KR curves are analo-
gous to the Hanle effect, in which an out-of-plane spin
polarization decreases with B due to spin precession [5];
these data can be fit to a Lorentzian θel/[(ωLτ)2 + 1].
The opposite sign of the spin accumulation on each edge
of the sample is a signature of the spin Hall effect. This
phenomenon is also observed in ZnSe with n = 8.9×1018

cm−3, but all the results presented here are from the sam-
ple with n = 9 × 1018 cm−3 for brevity. Observation of
the spin Hall effect is highly dependent on n-doping, as
no spin Hall signature is measured in samples with lower
n. The growth of higher doped samples is restricted by
MBE conditions.

The amplitude of the spin accumulation θel is linear
in E (Fig. 3c), while no appreciable change in τ is
observed with increasing E. As observed for the spin
Hall effect in GaAs, τ increases away from the chan-
nel edge (Fig. 3d). The sign and magnitude of the
accumulated spins are found by direct comparison to
CISP in a geometry with E ‖ B, which is calibrated
by comparison to time-resolved KR. At 20 K, the peak
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FIG. 3: (a) Schematic showing the measurement geometry
for the spin Hall effect, with B ‖ y. For E > 0, js

y < 0. (b)
θK (open circles) and fits (lines) at x = 0 µm as a function
of B for y = −48 µm (black) and y = +48 µm (blue) at T =
20 K. (c) Electric field dependence of the spin accumulation
amplitude θel. Above E = 3 mV/µm the signal deteriorates
due to heating. (d) Spatial dependence of the fit parameters
θel and τ , as well as the reflectivity R of the beam (normalized
to 1 at y = 0), which is used to monitor the position.

spin density near the edges is aprroximated n0 ≈ 16
spins/µm3, with spin polarization along +z (−z) on the
y = −50µm (y = +50µm) edge for E > 0 along x. As-
suming a simple spin drift-diffusion model for the accu-
mulation sourced by a spin current, the profile can be fit
by θel = −n0sech(w/2Ls)sinh(y/Ls) [5, 28, 29], where Ls

is the spin diffusion length (Fig. 3d). These fits give Ls =
1.9±0.2 µm at T = 20 K. Ignoring complications arising
from boundary conditions, the spin current density along
y can be written as |js

y | = Lsn0/τ [5] and we can calcu-
late the spin Hall conductivity, σSH = −js

y/Ex = 3± 1.5
Ω−1m−1/|e| at T = 20 K. Uncertainties in the overall
optical calibration make this only an order-of-magnitude
estimate.

The spin Hall conductivity for ZnSe is of comparable
magnitude and of the same sign as that predicted by the-
ory [10, 30] for GaAs with a dominant extrinsic spin Hall
effect. The extrinsic spin Hall effect has contributions
of differing sign from both skew scattering and the side
jump mechanism. For the conditions of Ref. 5, skew scat-
tering likely dominates giving σSH > 0. The dominance
of skew scattering should persist in the degenerately n-
doped ZnSe studied here since the Fermi energy is well
above the conduction band edge [30]. Intrinsic spin Hall
conductivity should have the opposite sign (σSH < 0) [9]
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The Spin Hall Effect at Room Temperature
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FIG. 2: (a) θK as a function of B for n-ZnSe at T = 50
K. Open circles are the data, while the solid lines are fits
to the data as described in the text. The maximum E that
can be applied to each sample without heating decreases with
increasing n due to lower sample resistances. The inset shows
the electric field dependence of the θel and τ for the n =
9 × 1018 cm−3 sample.

even with no observable Bint.
The spin Hall effect is probed using a low-temperature

scanning Kerr microscope with a spatial resolution of
approximately 1 µm [5, 7, 27]. The ZnSe channel is
mounted with B ⊥ E (B ‖ y) so in-plane CISP does
not precess and is not detected. No differences in spin
accumulation between the [110] and [110] channel are ob-
served. Figure 3a shows the geometry for the spin Hall
effect measurements, with the laser propagating along
−z. The origin is taken to be the center of the chan-
nel. Figure 3b shows typical KR data for scans of B
near the edges of the channel at y = ±48 µm on the
n = 9 × 1018 cm−3 sample. The KR curves are analo-
gous to the Hanle effect, in which an out-of-plane spin
polarization decreases with B due to spin precession [5];
these data can be fit to a Lorentzian θel/[(ωLτ)2 + 1].
The opposite sign of the spin accumulation on each edge
of the sample is a signature of the spin Hall effect. This
phenomenon is also observed in ZnSe with n = 8.9×1018

cm−3, but all the results presented here are from the sam-
ple with n = 9 × 1018 cm−3 for brevity. Observation of
the spin Hall effect is highly dependent on n-doping, as
no spin Hall signature is measured in samples with lower
n. The growth of higher doped samples is restricted by
MBE conditions.

The amplitude of the spin accumulation θel is linear
in E (Fig. 3c), while no appreciable change in τ is
observed with increasing E. As observed for the spin
Hall effect in GaAs, τ increases away from the chan-
nel edge (Fig. 3d). The sign and magnitude of the
accumulated spins are found by direct comparison to
CISP in a geometry with E ‖ B, which is calibrated
by comparison to time-resolved KR. At 20 K, the peak
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FIG. 3: (a) Schematic showing the measurement geometry
for the spin Hall effect, with B ‖ y. For E > 0, js

y < 0. (b)
θK (open circles) and fits (lines) at x = 0 µm as a function
of B for y = −48 µm (black) and y = +48 µm (blue) at T =
20 K. (c) Electric field dependence of the spin accumulation
amplitude θel. Above E = 3 mV/µm the signal deteriorates
due to heating. (d) Spatial dependence of the fit parameters
θel and τ , as well as the reflectivity R of the beam (normalized
to 1 at y = 0), which is used to monitor the position.

spin density near the edges is aprroximated n0 ≈ 16
spins/µm3, with spin polarization along +z (−z) on the
y = −50µm (y = +50µm) edge for E > 0 along x. As-
suming a simple spin drift-diffusion model for the accu-
mulation sourced by a spin current, the profile can be fit
by θel = −n0sech(w/2Ls)sinh(y/Ls) [5, 28, 29], where Ls

is the spin diffusion length (Fig. 3d). These fits give Ls =
1.9±0.2 µm at T = 20 K. Ignoring complications arising
from boundary conditions, the spin current density along
y can be written as |js

y | = Lsn0/τ [5] and we can calcu-
late the spin Hall conductivity, σSH = −js

y/Ex = 3± 1.5
Ω−1m−1/|e| at T = 20 K. Uncertainties in the overall
optical calibration make this only an order-of-magnitude
estimate.

The spin Hall conductivity for ZnSe is of comparable
magnitude and of the same sign as that predicted by the-
ory [10, 30] for GaAs with a dominant extrinsic spin Hall
effect. The extrinsic spin Hall effect has contributions
of differing sign from both skew scattering and the side
jump mechanism. For the conditions of Ref. 5, skew scat-
tering likely dominates giving σSH > 0. The dominance
of skew scattering should persist in the degenerately n-
doped ZnSe studied here since the Fermi energy is well
above the conduction band edge [30]. Intrinsic spin Hall
conductivity should have the opposite sign (σSH < 0) [9]
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FIG. 4: (a) KR (circles) and fit (line) of CISP at room
temperature. Adjacent-point averaging was done to improve
signal-to-noise. (b) KR (circles) and fits (lines) of spin Hall
polarization at y = −48µm (black) and y = +48µm (blue)
for T = 295 K. (c) Temperature dependence of density n0

(green), coherence time τ (black), spin diffusion length Ls,
and spin Hall conductivity σSH .

and a lower magnitude [10] than measured here; hence,
the observed spin Hall effect in ZnSe is likely extrinsic.

Measurements of both CISP and the spin Hall effect at
higher temperatures show a decrease in the spin coher-
ence time τ and the peak spin polarization n0, but both
phenomena persist up to room temperature (Fig. 4 a,b).
Figure 4c shows temperature dependences of the various
parameters discussed above. The spin polarization is an
order of magnitude weaker at room temperature and Ls

decreases from 1.9 µm at 20 K to 1.2 µm at 295 K. The
estimated spin Hall conductivity decreases to σSH ≈ 0.5
Ω−1m−1/|e| at room temperature.

These results demonstrate electrically-induced spin po-
larization and the extrinsic spin Hall effect at room tem-
perature in a II-VI semiconductor. Despite the absence
of a measurable internal field and the weaker spin-orbit
coupling in ZnSe compared to GaAs, these phenom-
ena remain measurable. The remarkable ability for all-
electrical spin generation at room temperature suggests
that spin-based logic is technologically feasible in semi-
conductor devices.
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•ZnSe: semiconductor with spin-
orbit coupling constant ~5 times 
weaker than in GaAs.

•Magnitude of SHE (spin Hall 
conductivity) comparable to GaAs.

•Spin Hall effect in ZnSe 
observable at ~300 K. 
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Understanding the Spin Hall Effect
Non-interacting electrons (effective mass approximation, 
near k = 0)
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Engel, Halperin, Rashba (PRL 2005): spin Hall conductivity calculated to 
lowest order in SO interaction and (kFle)-1; 
Small parameter controlling polarization of scattered carriers ~ λ/(aB)2, where 
aB is the Bohr radius for conduction band electrons.



Outline
✦ “Spintronics”: an overview

✦ Spintronics without magnetism:

✦ Spin-orbit interaction (spin Hall effect)

✦ Circularly polarized photons (coherent spin dynamics)



Probing Spin Dynamics in Semiconductors
★ Circularly polarized pump resonant 

with band gap creates conduction 
band spin imbalance 〈Sz〉

★ Time-delayed linear polarized probe 
measures time evolution of〈Sz〉

★ Larmor precession in transverse 
magnetic field: oscillating signal

★ Decay of spin polarization measures 
inhomogeneous spin lifetime T2*

★ Relevant relaxation times:
• Hole spins < 10 ps
• e-h recombination ~ 100 ps
• Electron spins > 100 ps
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Crooker et al, PRL 77, 2814 (1996)
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Spin Coherence in Semiconductors

Kikkawa, Smorchokova, Samarth, 
Awschalom, Science (1997)
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Slow spin relaxation 
in n-doped QWs (ZnCdSe 2DEGs)

 Spin relaxation mechanisms:
★Impurity scattering (Eliot-Yafet):          

T2* ≠  τelastic

★Precessional dephasing by k-dependent 
“magnetic field” (Dyakonov-Perel)        
T2* ≠  (τelastic)-1  

★Electron-hole exchange (Bir-Aronov-
Pikus)

B
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Undoped ZnCdSe QW

Time (ps)

     2T
     4T
T = 5 K

Rapid spin relaxation in 
undoped quantum well



Photonic Control of Spin Dynamics
★Interface fluctuations in quantum 

wells known to create quantum dot 
states -- evidenced by sharp lines in 
spatially limited emission (“micro-
photoluminescence”)

★Microdisk lasers fabricated using 
lithography + selective etching.

★Pump-probe spectroscopy used to 
study electron spin dynamics.
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CW Spectroscopy of Microdisks
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Effect of Quantum Dots on Lasing

★ In microdisks with IFQDs (D~2.2 µm)

• β ~ 0.15; Pthresh ~ 25 W/cm2 (152 nW).
★ In microdisk without IFQD

• β ~ 0.35; Pthresh ~ 4 W/cm2 (3.14 µW).

• Large oscillator strength in IFQDs 

Small cavities (~ 2 µm diam.)

IFQDs QW only



The Microdisk Factory
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Spin Dynamics in Microcavity Lasers
Pump-probe Kerr spectroscopy of GaAs microdisk lasers 
reveals surprising correlation between spin coherence time 
& laser characteristics (resonant modes, Q factor, 
threshold...)

1 µm

Q-factor engineering of 
electron spin coherence in GaAs/

GaAlAs microdisk lasers

Ghosh, Wang et al, Nature 
(Materials), 56 (2006)
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Comparison with control samples
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• Enhancement not observed in bare (unprocessed) quantum well 

• Also not seen in control cavities with low Q resonant modes

(Ga,Al)As

(Ga,Al)As

A
B
C

A Sample with IFQDs
High Q modes

B Sample without 
IFQDs
Low Q modes

Unprocessed Quantum wellC

T = 5.5 K, B = 4 T



Summary
✦ Introduction to “spintronics” with semiconductors

✦ Spin control in “magnetic semiconductors”: exchange 
interaction between band states and local moments creates 
spin polarization; devices allow tuning of exchange overlap.

✦ Spin control “without magnetism”:  spin-orbit coupling 
enables all-electrical spin polarization in semiconductors; 
photon confinement enhances spin coherence time in 
microcavities.

✦ Next steps: how to make these phenomena “large” enough to 
serve as basis for new technology?


