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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 defdvagimg
depolarizationin the wire is caused by D’yakonov-Perel’ relaxation associated with bulk inversion asymmetry
(Dresselhaus spin-orbit couplingnd structural inversion asymmetfigashba spin-orbit couplingThe 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 depolarize400 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.
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[. INTRODUCTION times are used to describe different proceS$ethe drift-
diffusion formalism is invalid at relatively high electric fields
There is considerable current interest in spin transport invhen transport nonlinearities become importanNonlin-
quantum confined structure because of the advent of the fielgarities in _spin  transport have been observed
of spintronics:~4 A number of device proposals advocate theexperimentally.”® Furthermore, these models cannot treat
use of the spin degree of freedom of an electf@mopposed Ccoherence effects arising from superposition of spin-up and
to the charge degree of freedpto realize electronic devices SPin-down states. Recently, such superpositions were treated
such as transistofsdiodes® solar cells’ filters® and stub i @ Bloch equation approathand a generalized drift-
tuners® Additionally, spin is nowadays preferred to charge diffusion typeoapproach derived from the Boltzmann trans-
for encoding qubits in quantum logic gat&s'® because of port quatlor?. These later models are still somewhat inad-
the much longer spin coherence time in semicondutid?s ~€quate in that they do not treat the momentum dependence of
compared to charge coherence titfie. the spln—qrblt couplingthe primary cause of spin dephasing
In this paper, we study electron spin transport in quaself-consistently. _ _
one-dimensional structures. In the past, single particle ballis- In reality, the temporal evolution of spin and the temporal
tic model$"~*°were employed to study spin transport. Theyevolutlon of the momentum of_ an electron cannot pe sepa-
are fully quantum mechanical, but do not account for anyated. The dephasin@r depolarizatioprates are functionals
scattering or spin dephasing. More recently, Cahay and Barf the electron distribution function in momentum space
dyopadhyay have treated spin dephasing via elastic impurity)’h'Ch qontlnuoqsly evolves with time when an e]ectnc flgld
scattering within a fully quantum mechanical mogftHow- IS appl_led to_ drive transport. Thus, the dephasmg_rate is a
ever, they do not account for spin dephasing iialastic dynamic variable that needs to be treated self-consistently in

(phase-breakingscattering mechanisms which are importantSteP wit.h thg dynamic evolution of the electron’s momentum.

at elevated temperatures and high electric fields. Such situations are best treated by Monte Carlo simulation,
As far as classical models are concerned, a number dfhich has been recently adopted by a number of groups to

studies used a drift-diffusion type approach to model spirStudy spin transport in quasi-two-dimensional structﬁ?éé.

transport and spin dephasing at elevated temperatures aHtl this paper, we extend this approach to quasi one-

moderate electric fieldd: 2% “Spin-up” and “spin-down” d_|men5|onal structures using a multisubband Monte Carlo

electrons are treated similar to electrons and holes in conveimulator. _ .

tional bipolar transport. Spin dephasing is treated by a spin 1hiS paper is organized as follows. In the next section, we

relaxation term that describes coupling between the “spindescribe the theory followed by results and discussions in

up” and “spin-down” electrons similar to the generation- Sec. lll. Finally, we conclude in Sec. IV.

recombination term describing coupling between electrons

and holes in bipolar transport. The inadequacy of these mod- Il. THEORY

els has been pointed out by Saikéhal ?* Apart for the fact

that a relaxation time approximation does not fully capture Consider a quasi-one-dimensional semiconductor struc-

the physics of spin dephasingven if different relaxation ture shown in Fig. 1. An electric field, is applied along the
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k= (Kinitial T Kfinal) /2= Kinitial = 0 Ext/2A. 2
X During this interval, the spin density matrix undergoes a uni-
tary evolution according to
z 4 nm —iH k) ot/ iHgg(k)at/fi
po(t+ot)=e HsdWWhy (t)efsdloan, €)
y 30 nm

whereHgH(k) is the momentum dependent spin-orbit inter-
action Hamiltonian that has two main contributions due to

1 B the bulk inversion asymmetriDresselhaus interactipti
—_ =,
A *®_
] \ . = - =
N T=30K Ho(k)=—B(kj)ka (k=ky) @
s ¥ i . :
° AN b 0.1 kV/em and the structural inversion asymmetry(Rashba
Wl . ; [ 34
E \.\ -x,%%m interaction
& m“;""-x. _
2 M S Hr(k)= — nko,. (5)
e i . . . .
2 ] The Rashba term is present only if inversion symmetry in the
.g 0.5 kVicm! structure is broken by some external agent such as the exter-
8 e nal electric fieldE,. The constantg and » depend on the
2 Te e material and, in the case of, also on the external electric
§, Yalgea,, TN field E, breaking inversion symmetry.
= i et vl Equation(3) describes a rotation of the spin vector about
o o 2 4 p 8 10 an effective magnetic field determined by the magnitude of

the average wave vector during the time interdal Note
) that during this time interval, the spin dynamics is coherent
Time (nanosecond) and there is no “dephasing” since the evolution is unitary.
FIG. 1. Temporal dephasing of the ensemble average spin vect&]OWGVGI’, _there are two a.gef‘ts that ultimately caus? dephas-
with time in a GaAs quantum wire of dimension 4 W80 nm ata  'N9- The first is the electric fiel&, that changes the “aver-

lattice temperature of 30 K. The results are shown for various driv29€ Wave vector” from one time intervat to the next. :I'he
ing electric fieldsE. The spins are injected with their polarization S€cond is the stochastic scattering that changes the “average

initially aligned along the wire axis. The geometry of the wire and Wave vector” between two successive intervasparated by
the axes designation are shown above. a scattering eveptrandomly. These two causative agents
produce a distribution of spin states that results in effective
axis of the quantum wire to induce charge flow. In addition,dephasing when one ensemble averages over the spins of
there is another transverse electric fiélgd applied in they ~ many electrons. The evolution of the ensemble averaged spin
direction that causes Rashba spin-orbit interaction. This corpolarization vectoiS (= S,u,+ S,u,+ S,u,, whereu, is the
figuration mimics the configuration of a spin interferometerunit vector along the direction) can be viewed as coherent
proposed in Ref. 5. motion (rotation) and dephasing/depolarizatidreduction in
Electrons are injected into this wifrom a half-metallic  magnitudé. This type of dephasing is the D’yakonov-Perel’
contact with a specific spin polarization. We are interestedrelaxatiorf® which is the dominant mechanism for dephasing
in finding how the injected spin decays with time as thein one-dimensional structures.
electron traverses the quantum wire under the action of the Generally, there are many causes of spin dephasing
electric fieldsE, andE, while being subjected to elastic and namely interactions with local magnetic fields caused by

inelastic scattering events. magnetic impurities, nuclei and spin orbit interaction. In our
Following Saikinet al.?* we treat the spin using the stan- work, we have considered only the D’yakonov-Perel
dard spin density matrix dephasing due to spin-orbit interaction since it is, by far, the

dominant mechanism in quantum wires of technologically
pTT() pTl(D) important semiconductors such as Ga@hich is the mate-
pl1() pll®)] @ rial we consider in Sec. !]l In additior_n to D’yako_nov-Pe_reI’, _

another type of dephasing mechanism associated with spin-
which is related to the spin polarization component asorbit coupling is the Elliott-Yafet relaxatich that causes a
Sh(t)=Trlonp(t)] (N=X,y,2). Over a small time interval spin to flip randomly during a momentum relaxing collision.
ot, we will assume that no scattering takes place and that thi comes about because in a compound semiconductor such
electron’'s momentum changes slowly enough due to thas GaAs, which lacks inversion asymmetry, the Bloch states
driving electric field(in other wordsE, 6t is small enough  in the crystal are not eigenstates of the spin operator. There-
that transport can be described by a constéitne- fore, a “spin-up” state has some “spin-down” component
independentmomentum or wave vector. We take this wave and vice versa. Consequently, a momentum relaxing scatter-
vector to be the average of the wave vector at the beginninong event can flip spin. Fortunately, in a quantum wire struc-
and end of the time interval ture, the momentum relaxing events are strongly suppressed

po(t)=
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because of the one-dimensional constriction of the phase Qp
space for scattering.Accordingly, the Elliott-Yafet mecha- SAt+dt) =5
nism is considerably weaker than the D’yakonov-Perel’ T
mechanism in quasi-one-dimensional structures, and there-

fore can be ignored as a first approximation. Finally, there is +
one last important dephasing mechanism known as the Bir-
Aronov-Pikus mechanistf accruing from exchange cou-
pling between electrons and holes. This mechanism is absent
in unipolar transport. In our simulations, we have considered

only the D’yakonov-Perel’ mechanism, but inclusion of the yhere();= /02 +032. All 's are calculated at the average

Elliott-Yafet mechanism is a relatively easy extension and iS5 e of the wave vector in the intervat given by Eq.(2).

reserved for future work. o It is easy to verify from the above equations that spin is
Returning to Eq(3), the unitary evolution in time can be onserved for every individual electron, i.e.,

recast in the following equation for the temporal evolution of

the spin vector:

S,(t)sin(Q1t)

Qp Og )
Q—TSz(t) - Q—TSx(t) cog(2+6t)

Qg QpQg

2
+ Q_T) Sz(t)+9—$5x(t), 8

S2(t+ o) + S2(t+ 8t) + SA(t+ 8t) = S(t) + SA(t) + SA(1)

ds . =|sP? ©)
JE— X .
5= 9xS, (6)

where the so-called “precession vectof has two contri- A. Monte Carlo simulation

butionsQ (k) and Qi(k) due to the bulk inversion asym-
metry (Dresselhaus interactiprand the structural inversion
asymmetry(Rashba interactionrespectively:

From Eq.(8), we see that the temporal evolution of the
spin in any time intervabt is governed by the spin preces-
sion vector. This vector changes from one time interval to the

2 2 next because it depends on the electron wave vEEmI(7)]

a42 T . . .

Qp(k)=——= _) K, that dynamically evolves during transport. The time evolu-
Ao\ Wy tion of the wave vector is found from a Monte Carlo solution

of the Boltzmann transport equation in a quantum Wé?
(k)= 2146E K 7) Equation(8) is solved directly in the Monte Carlo simulator
R oYY in each time intervabt. If a scattering event takes place in
) ) the middle of any such interval, the evolution of the spin
whereay, anda,s are material constants aid, is the trans-  4cording to Eq.(8) is immediately terminated, the wave
verse dimension of the wire. vector state is updated depending on the type of scattering
Chrls_tzegnsen and Cardofiecalculateday, to be equal 0 gyent that took place, th@'s are recalculated based on the
2.9x10 % eV In  GaAs, WhereasizgRlchards and new wave vector, and the evolution of the spin is continued
Jusserarf deduced its value to be 260" eV from according to Eq(8) for the remainder of the intervait. At

Raman experiments. In our simulations, we take the value tghe end of every time intervalt, we collect statistics about

be 2<10 ??eVn?. The value ofaus is taken to be 9 ihe spin components. '

X107 Cn?.* In our simulations, we assumed, The following scattering mechanisms are included in the

=100 kvicm. ~_ Monte Carlo simulator: surface optical phonons, polar and

As stated before, we assume that over the short time iMonpolar acoustic phonons, and confined polar optical

tgrval 6t, the electron’s wave vector is time invariant and phonons. A multi-subband simulation is employed; six sub-

given by the average wave vector in Eg). Consequently, pands are considered in tzelirection and only one in the

the ()'s are constant and independent of time in the intervalyjrection. This is justified since the width of the wife di-

ot. Accordingly, the solution of Eq(6) for the spin compo-  mension is assumed to be 30 mm and the thickngssi-

nents yields mension is only 4 nm. The energy separation between the
closest two subbands is 6 mdvorresponding to a tempera-

S,(1)sin(Q1dt) ture of 52 K). At the highest lattice temperatu(g0 K) and
electric field (4 kV/cm) considered in our simulations, we

Qr
Si(t+ &)Z—Q—T

Q Q find that the lowest four subbands are occupied while the
2 t)- —Rs((t))cos(QTat)} highest two subbands do not contain any electron. No inter-
Qr Qr valley transfei(from thel valley to theL valley takes place

+

0.2 0.0 The details of the simulator can be found in Refs. 42, 43.

_D) S(t)+ —>=S,(1), Equations(8) are solved directly in the Monte Carlo

Qr Q7 simulator. We use a time steft of 10 fs and a 1000—10 000
electron ensemble to collect spin statistics. We find the mag-

+

S,(t+ 6t) =S, (t)cog Q14t) nitude of the spin vecto® as a function of time, as well as
Q Q the component§,, S,, andS, as functions of time. At the
+|=2s (1) —DSZ(t))sin(QTﬁt), end of the simulation, we find the distribution 8f, S, and
Qr Qr S, calculated over the electron ensemble.
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TABLE I. Spin dephasing times as a function of driving electric 1

field in a GaAs quantum wire of dimensions 30 W@ nm at a X =1<S>l
temperature of 30 K. The spins are initially polarizddngthe wire 0=<Sy>
axis 08
' ! Q= <Sy>
Electric field (kV/cm) Spin dephasing timéseg t
qc, 06 I H»=< Sz>
0.1 1.7x10°8 3 5
0.5 5.0<10°° E :
1.0 3.5x10°° 2 '
2.0 2.5¢10°° a2
0.2
Ill. RESULTS AND DISCUSSION
We consider two cases: electrons are injected with their 0 ol

spins initially (i) polarized along the axis of the quantum

wire and(ii) polarized transverse to the axis of the quantum

wire. We call these two caseaspolarized injection ang- (or

z-) polarized injection, respectively. In the results to follow, FIG. 2. Temporal dephasing of the y, andz components of

we show that the spin dynamics is drastically different forensemble average spin in the same GaAs wire at 30 K. The driving

the two cases. In other words, there is significant anisotropyelectric field is 2 kV/cm and the spins are injected with their polar-
ization initially aligned along the wire axis.

Time (nanoseconds)

A. x-polarized injection ] . . .
i . ) L This also results in faster dephasing at stronger electric
We first consider the case ofpolarized injection. Al g|gs.

electrons are injected with their spins completely polarized a¢ first glance, it may be troubling to assimilate the fact

along the axis of the wire. that the magnitude of the ensemble averaged |(S)|) can
o o decay with time. One should remember that the magnitude of
1. Effect of driving electric field S(=|9|) is conserved only for arindividual electron as

In Fig. 1, we show how the magnitude of the averageshown by Eq.(9), but the magnitude is not invariant when
(ensemble averaged over all electrpspin vectorS decays We ensemble average oveanyelectrons. It is this ensemble
with time for four different values of the longitudinal electric averaging that results in effective spin dephasing, as men-
field E, applied along the axis of the wire. This field drives tioned before.
transport. The lattice temperature is 30 K.

From Fig. 1, we see that the decay is nearly exponential. 2. Temporal decay of spin components
Therefore, we will define the spin dephasing time as the time In Fig. 2 we show how the averagensemble averaged

it takes for|(S)| to de_cay to ¥ times its initial VaIL_'e of 1. over all electrongx, y, andz, components of the spin decay
T‘?‘b'? | shows the spin dephasing time as a function of elec\?\/ith time. The driving electric fielde,=2 kV/cm and the

tric field. . . N lattice temperature is 30 K. Since, initially the spin was po-
. As expec@ed, the dephasing time Qec_reases with INCreags ized along thec direction, the ensemble averaggdndz

ing elect_rlc field. There are two contnbupng factors for this components remain near zero and the ensemble averaged
trend. First, the average wave _vecqorglven by Eq.(2) ... .component decays with time. The decay of the ensemble
phanges more ra.p'd.ly from one time interval t.o another W'thaveraged<—component is indistinguishable from the decay of
increasing electric field, . Hence the precession vectax KS)| shown in Fig. 1, as expected

which depends ork changes more rapidly from one time ' '

interval to another at a higher electric field. Now consider the
random effect of scattering which results in different initial
wave vectork;,iin for different electrons in a given time In Figs. 3a)—3(c), we show the distribution of thg, v,
interval. This results in differerk (and hence differenf’s, andz components of the spins in the electron ensemble once
or different precession rate$or different electrons in the steady state is reached. Again, the driving electric field is 2
same time interval. Ensemble averaging over the electronsV/cm and the lattice temperature is 30 K. There is a slight
therefore causes the magnitude of the spin veStiardecay, depletion at the extremities of the distribution function
resulting in effective spin dephasin@r depolarization (5.S/,S,=*1), but otherwise, these are uniform flat-
Since the difference between the precession rates for diffetopped distributions showing that all values of spin compo-
ent electrons will be larger at a stronger electric figld the  nents are equally likely. Of course, the nonsteady-<tede-
dephasing rate increases with increasing electric field. Theieny distribution does not behave this way. To illustrate this
second factor that contributes to this trend is that the frepoint, we show in Fig. &), the distribution of thex compo-
guency of scattering itself increases with increasing electriment 10 ns after injection. The electric field in this case is 0.1
field. Scattering randomizes tHe's since it randomizes. kV/cm and obviously(as can be seen from Fig) $teady

3. Spin distribution
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o ] ] ) FIG. 4. Temperature dependence of the spin dephasing in the
FIG. 3. Distribution of the spin components in the GaAs wire. gGaas wire when the driving electric field is 2 kV/cm. Spins are

The drivin_g electri_c _field is 2 kV/cm and the Ie_ltticg temperature iSinjected with their polarization initially aligned along the wire axis.
30 K. Spins are injected with their polarization initially aligned

along the wire axis(a) Steady state distribution of thecomponent, " iniecti . larized al thdirecti
(b) steady state distribution of thg component,(c) steady state ween injecting spins polarized along thedirection versus

distribution of thez component, andd) transient distributiofafter thez direction since the structure is both geometrically asym-

a time of 10 n¥ of the x component when the driving electric field Metric (z dimension is larger than thedimension and also
is 0.1 kV/em. electrically asymmetri¢there is an electric fiel&, along the

y direction to induce Rashba spin orbit couplingndeed

state has not been reached. In this case, the distribution {gese differences result in slight differences betwgeand
still skewed heavily towards the initial distribution at time zpolarized injections, but they are small.

t=0 when all electrons had ax component equal te-1.
When steady state is reaché®)| will decay nearly to zero
and the distribution will become more or less uniform and
flat topped. In Fig. 6(a), we show the temporal dephasing characteris-
tics of |(S)| for six different electric fields when electrons are
initially polarized along thez direction. The lattice tempera-

In Fig. 4, we show how the dephasing rate and the decature is 30 K as before. Again, the spin dephases faster at
characteristic of(S)| depends on the lattice temperature. In-higher electric fields as expected. But now, comparison of
creasing lattice temperature results in increasing phonoRigs. 1 and 6 reveal that the dephasing rates are very “an-
scattering that randomizésand ()'s more rapidly. This re- isotropic” in the sense that the dephasing rates are different
sults in faster dephasing. In the temperature range considerg§ more than an order of magnitude depending on whether
here(4.2—30 K, most of the scattering is due to spontaneoushe spins are initially polarized along the wire or transverse
emission of phononévhich is temperature independgréis  to the wire. The dephasing rate is faster when the initial spins
opposed to stimulated emission or absorptiohich are  are polarized transverse to the wire axis. One obvious reason
temperature dependenfherefore, it is no surprise that the for this is that in a quasi-one-dimensional structure, the
decay rate and characteristics are weakly sensitive to tenpresselhaus spin orbit interaction is inoperative on spin po-
perature in this range. larized along the axis of the wire. Thereforepolarized spin

In Figs. 5a)—-5(c), we show the steady state distributions dephases only due to the Rashba interaction in the quantum
of the spin components at a lattice temperature of 4.2 K. Theyire, while they- andz-polarized spins dephase due to both
driving electric field is 2 kvV/cm. Comparing with Fig. 3, we the Rashba and the Dresselhaus interactions. Consequently,
see that the steady state distributions look very similar s§. and zpolarized spins dephase faster. The spin dephasing
that the temperature does not significantly affect them. Adtimes for various electric fields are shown in Table IL.
ditionally, although not shown, we have found that the shape |n Fig. 6b), we show the spin dephasing characteristics
of the Steady state distribution is independent of the driVingNhen the Spins are |n|t|a||y po|arized a|ong mejirection_
electric field. The dephasing time at an electric field of 2 kV/cm is now
0.25 ns compared to 0.1 ns when the initial polarization is
along thez direction. This differencga factor of 2.3 is

We now consider injection with the initial spins polarized expected since the structure is both geometrically and elec-
transverse to the wire axis. There is a slight difference betrically asymmetric with respect tpandz, as stated before.

1. Effect of driving electric field

4. Effect of temperature

B. Y- or zpolarized injection
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FIG. 6. Temporal dephasing of the ensemble average spin vector
with time in a GaAs quantum wire of dimension 4 W80 nm at a
lattice temperature of 30 K. The results are shown for various driv-
ing electric fieldsE . (a) The spins are injected with their polariza-
tion initially aligned along the axis which is mutually perpendicu-
lar to the wire axis and the direction of the electric fi&gused to
induce the Rashba spin orbit coupling) spins are injected with
their polarization initially aligned along thg axis which is the
direction of the electric fieldE, used to induce the Rashba spin
orbit coupling.

From Figs. 1 and 6, we find that the electric field depen-
dence of the spin dephasing rate is stronger when the spins
are initially injected with polarization transverse to the wire
axis. Comparing Tables | and I, the difference between the
dephasing rates at fields of 0.1 kV/cm and 2 kV/cm is a

FIG. 5. Steady state distribution of the spin components in thdactor of ~7 when spins are initially polarized along the wire

GaAs wire. The driving electric field is 2 kv/cm and the lattice @Xis, while it is a factor of 50 when the initial polarization is
temperature is 4.2 K. Spins are injected with their polarization ini-transverse to the wire axis. This difference too can be attrib-

tially aligned along the wire axiga) Distribution of thex compo-
nent,(b) distribution of they component, andc) distribution of the

z component.

uted to the fact that both Rashba and Dresselhaus interac-
tions are operative on the initial spin for transverse injection
(while only the former is operative for longitudinal injection
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TABLE Il. Spin dephasing times as a function of driving electric 1 . .
field in a GaAs quantum wire of dimensions 30 R@fhnm at a S { :
temperature of 30 K. The spins are initially polarizeansverse to 1 | < Z? !
the wire axis. J: ]
0.5 [ TPoie=T<B5T
Electric field (kV/cm) Spin dephasing timéseg ! ! [ ‘\ i
t
i
0.1 5.0¢10"° c VI AV AN S ‘1‘7’("
0.5 9.0<10° 1 & 0 FEAWIAVIAYZAN 7\
1.0 3.0<10°1° ‘ ! ! ] !
2.0 1.0<10° 20 Py WY
3.0 6.0<10 1 -0.5 l— o
4.0 4.0<1071 \j !
>
Pl lash '
so that the electric field is more effective for the transverse 0 0.1 0.2 0.3
case. Time (nanoseconds)

In Fig. 6, there is a nearly discrete change in the value of
[(S)| at t=0 (it is even more pronounced in Fig. 10; see
laten). This is a numerical artifact. Our model is based on the
assumption that th€’s are constant in the time intervat
and correspond to the averagvithin that time intervalas
given by Eq.(2)]. This is a good assumption wheft is
small enough. It is too large, the assumption is no longer
reasonable and artificial features can be manifested in the
simulation results such as the discrete jump=a0. We have
verified that this artifact diminishes when we mal&t
smaller. We have useét =10 fs in our simulations. Using a
smaller value ofét reduces the artifact, but increases the
computational time. Therefore, we have chosen a valug of
that is a compromise between accuracy and computational
resources. Similar numerical artifacts were present in the
simulations of Ref. 24.

2. Decay of spin components 0 0.08 0.16 0.24

In Fig. 7(a) we show how the averagensemble averaged Time (nanoseconds)
over all electrongx, y, andz components of the spin decay
with time for z-polarized injection. The driving electric field FIG. 7. Temporal dephasing of the y, andz components of
E,=2 kV/cm and the lattice temperature is 30 K. Since, ini-ensemble average spin in the GaAs wire at 30 K. The driving elec-
tially the spin was polarized along thedirection, the en- tric field is 2 kvV/cm and the spins are injected with their polariza-
semble averaged component remains near zero since thetion initially aligned along the(@) z direction and(b) y direction.
Dresselhaus interaction does not coufee Eq.(8)] y- or ~ Thex component remains zero throughout, while yhendz com-
z-polarized spins to the-polarized spins. Only the Rashba Ponents oscillate, starting with a/2 phase shift between them-
interaction couples to the-polarized sping(if the Rashba  Selves.
interaction were absent, the component of the spin will It is interesting to note that the temporal decay of the
remain identically zero for every electronAny nonzero componentin Figs. 1 and 2 is monotoiiweith no hint of any
value of thex component at any time is only because of theoscillatory component while the temporal decay of thg
Rashba interaction. Since this interaction is weak in our cas&nd z components in Fig. 7 is clearly oscillatory. The oscil-
thex component remains near zero. Thandz components latory component is a manifestation of the coherent dynam-
of the spin oscillate with tim¢in accordance with Eq8)] ics (spin rotation while the monotonic decay is a result of
with a slowly decaying envelope. They start out with athe incoherent dynamiospin dephasing or depolarization
7/2 phase shift between them initially which quickly There is a competition between these two dynamics deter-
changes owing to dephasirigr ensemble averaging over mined by the relative magnitudes of the spin precession vec-
electrons. tor and the dephasing rate. For tRecomponent, the spin

In Fig. 7(b), we show the same characteristics for precession vector is small because it is solely due to the
y-polarized injection. There are slight differences betweerRashba interaction which is weak. Hence the dephasing dy-
Figs. 7a) and 7b), again owing to the fact that the structure namics wins handsomely resulting in no oscillatory compo-
is geometrically and electrically asymmetric with respegt to nent. In contrast, the spin precession vector forythend z
andz components is much larger since it is the result of both

@

Spin
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*' ik : FIG. 9. Steady state distribution of the spin components in the
; GaAs wire. The driving electric field is 2 kV/cm and the lattice
: temperature is 30 K. Spins are injected with their polarization ini-
tially aligned along they axis. (a) Distribution of thex component,
-1.0 -0.5 0 0.5 . 1.0 (b) distribution of they component, andc) distribution of thez
Range of y-component of spin component.
(c)

o ) i Dresselhaugbulk inversion asymmetjyand Rashbdstruc-

FIG. 8. Steady state distribution of the spin components in the,, 5| inversion asymmetjyinteractions. Consequently, the
GaAs wire. T.he driving .elecmc.f'.eld 'S 2.‘“””‘? and t.he !att'(.;e. oscillatory component is visible in the decays characteristics
temperature is 30 K. Spins are injected with their polarization ni- ¢ the y and z components, but not in the case of the
tially aligned along the axis. (a) Distribution of thex component, component '
(b) distribution of they component, andc) distribution of thez )
component.

3. Spin distributions

In Figs. 8a)-8(c), we show the distribution of the

X, ¥, andz components of the spins in the electron ensemble
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values. Hence the spins spend more time near their extremal

0.8 \. IS N values. Consequently, more spins in the ensemble will have
‘i E ! values close to—1 and +1 than any other intermediate
g;x, \ S S value.
EY o6 T=20K In Figs. 9a)—9(c), we show the steady state spin distribu-
25 tions when spins are initially polarized along theirection.
° § There is a slight difference between the distributions in Figs.
;':-_5 0.4 o 8 and 9 because of the geometric and electrical asymmetry
o " T=10K betweeny and z. Otherwise, the qualitative features are the
3% | R, same.
'gg 0.2 .‘&-e?ﬁ T=50K For bothy- andz-polarized injections, we have found that
sz TE30K — % X M the shapes of the steady state distributions are fairly indepen-
e _S:"' dent of temperature and driving electric field.
: <l
% 002 004 006 008 0.1 4. Effect of temperature

Finally, in Fig. 10, we show the effect of temperature on
Time (nanoseconds) the dephasing(or depolarization characteristics of|(S)|
when spins are initially polarized along thad@irection. Once
FIG. 10. Temperature dependence of the spin dephasing in thggain, the driving electric field is 2 kV/cm. There is a very
GaAs wire when the driving electric field is 2 kV/cm. Spins are weak temperature dependence in the range 10-50 K for es-

injected with their polarization initially aligned along tfeaxis.  sentially the same reason as alluded to in Sec. Ill A4.
There is no clearly discernible temperature dependence in the range

of 10-50 K within the stochastic fluctuations of Monte Carlo simu- V. CONCLUSION
lation.
In this paper, we have studied spin dephasing in a quasi-

once steady state is reached. We define steady state as rée—d|men3|onal structure. The dephasing rate was found to

condition when|[(S)| approaches zero in Fig. 7. Again, the )€’ strongly anisotropic in the sense that it depends sensi-

. A g tively on whether the spins are initially polarized along the
driving electric field is 2 kV/cm and the lattice temperatureWire axis or peroendicular to the wire axis. Anisotropic ef-
is 30 K. Comparing these figures to FigsaB3-3(c), we perp ' b

find that the steady state distributions are vastly and qualit fects were also observed in Ref. 24. A somewhat different
. . y state . y and qu al[ype of anisotropy in the spin relaxation rates was discussed
tively different for injection with transverse polarization

L . Lo b in Ref. 44 and was attributed to interference between various
compared to injection with longitudinal polarization. The . o . : X
R L . - types of spin-orbit interactions. In our case, the anisotropy is
distributions in Fig. 8 are not uniform flat topped distribu- 7% "7 - ; :
tions at all primarily due to the fact that the Dresselhaus interaction op-
' . ._erates only on spins polarized transverse to the wire axis and
Thex component shows a very narrow Gaussian-type dis-

tribution with zero mean and a standard deviation less tharr1]Ot on spins polarized along the wire axis. This anisotropy

0.03. This is expected since thecomponent should be ide- can be exploited in the design of spintronic devices such as

ally zero (the distribution would be a delta function at zgro the gate controlled spin interferometer where the suppression

) . ; .~ of spin dephasing is a critical issue. We have also shown that
n t_he absence of the Rashba interaction. The Rashba Intetrﬁe steady state spin distributions are strongly a function of
action causes some spread about the zero value, but t)ﬂg

; S . e initial polarization. The dephasing rate has a very weak
Rashba interaction is weak and therefore the spread is sma ependence on temperature and a moderately strong depen-

The y and z components show a U-shaped distribution dence on the driving electric field.

weighted towards the extreme values-of and+1. This U
shape is a consequence of the oscillatory nature of the decay
characteristics foy and z components seen in Fig. 7. Note
that the slopes of the decay characteristics are zero at the The work of S.P. and S.B. was supported by the National
peaks and valleys when the spins have close to their extrem&icience Foundation under Grant No. ECS-0196554.

ACKNOWLEDGMENTS

*E-mail address: shandy@vcu.edu 6M. E. Flatte and G. Vignale, Appl. Phys. Let78, 1273
1G. Prinz and K. Hathaway, Phys. Todd§, 24 (1995; G. Prinz, (2002).
Science270, 1660(1998. 7. Zutic, J. Fabian, and S. Das Sarma, Appl. Phys. [#91.1558

2S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. (2002).
von Molnar, M. L. Roukes, A. Y. ChtChelkanova, and D. M. 8T. Koga, J. Nitta, H. Takayanagi, and S. Datta, Phys. Rev. Lett.

Treger, Scienc@94, 1488(2002). 88, 126601(2002.
3D. D. Awschalom, M. E. Flatte, and N. Samarth, Sci. A286, 66 X. F. Wang, P. Vasilopoulos, and F. M. Peeters, Phys. Re35,B
(2002. 165217(2002.
4S. Das Sarma, Am. ScB9, 516 (2001). 105, Bandyopadhyay and V. P. Roychowdhury, Superlattices Micro-
5S. Datta and B. Das, Appl. Phys. LeBi5, 665 (1990. struct.22, 411 (1997).

075313-9



S. PRAMANIK, S. BANDYOPADHYAY, AND M. CAHAY

v, Privman, I. D. Vagner, and G. Kventsel, Phys. Let220, 141
(1998.

12, E. Kane, NaturéLondon 393 133(1998.

133, Bandyopadhyay, Phys. Rev.@, 13813(2000.

1G. Feher, Phys. Rel14, 1219(1954.

153, M. Kikkawa and D. D. Awschalom, Phys. Rev. Le0, 4313
(1998.

8p Mohanty, J. M. Q. Jariwalla, and R. A. Webb, Phys. Rev. Lett.

78, 3366(1997.
17F. Mireles and G. Kirczenow, Phys. Rev.@, 024426(2007).

PHYSICAL REVIEW B 68, 075313 (2003

28H. Sanada, Y. Arata, Y. Ohno, Z. Chen, K. Kayanuma, Y. Oka, F.
Matsukura, and H. Ohno, Appl. Phys. Leitl, 2788(2002.

M. Q. Weng and M. W. Wu, J. Appl. Phy83, 410(2003.

30y, Qi and S. Zhang, Phys. Rev. &, 052407(2003.

31A. Bournel, P. Dollfus, S. Galdin, F-X. Musalem, and P. Hesto,
Solid State Communl04, 85 (1997); A. Bournel, P. Dollfus, P.
Bruno, and P. Hesto, Mater. Sci. Forug87—298 205 (1999
A. Bournel, V. Delmouly, P. Dollfus, G. Tremblay, and P. Hesto,
Physica E(Amsterdam 10, 86 (2001).

32K, Blum, Density Matrix Theory and Applicatior®lenum, New

18T, Schapers, J. Nitta, H. B. Heersche, and H. Takayanagi, York, 1996.

Physica E13, 564 (2002.

197, Matsuyama, C.-M. Hu, D. Grundler, G. Meier, and U. Merkt,
Phys. Rev. B85, 155322(2002.

20M. Cahay and S. Bandyopadhyay, cond-mat/030562%ub-
lished.

213. Fabian, I. Zutic, and S. Das Sarma, Phys. Re66B165301
(2002.

22G. Schmidt and L. W. Molenkamp, Semicond. Sci. Techid.
310(2002.

27. G. Yu and M. E. FlaftePhys. Rev. B66, 235302(2002.

245 saikin, M. Shen, M. C. Cheng, and V. Privman,
cond-mat/021261Qunpublishegt M. Shen, S. Saikin, M. C.
Cheng, and V. Privman, cond-mat/03023@Bpublishedl

25W. H. Lau, J. T. Olesberg, and M. E. Flgttehys. Rev. B64,
161301(2001).

26\, S. Lundstrom,Fundamentals of Carrier Transporvol. x of
Modular Series on Solid State Devicgsddison-Wesley, Read-
ing, MA, 1990.

27G. Schmidt, C. Gould, P. Grabs, A. M. Lunde, G. Richter, A.

Slobodsky, and L. W. Molenkamp, cond-mat/020634npub-
lished.

33G. Dresselhaus, Phys. Reb00, 580 (1955.

34E. I. Rashba, Sov. Phys. Semicor].1109(1960; Y. A. Bych-
kov and E. I. Rashba, J. Phys.1Q, 6039(1984).

35M. 1. D'yakonov and V. I. Perel’, Sov. Phys. Solid Stalt8, 3023
(1972.

36R. J. Elliott, Phys. Revd6, 266 (1954

S7H. Sakaki, Jpn. J. Appl. Phy49, L735(1980.

38G. L. Bir, A. G. Aronov, and G. E. Pikus, Sov. Phys. JEA® 705
(1976.

39N. E. Christensen and M. Cardona, Solid State ComrBan491
(1984).

40D, Richards and B. Jusserand, Phys. ReG9BR2506(1999.

41D, Jovanovich and J-P. Leburton, ionte Carlo Device Simula-
tion: Full Band and Beyondedited by K. HesgKluwer Aca-
demic, Boston, 1991 pp. 191-218.

4N. Telang and S. Bandyopadhyay, Appl. Phys. Lé#, 1623
(1995.

43N, Telang and S. Bandyopadhyay, Phys. Re%189728(1995.

44N. S. Averkiev, L. E. Golub, and M. Willander, Fiz. Tekh. Polu-
provodn. (S.-Peterburg 36, 97 (2002 [Semiconductors6, 91
(2002].

075313-10



