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Spin dephasing in quantum wires
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We study high-field spin transport in a quantum wire using a semiclassical approach. Spin dephasing~or spin
depolarization! in the wire is caused by D’yakonov-Perel’ relaxation associated with bulk inversion asymmetry
~Dresselhaus spin-orbit coupling! and structural inversion asymmetry~Rashba spin-orbit coupling!. The depo-
larization rate is found to depend strongly on the initial polarization of the spin. If the initial polarization is
along the axis of the wire, the spin depolarizes;100 times slower compared to the case when the initial
polarization is transverse to the wire axis. We also find that in the range 4.2–50 K, temperature has a weak
influence and the driving electric field has a strong influence on the depolarization rate. The steady state
distribution of the spin components parallel and transverse to the wire axis also depend on the initial polar-
ization. If the initial polarization is along the wire axis, then the steady state distribution of both components
is a flat-topped uniform distribution, whereas if the initial polarization is transverse to the wire axis, then the
distribution of the longitudinal component resembles a Gaussian, and the distribution of the transverse com-
ponent isU shaped.

DOI: 10.1103/PhysRevB.68.075313 PACS number~s!: 72.25.Dc, 72.25.Mk, 72.25.Hg, 72.25.Rb
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I. INTRODUCTION

There is considerable current interest in spin transpor
quantum confined structure because of the advent of the
of spintronics.1–4A number of device proposals advocate t
use of the spin degree of freedom of an electron~as opposed
to the charge degree of freedom! to realize electronic device
such as transistors,5 diodes,6 solar cells,7 filters,8 and stub
tuners.9 Additionally, spin is nowadays preferred to char
for encoding qubits in quantum logic gates10–13 because of
the much longer spin coherence time in semiconductors14,15

compared to charge coherence time.16

In this paper, we study electron spin transport in qu
one-dimensional structures. In the past, single particle ba
tic models9,17–19were employed to study spin transport. Th
are fully quantum mechanical, but do not account for a
scattering or spin dephasing. More recently, Cahay and B
dyopadhyay have treated spin dephasing via elastic impu
scattering within a fully quantum mechanical model.20 How-
ever, they do not account for spin dephasing viainelastic
~phase-breaking! scattering mechanisms which are importa
at elevated temperatures and high electric fields.

As far as classical models are concerned, a numbe
studies used a drift-diffusion type approach to model s
transport and spin dephasing at elevated temperatures
moderate electric fields.21–23 ‘‘Spin-up’’ and ‘‘spin-down’’
electrons are treated similar to electrons and holes in con
tional bipolar transport. Spin dephasing is treated by a s
relaxation term that describes coupling between the ‘‘sp
up’’ and ‘‘spin-down’’ electrons similar to the generation
recombination term describing coupling between electr
and holes in bipolar transport. The inadequacy of these m
els has been pointed out by Saikinet al.24 Apart for the fact
that a relaxation time approximation does not fully captu
the physics of spin dephasing~even if different relaxation
0163-1829/2003/68~7!/075313~10!/$20.00 68 0753
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times are used to describe different processes25!, the drift-
diffusion formalism is invalid at relatively high electric field
when transport nonlinearities become important.26 Nonlin-
earities in spin transport have been observ
experimentally.27,28 Furthermore, these models cannot tre
coherence effects arising from superposition of spin-up
spin-down states. Recently, such superpositions were tre
in a Bloch equation approach29 and a generalized drift-
diffusion type approach derived from the Boltzmann tran
port equation.30 These later models are still somewhat ina
equate in that they do not treat the momentum dependenc
the spin-orbit coupling~the primary cause of spin dephasin!
self-consistently.

In reality, the temporal evolution of spin and the tempo
evolution of the momentum of an electron cannot be se
rated. The dephasing~or depolarization! rates are functionals
of the electron distribution function in momentum spa
which continuously evolves with time when an electric fie
is applied to drive transport. Thus, the dephasing rate
dynamic variable that needs to be treated self-consistentl
step with the dynamic evolution of the electron’s momentu
Such situations are best treated by Monte Carlo simulat
which has been recently adopted by a number of group
study spin transport in quasi-two-dimensional structures.31,24

In this paper, we extend this approach to quasi o
dimensional structures using a multisubband Monte Ca
simulator.

This paper is organized as follows. In the next section,
describe the theory followed by results and discussions
Sec. III. Finally, we conclude in Sec. IV.

II. THEORY

Consider a quasi-one-dimensional semiconductor st
ture shown in Fig. 1. An electric fieldEx is applied along the
©2003 The American Physical Society13-1
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axis of the quantum wire to induce charge flow. In additio
there is another transverse electric fieldEy applied in they
direction that causes Rashba spin-orbit interaction. This c
figuration mimics the configuration of a spin interferome
proposed in Ref. 5.

Electrons are injected into this wire~from a half-metallic
contact! with a specific spin polarization. We are interest
in finding how the injected spin decays with time as t
electron traverses the quantum wire under the action of
electric fieldsEx andEy while being subjected to elastic an
inelastic scattering events.

Following Saikinet al.,24 we treat the spin using the stan
dard spin density matrix32

rs~ t !5Fr↑↑~ t ! r↑↓~ t !

r↓↑~ t ! r↓↓~ t !
G , ~1!

which is related to the spin polarization component
Sn(t)5Tr@snrs(t)# (n5x,y,z). Over a small time interva
dt, we will assume that no scattering takes place and tha
electron’s momentum changes slowly enough due to
driving electric field~in other wordsExdt is small enough!
that transport can be described by a constant~time-
independent! momentum or wave vector. We take this wa
vector to be the average of the wave vector at the beginn
and end of the time interval

FIG. 1. Temporal dephasing of the ensemble average spin ve
with time in a GaAs quantum wire of dimension 4 nm330 nm at a
lattice temperature of 30 K. The results are shown for various d
ing electric fieldsE. The spins are injected with their polarizatio
initially aligned along the wire axis. The geometry of the wire a
the axes designation are shown above.
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k5~kinitial1kfinal!/25kinitial1qExdt/2\. ~2!

During this interval, the spin density matrix undergoes a u
tary evolution according to

rs~ t1dt !5e2 iH SO~k!dt/\rs~ t !eiH SO~k!dt/\, ~3!

whereHSO(k) is the momentum dependent spin-orbit inte
action Hamiltonian that has two main contributions due
the bulk inversion asymmetry~Dresselhaus interaction!33

HD~k!52b^ky
2&ksx ~k[kx! ~4!

and the structural inversion asymmetry~Rashba
interaction!34

HR~k!52hksz . ~5!

The Rashba term is present only if inversion symmetry in
structure is broken by some external agent such as the e
nal electric fieldEy . The constantsb and h depend on the
material and, in the case ofh, also on the external electri
field Ey breaking inversion symmetry.

Equation~3! describes a rotation of the spin vector abo
an effective magnetic field determined by the magnitude
the average wave vector during the time intervaldt. Note
that during this time interval, the spin dynamics is coher
and there is no ‘‘dephasing’’ since the evolution is unita
However, there are two agents that ultimately cause dep
ing. The first is the electric fieldEx that changes the ‘‘aver
age wave vector’’ from one time intervaldt to the next. The
second is the stochastic scattering that changes the ‘‘ave
wave vector’’ between two successive intervals~separated by
a scattering event! randomly. These two causative agen
produce a distribution of spin states that results in effect
dephasing when one ensemble averages over the spin
many electrons. The evolution of the ensemble averaged
polarization vectorS (5Sxux1Syuy1Szuz , whereun is the
unit vector along then direction! can be viewed as coheren
motion ~rotation! and dephasing/depolarization~reduction in
magnitude!. This type of dephasing is the D’yakonov-Pere
relaxation35 which is the dominant mechanism for dephasi
in one-dimensional structures.

Generally, there are many causes of spin dephas
namely interactions with local magnetic fields caused
magnetic impurities, nuclei and spin orbit interaction. In o
work, we have considered only the D’yakonov-Per
dephasing due to spin-orbit interaction since it is, by far,
dominant mechanism in quantum wires of technologica
important semiconductors such as GaAs~which is the mate-
rial we consider in Sec. III!. In addition to D’yakonov-Perel’,
another type of dephasing mechanism associated with s
orbit coupling is the Elliott-Yafet relaxation36 that causes a
spin to flip randomly during a momentum relaxing collisio
It comes about because in a compound semiconductor
as GaAs, which lacks inversion asymmetry, the Bloch sta
in the crystal are not eigenstates of the spin operator. Th
fore, a ‘‘spin-up’’ state has some ‘‘spin-down’’ compone
and vice versa. Consequently, a momentum relaxing sca
ing event can flip spin. Fortunately, in a quantum wire stru
ture, the momentum relaxing events are strongly suppres

tor
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because of the one-dimensional constriction of the ph
space for scattering.37 Accordingly, the Elliott-Yafet mecha-
nism is considerably weaker than the D’yakonov-Pe
mechanism in quasi-one-dimensional structures, and th
fore can be ignored as a first approximation. Finally, there
one last important dephasing mechanism known as the
Aronov-Pikus mechanism38 accruing from exchange cou
pling between electrons and holes. This mechanism is ab
in unipolar transport. In our simulations, we have conside
only the D’yakonov-Perel’ mechanism, but inclusion of t
Elliott-Yafet mechanism is a relatively easy extension and
reserved for future work.

Returning to Eq.~3!, the unitary evolution in time can b
recast in the following equation for the temporal evolution
the spin vector:3

dS

dt
5V¢ 3S, ~6!

where the so-called ‘‘precession vector’’V¢ has two contri-
butionsVD(k) and VR(k) due to the bulk inversion asym
metry ~Dresselhaus interaction! and the structural inversion
asymmetry~Rashba interaction!, respectively:

VD~k!5
2a42

\ S p

Wy
D 2

k,

VR~k!5
2a46

\
Eyk, ~7!

wherea42 anda46 are material constants andWy is the trans-
verse dimension of the wire.

Christensen and Cardona39 calculateda42 to be equal to
2.9310229 eV m3 in GaAs, whereas Richards an
Jusserand40 deduced its value to be 1.6310229 eV m3 from
Raman experiments. In our simulations, we take the valu
be 2310229 eV m3. The value of a46 is taken to be 9
310239 C m2.31 In our simulations, we assumedEy
5100 kV/cm.

As stated before, we assume that over the short time
terval dt, the electron’s wave vector is time invariant an
given by the average wave vector in Eq.~2!. Consequently,
the V’s are constant and independent of time in the inter
dt. Accordingly, the solution of Eq.~6! for the spin compo-
nents yields

Sx~ t1dt !52
VR

VT
FSy~ t !sin~VTdt !

1S VD

VT
Sz~ t !2

VR

VT
Sx~ t ! D cos~VTdt !G

1S VD

VT
D 2

Sx~ t !1
VDVR

VT
2 Sz~ t !,

Sy~ t1dt !5Sy~ t !cos~VTdt !

1S VR

VT
Sx~ t !2

VD

VT
Sz~ t ! D sin~VTdt !,
07531
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Sz~ t1dt !5
VD

VT
FSy~ t !sin~VTdt !

1S VD

VT
Sz~ t !2

VR

VT
Sx~ t ! D cos~VTdt !G

1S VR

VT
D 2

Sz~ t !1
VDVR

VT
2 Sx~ t !, ~8!

whereVT5AVR
21VD

2 . All V’s are calculated at the averag
value of the wave vector in the intervaldt given by Eq.~2!.
It is easy to verify from the above equations that spin
conserved for every individual electron, i.e.,

Sx
2~ t1dt !1Sy

2~ t1dt !1Sz
2~ t1dt !5Sx

2~ t !1Sy
2~ t !1Sz

2~ t !

5uSu2. ~9!

A. Monte Carlo simulation

From Eq.~8!, we see that the temporal evolution of th
spin in any time intervaldt is governed by the spin preces
sion vector. This vector changes from one time interval to
next because it depends on the electron wave vector@Eq. ~7!#
that dynamically evolves during transport. The time evo
tion of the wave vector is found from a Monte Carlo solutio
of the Boltzmann transport equation in a quantum wire.41–43

Equation~8! is solved directly in the Monte Carlo simulato
in each time intervaldt. If a scattering event takes place
the middle of any such interval, the evolution of the sp
according to Eq.~8! is immediately terminated, the wav
vector state is updated depending on the type of scatte
event that took place, theV’s are recalculated based on th
new wave vector, and the evolution of the spin is continu
according to Eq.~8! for the remainder of the intervaldt. At
the end of every time intervaldt, we collect statistics abou
the spin components.

The following scattering mechanisms are included in
Monte Carlo simulator: surface optical phonons, polar a
nonpolar acoustic phonons, and confined polar opt
phonons. A multi-subband simulation is employed; six su
bands are considered in thez direction and only one in they
direction. This is justified since the width of the wire~z di-
mension! is assumed to be 30 mm and the thickness~y di-
mension! is only 4 nm. The energy separation between
closest two subbands is 6 meV~corresponding to a tempera
ture of 52 K!. At the highest lattice temperature~50 K! and
electric field ~4 kV/cm! considered in our simulations, w
find that the lowest four subbands are occupied while
highest two subbands do not contain any electron. No in
valley transfer~from theG valley to theL valley takes place!.
The details of the simulator can be found in Refs. 42, 43

Equations ~8! are solved directly in the Monte Carl
simulator. We use a time stepdt of 10 fs and a 1000–10 000
electron ensemble to collect spin statistics. We find the m
nitude of the spin vectorS as a function of time, as well a
the componentsSx , Sy , andSz as functions of time. At the
end of the simulation, we find the distribution ofSx , Sy , and
Sz calculated over the electron ensemble.
3-3
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III. RESULTS AND DISCUSSION

We consider two cases: electrons are injected with th
spins initially ~i! polarized along the axis of the quantu
wire and~ii ! polarized transverse to the axis of the quant
wire. We call these two casesx-polarized injection andy- ~or
z-! polarized injection, respectively. In the results to follo
we show that the spin dynamics is drastically different
the two cases. In other words, there is significant anisotro

A. x-polarized injection

We first consider the case ofx-polarized injection. All
electrons are injected with their spins completely polariz
along the axis of the wire.

1. Effect of driving electric field

In Fig. 1, we show how the magnitude of the avera
~ensemble averaged over all electrons! spin vectorS decays
with time for four different values of the longitudinal electr
field Ex applied along the axis of the wire. This field drive
transport. The lattice temperature is 30 K.

From Fig. 1, we see that the decay is nearly exponen
Therefore, we will define the spin dephasing time as the t
it takes for u^S&u to decay to 1/e times its initial value of 1.
Table I shows the spin dephasing time as a function of e
tric field.

As expected, the dephasing time decreases with incr
ing electric field. There are two contributing factors for th
trend. First, the average wave vectork given by Eq. ~2!
changes more rapidly from one time interval to another w
increasing electric fieldEx . Hence the precession vectorVT
which depends onk changes more rapidly from one tim
interval to another at a higher electric field. Now consider
random effect of scattering which results in different init
wave vectorkinitial for different electrons in a given time
interval. This results in differentk ~and hence differentV’s,
or different precession rates! for different electrons in the
same time interval. Ensemble averaging over the electr
therefore causes the magnitude of the spin vectorS to decay,
resulting in effective spin dephasing~or depolarization!.
Since the difference between the precession rates for di
ent electrons will be larger at a stronger electric fieldEx , the
dephasing rate increases with increasing electric field.
second factor that contributes to this trend is that the
quency of scattering itself increases with increasing elec
field. Scattering randomizes theV’s since it randomizesk.

TABLE I. Spin dephasing times as a function of driving elect
field in a GaAs quantum wire of dimensions 30 nm34 nm at a
temperature of 30 K. The spins are initially polarizedalong the wire
axis.

Electric field ~kV/cm! Spin dephasing time~sec!

0.1 1.731028

0.5 5.031029

1.0 3.531029

2.0 2.531029
07531
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This also results in faster dephasing at stronger elec
fields.

At first glance, it may be troubling to assimilate the fa
that the magnitude of the ensemble averagedS(5u^S&u) can
decay with time. One should remember that the magnitud
S(5uSu) is conserved only for anindividual electron as
shown by Eq.~9!, but the magnitude is not invariant whe
we ensemble average overmanyelectrons. It is this ensembl
averaging that results in effective spin dephasing, as m
tioned before.

2. Temporal decay of spin components

In Fig. 2 we show how the average~ensemble average
over all electrons! x, y, andz, components of the spin deca
with time. The driving electric fieldEx52 kV/cm and the
lattice temperature is 30 K. Since, initially the spin was p
larized along thex direction, the ensemble averagedy andz
components remain near zero and the ensemble averagx
component decays with time. The decay of the ensem
averagedx-component is indistinguishable from the decay
u^S&u shown in Fig. 1, as expected.

3. Spin distribution

In Figs. 3~a!–3~c!, we show the distribution of thex, y,
andz components of the spins in the electron ensemble o
steady state is reached. Again, the driving electric field i
kV/cm and the lattice temperature is 30 K. There is a slig
depletion at the extremities of the distribution functio
(Sx ,Sy ,Sz561), but otherwise, these are uniform fla
topped distributions showing that all values of spin comp
nents are equally likely. Of course, the nonsteady-state~tran-
sient! distribution does not behave this way. To illustrate th
point, we show in Fig. 3~d!, the distribution of thex compo-
nent 10 ns after injection. The electric field in this case is
kV/cm and obviously~as can be seen from Fig. 1! steady

FIG. 2. Temporal dephasing of thex, y, and z components of
ensemble average spin in the same GaAs wire at 30 K. The dri
electric field is 2 kV/cm and the spins are injected with their pol
ization initially aligned along the wire axis.
3-4
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SPIN DEPHASING IN QUANTUM WIRES PHYSICAL REVIEW B68, 075313 ~2003!
state has not been reached. In this case, the distributio
still skewed heavily towards the initial distribution at tim
t50 when all electrons had anx component equal to11.
When steady state is reached,u^S&u will decay nearly to zero
and the distribution will become more or less uniform a
flat topped.

4. Effect of temperature

In Fig. 4, we show how the dephasing rate and the de
characteristic ofu^S&u depends on the lattice temperature. I
creasing lattice temperature results in increasing pho
scattering that randomizesk and V’s more rapidly. This re-
sults in faster dephasing. In the temperature range consid
here~4.2–30 K!, most of the scattering is due to spontaneo
emission of phonons~which is temperature independent!, as
opposed to stimulated emission or absorption~which are
temperature dependent!. Therefore, it is no surprise that th
decay rate and characteristics are weakly sensitive to t
perature in this range.

In Figs. 5~a!–5~c!, we show the steady state distributio
of the spin components at a lattice temperature of 4.2 K.
driving electric field is 2 kV/cm. Comparing with Fig. 3, w
see that the steady state distributions look very similar
that the temperature does not significantly affect them. A
ditionally, although not shown, we have found that the sh
of the steady state distribution is independent of the driv
electric field.

B. Y- or z-polarized injection

We now consider injection with the initial spins polarize
transverse to the wire axis. There is a slight difference

FIG. 3. Distribution of the spin components in the GaAs wi
The driving electric field is 2 kV/cm and the lattice temperature
30 K. Spins are injected with their polarization initially aligne
along the wire axis.~a! Steady state distribution of thex component,
~b! steady state distribution of they component,~c! steady state
distribution of thez component, and~d! transient distribution~after
a time of 10 ns! of the x component when the driving electric fiel
is 0.1 kV/cm.
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tween injecting spins polarized along they direction versus
thez direction since the structure is both geometrically asy
metric ~z dimension is larger than they dimension! and also
electrically asymmetric~there is an electric fieldEy along the
y direction to induce Rashba spin orbit coupling!. Indeed
these differences result in slight differences betweeny- and
z-polarized injections, but they are small.

1. Effect of driving electric field

In Fig. 6~a!, we show the temporal dephasing characte
tics of u^S&u for six different electric fields when electrons a
initially polarized along thez direction. The lattice tempera
ture is 30 K as before. Again, the spin dephases faste
higher electric fields as expected. But now, comparison
Figs. 1 and 6 reveal that the dephasing rates are very ‘
isotropic’’ in the sense that the dephasing rates are diffe
by more than an order of magnitude depending on whe
the spins are initially polarized along the wire or transve
to the wire. The dephasing rate is faster when the initial sp
are polarized transverse to the wire axis. One obvious rea
for this is that in a quasi-one-dimensional structure,
Dresselhaus spin orbit interaction is inoperative on spin
larized along the axis of the wire. Therefore,x-polarized spin
dephases only due to the Rashba interaction in the quan
wire, while they- andz-polarized spins dephase due to bo
the Rashba and the Dresselhaus interactions. Consequ
y- and z-polarized spins dephase faster. The spin depha
times for various electric fields are shown in Table II.

In Fig. 6~b!, we show the spin dephasing characterist
when the spins are initially polarized along they direction.
The dephasing time at an electric field of 2 kV/cm is no
0.25 ns compared to 0.1 ns when the initial polarization
along thez direction. This difference~a factor of 2.5! is
expected since the structure is both geometrically and e
trically asymmetric with respect toy andz, as stated before

.
FIG. 4. Temperature dependence of the spin dephasing in

GaAs wire when the driving electric field is 2 kV/cm. Spins a
injected with their polarization initially aligned along the wire axi
3-5
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FIG. 5. Steady state distribution of the spin components in
GaAs wire. The driving electric field is 2 kV/cm and the lattic
temperature is 4.2 K. Spins are injected with their polarization
tially aligned along the wire axis.~a! Distribution of thex compo-
nent,~b! distribution of they component, and~c! distribution of the
z component.
07531
From Figs. 1 and 6, we find that the electric field depe
dence of the spin dephasing rate is stronger when the s
are initially injected with polarization transverse to the wi
axis. Comparing Tables I and II, the difference between
dephasing rates at fields of 0.1 kV/cm and 2 kV/cm is
factor of;7 when spins are initially polarized along the wi
axis, while it is a factor of 50 when the initial polarization
transverse to the wire axis. This difference too can be att
uted to the fact that both Rashba and Dresselhaus inte
tions are operative on the initial spin for transverse inject
~while only the former is operative for longitudinal injection!

e

-

FIG. 6. Temporal dephasing of the ensemble average spin ve
with time in a GaAs quantum wire of dimension 4 nm330 nm at a
lattice temperature of 30 K. The results are shown for various d
ing electric fieldsE . ~a! The spins are injected with their polariza
tion initially aligned along thez axis which is mutually perpendicu
lar to the wire axis and the direction of the electric fieldEy used to
induce the Rashba spin orbit coupling;~b! spins are injected with
their polarization initially aligned along they axis which is the
direction of the electric fieldEy used to induce the Rashba sp
orbit coupling.
3-6
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SPIN DEPHASING IN QUANTUM WIRES PHYSICAL REVIEW B68, 075313 ~2003!
so that the electric field is more effective for the transve
case.

In Fig. 6, there is a nearly discrete change in the value
u^S&u at t50 ~it is even more pronounced in Fig. 10; se
later!. This is a numerical artifact. Our model is based on
assumption that theV’s are constant in the time intervaldt
and correspond to the averagek within that time interval@as
given by Eq.~2!#. This is a good assumption whendt is
small enough. Ifdt is too large, the assumption is no long
reasonable and artificial features can be manifested in
simulation results such as the discrete jump att50. We have
verified that this artifact diminishes when we makedt
smaller. We have useddt510 fs in our simulations. Using a
smaller value ofdt reduces the artifact, but increases t
computational time. Therefore, we have chosen a value odt
that is a compromise between accuracy and computati
resources. Similar numerical artifacts were present in
simulations of Ref. 24.

2. Decay of spin components

In Fig. 7~a! we show how the average~ensemble average
over all electrons! x, y, andz components of the spin deca
with time for z-polarized injection. The driving electric field
Ex52 kV/cm and the lattice temperature is 30 K. Since, i
tially the spin was polarized along thez direction, the en-
semble averagedx component remains near zero since t
Dresselhaus interaction does not couple@see Eq.~8!# y- or
z-polarized spins to thex-polarized spins. Only the Rashb
interaction couples to thex-polarized spins~if the Rashba
interaction were absent, thex component of the spin will
remain identically zero for every electron!. Any nonzero
value of thex component at any time is only because of t
Rashba interaction. Since this interaction is weak in our c
thex component remains near zero. They andz components
of the spin oscillate with time@in accordance with Eq.~8!#
with a slowly decaying envelope. They start out with
p/2 phase shift between them initially which quick
changes owing to dephasing~or ensemble averaging ove
electrons!.

In Fig. 7~b!, we show the same characteristics f
y-polarized injection. There are slight differences betwe
Figs. 7~a! and 7~b!, again owing to the fact that the structu
is geometrically and electrically asymmetric with respect ty
andz.

TABLE II. Spin dephasing times as a function of driving electr
field in a GaAs quantum wire of dimensions 30 nm34 nm at a
temperature of 30 K. The spins are initially polarizedtransverse to
the wire axis.

Electric field ~kV/cm! Spin dephasing time~sec!

0.1 5.031029

0.5 9.0310210

1.0 3.0310210

2.0 1.0310210

3.0 6.0310211

4.0 4.0310211
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It is interesting to note that the temporal decay of thex
component in Figs. 1 and 2 is monotonic~with no hint of any
oscillatory component!, while the temporal decay of they
andz components in Fig. 7 is clearly oscillatory. The osc
latory component is a manifestation of the coherent dyna
ics ~spin rotation! while the monotonic decay is a result o
the incoherent dynamics~spin dephasing or depolarization!.
There is a competition between these two dynamics de
mined by the relative magnitudes of the spin precession v
tor and the dephasing rate. For thex component, the spin
precession vector is small because it is solely due to
Rashba interaction which is weak. Hence the dephasing
namics wins handsomely resulting in no oscillatory comp
nent. In contrast, the spin precession vector for they and z
components is much larger since it is the result of b

FIG. 7. Temporal dephasing of thex, y, and z components of
ensemble average spin in the GaAs wire at 30 K. The driving e
tric field is 2 kV/cm and the spins are injected with their polariz
tion initially aligned along the~a! z direction and~b! y direction.
The x component remains zero throughout, while they andz com-
ponents oscillate, starting with ap/2 phase shift between them
selves.
3-7



e
tics

th
e

ini

the
e
ni-
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FIG. 8. Steady state distribution of the spin components in
GaAs wire. The driving electric field is 2 kV/cm and the lattic
temperature is 30 K. Spins are injected with their polarization
tially aligned along thez axis. ~a! Distribution of thex component,
~b! distribution of they component, and~c! distribution of thez
component.
ble

07531
Dresselhaus~bulk inversion asymmetry! and Rashba~struc-
tural inversion asymmetry! interactions. Consequently, th
oscillatory component is visible in the decays characteris
of the y and z components, but not in the case of thex
component.

3. Spin distributions

In Figs. 8~a!–8~c!, we show the distribution of the
x, y, andz components of the spins in the electron ensem

e

-

FIG. 9. Steady state distribution of the spin components in
GaAs wire. The driving electric field is 2 kV/cm and the lattic
temperature is 30 K. Spins are injected with their polarization i
tially aligned along they axis. ~a! Distribution of thex component,
~b! distribution of they component, and~c! distribution of thez
component.
3-8



s
e
re

lit
n
e

u-

dis
ha
-
o
nt
t

on

ec
te
t t
m

mal
ave
e

u-

gs.
etry
he

t
en-

on

ry
es-

asi-
d to
nsi-
he
f-

ent
sed
ous
y is
op-
and
py
as

sion
that

of
ak
pen-

nal

S.
. ett.

ro-

t
re

an
u

SPIN DEPHASING IN QUANTUM WIRES PHYSICAL REVIEW B68, 075313 ~2003!
once steady state is reached. We define steady state a
condition whenu^S&u approaches zero in Fig. 7. Again, th
driving electric field is 2 kV/cm and the lattice temperatu
is 30 K. Comparing these figures to Figs. 3~a!–3~c!, we
find that the steady state distributions are vastly and qua
tively different for injection with transverse polarizatio
compared to injection with longitudinal polarization. Th
distributions in Fig. 8 are not uniform flat topped distrib
tions at all.

Thex component shows a very narrow Gaussian-type
tribution with zero mean and a standard deviation less t
0.03. This is expected since thex component should be ide
ally zero ~the distribution would be a delta function at zer!
in the absence of the Rashba interaction. The Rashba i
action causes some spread about the zero value, bu
Rashba interaction is weak and therefore the spread is sm

The y and z components show a U-shaped distributi
weighted towards the extreme values of21 and11. This U
shape is a consequence of the oscillatory nature of the d
characteristics fory and z components seen in Fig. 7. No
that the slopes of the decay characteristics are zero a
peaks and valleys when the spins have close to their extre
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FIG. 10. Temperature dependence of the spin dephasing in
GaAs wire when the driving electric field is 2 kV/cm. Spins a
injected with their polarization initially aligned along thez axis.
There is no clearly discernible temperature dependence in the r
of 10–50 K within the stochastic fluctuations of Monte Carlo sim
lation.
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values. Hence the spins spend more time near their extre
values. Consequently, more spins in the ensemble will h
values close to21 and 11 than any other intermediat
value.

In Figs. 9~a!–9~c!, we show the steady state spin distrib
tions when spins are initially polarized along they direction.
There is a slight difference between the distributions in Fi
8 and 9 because of the geometric and electrical asymm
betweeny and z. Otherwise, the qualitative features are t
same.

For bothy- andz-polarized injections, we have found tha
the shapes of the steady state distributions are fairly indep
dent of temperature and driving electric field.

4. Effect of temperature

Finally, in Fig. 10, we show the effect of temperature
the dephasing~or depolarization! characteristics ofu^S&u
when spins are initially polarized along thez direction. Once
again, the driving electric field is 2 kV/cm. There is a ve
weak temperature dependence in the range 10–50 K for
sentially the same reason as alluded to in Sec. III A 4.

IV. CONCLUSION

In this paper, we have studied spin dephasing in a qu
one-dimensional structure. The dephasing rate was foun
be strongly anisotropic in the sense that it depends se
tively on whether the spins are initially polarized along t
wire axis or perpendicular to the wire axis. Anisotropic e
fects were also observed in Ref. 24. A somewhat differ
type of anisotropy in the spin relaxation rates was discus
in Ref. 44 and was attributed to interference between vari
types of spin-orbit interactions. In our case, the anisotrop
primarily due to the fact that the Dresselhaus interaction
erates only on spins polarized transverse to the wire axis
not on spins polarized along the wire axis. This anisotro
can be exploited in the design of spintronic devices such
the gate controlled spin interferometer where the suppres
of spin dephasing is a critical issue. We have also shown
the steady state spin distributions are strongly a function
the initial polarization. The dephasing rate has a very we
dependence on temperature and a moderately strong de
dence on the driving electric field.

ACKNOWLEDGMENTS

The work of S.P. and S.B. was supported by the Natio
Science Foundation under Grant No. ECS-0196554.

6M. E. Flatte and G. Vignale, Appl. Phys. Lett.78, 1273
~2001!.

7I. Zutic, J. Fabian, and S. Das Sarma, Appl. Phys. Lett.79, 1558
~2001!.

8T. Koga, J. Nitta, H. Takayanagi, and S. Datta, Phys. Rev. L
88, 126601~2002!.

9X. F. Wang, P. Vasilopoulos, and F. M. Peeters, Phys. Rev. B65,
165217~2002!.

10S. Bandyopadhyay and V. P. Roychowdhury, Superlattices Mic
struct.22, 411 ~1997!.

he

ge
-

3-9



et

ag

t,

n,

A.

, F.

to,

o,

-

S. PRAMANIK, S. BANDYOPADHYAY, AND M. CAHAY PHYSICAL REVIEW B 68, 075313 ~2003!
11V. Privman, I. D. Vagner, and G. Kventsel, Phys. Lett. A239, 141
~1998!.

12B. E. Kane, Nature~London! 393, 133 ~1998!.
13S. Bandyopadhyay, Phys. Rev. B61, 13813~2000!.
14G. Feher, Phys. Rev.114, 1219~1954!.
15J. M. Kikkawa and D. D. Awschalom, Phys. Rev. Lett.80, 4313

~1998!.
16P. Mohanty, J. M. Q. Jariwalla, and R. A. Webb, Phys. Rev. L

78, 3366~1997!.
17F. Mireles and G. Kirczenow, Phys. Rev. B64, 024426~2001!.
18Th. Schapers, J. Nitta, H. B. Heersche, and H. Takayan

Physica E13, 564 ~2002!.
19T. Matsuyama, C.-M. Hu, D. Grundler, G. Meier, and U. Merk

Phys. Rev. B65, 155322~2002!.
20M. Cahay and S. Bandyopadhyay, cond-mat/0305622~unpub-

lished!.
21J. Fabian, I. Zutic, and S. Das Sarma, Phys. Rev. B66, 165301

~2002!.
22G. Schmidt and L. W. Molenkamp, Semicond. Sci. Technol.17,

310 ~2002!.
23Z. G. Yu and M. E. Flatte´, Phys. Rev. B66, 235302~2002!.
24S. Saikin, M. Shen, M. C. Cheng, and V. Privma

cond-mat/0212610~unpublished!; M. Shen, S. Saikin, M. C.
Cheng, and V. Privman, cond-mat/0302395~unpublished!.

25W. H. Lau, J. T. Olesberg, and M. E. Flatte´, Phys. Rev. B64,
161301~2001!.

26M. S. Lundstrom,Fundamentals of Carrier Transport, Vol. x of
Modular Series on Solid State Devices~Addison-Wesley, Read-
ing, MA, 1990!.

27G. Schmidt, C. Gould, P. Grabs, A. M. Lunde, G. Richter,
Slobodsky, and L. W. Molenkamp, cond-mat/0206347~unpub-
lished!.
07531
t.

i,

28H. Sanada, Y. Arata, Y. Ohno, Z. Chen, K. Kayanuma, Y. Oka
Matsukura, and H. Ohno, Appl. Phys. Lett.81, 2788~2002!.

29M. Q. Weng and M. W. Wu, J. Appl. Phys.93, 410 ~2003!.
30Y. Qi and S. Zhang, Phys. Rev. B67, 052407~2003!.
31A. Bournel, P. Dollfus, S. Galdin, F-X. Musalem, and P. Hes

Solid State Commun.104, 85 ~1997!; A. Bournel, P. Dollfus, P.
Bruno, and P. Hesto, Mater. Sci. Forum297–298, 205 ~1999!;
A. Bournel, V. Delmouly, P. Dollfus, G. Tremblay, and P. Hest
Physica E~Amsterdam! 10, 86 ~2001!.

32K. Blum, Density Matrix Theory and Applications~Plenum, New
York, 1996!.

33G. Dresselhaus, Phys. Rev.100, 580 ~1955!.
34E. I. Rashba, Sov. Phys. Semicond.2, 1109~1960!; Y. A. Bych-

kov and E. I. Rashba, J. Phys. C17, 6039~1984!.
35M. I. D’yakonov and V. I. Perel’, Sov. Phys. Solid State13, 3023

~1972!.
36R. J. Elliott, Phys. Rev.96, 266 ~1954!.
37H. Sakaki, Jpn. J. Appl. Phys.19, L735 ~1980!.
38G. L. Bir, A. G. Aronov, and G. E. Pikus, Sov. Phys. JETP42, 705

~1976!.
39N. E. Christensen and M. Cardona, Solid State Commun.51, 491

~1984!.
40D. Richards and B. Jusserand, Phys. Rev. B59, R2506~1999!.
41D. Jovanovich and J-P. Leburton, inMonte Carlo Device Simula-

tion: Full Band and Beyond, edited by K. Hess~Kluwer Aca-
demic, Boston, 1991!, pp. 191–218.

42N. Telang and S. Bandyopadhyay, Appl. Phys. Lett.66, 1623
~1995!.

43N. Telang and S. Bandyopadhyay, Phys. Rev. B51, 9728~1995!.
44N. S. Averkiev, L. E. Golub, and M. Willander, Fiz. Tekh. Polu

provodn.~S.-Peterburg! 36, 97 ~2002! @Semiconductors36, 91
~2002!#.
3-10


