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Progressive suppression of spin relaxation in two-dimensional channels of finite width
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We have investigated spatiotemporal kinetics of electron spin polarization in a semiconductor narrow two-
dimensional2D) strip and explored the ability to manipulate spin relaxation. Information about the conduction
electron spin and mechanisms of spin rotation is incorporated into a Monte Carlo transport simulation program.
A model problem, involving linear-iksplitting of the conduction band responsible for the D’yakonov-Perel’
mechanism of spin relaxation in the zinc-blende semiconductors and heterostructures, is solved numerically to
yield the decay of spin polarization of an electron ensemble in the 2D channel of finite width. For very wide
channels, a conventional 2D value of spin relaxation is obtained. With decreasing channel width, the relaxation
time increases rapidly by orders of magnitude. Surprisingly, the crossover point between 2D and quasi-1D
behavior is found to be at tens of electron mean-free paths. Thus, classically wide channels can effectively
suppress electron spin relaxation.

[. INTRODUCTION of spin relaxation in a 2D electron gas as a long strip of finite

Spintronics-? a nontrivial extension of conventional elec- width is formed, e.g., using an electrostatic squeezing split-
tronics, augments functionality by utilizing the carrier spin gate technique. These strips can be used to connect active
degree of freedom. Spin can potentially be used as a mucglements in integrated chip designs and could even become a
more Capacious quantum information storage cell, be inpart of active devices as the size of circuit elements is re-
volved in the transfer of information, for elaborate schemegluced. Eventually the one-dimensioiaD) limit, exhibiting
of information processing, both quantum mechanical and0 transport-induced spin relaxation related to the absence of
classical, and be integrated with electric-charge counterpart§€ inversion center in the elementary crystal cell, will be
in combined designs. Electron or nuclear spin manipulatiofiéached. This transition to 1D behavior was recently docu-
is believed to be the key component of the potential realizamented by Bourneét al** in their study of the spin transis-
tions of a quantum computésee Ref. 3, for example tor. In this paper, we focus on the definition of the crossover

So far several devices, including spin hyBrighd field  points of the spin relaxation regimes and the description of
effect transistors tunneling structures with magnetic layérs, the relaxation time behavior in the broad regions between the
spin-based memory,and even systems based on carboncrossovers. A Monte Carlo approach is used to simulate elec-
nanotube® have been proposed. The most notable succed§on transport, including the evolution of spin polarization
was obtained with giant magnetoresistance effect devicegnd relaxation, in 2D channels of finite width.
that rely on the variation of electron scattering in a This paper is organized as follows: In Sec. I, we start
mu|ti|ayer stack of ferromagnetic films separated by non_With a brief account of spin relaxation mechanisms in semi-
magnetic material$l° Though the variation of the current conductors in order to identify the most relevant one. We
through the structure is small, it is sufficient for detection,discuss its transformation to lower-dimensional systems, as
and the excellent sensitivity of the device to weak externalvell as different possibilities to suppress destructive spin re-
magnetic f|e|dityp|ca||y 1% Change of resistance per oer- laxation. In Sec. lll, the model of a narrow patterned 2D
Sted opened the door for massive data storage app|ication§_|ectr0n gas channel is described. Results of a Monte Carlo

Spin coherence is a pivotal prerequisite for the operability osimulation of spin relaxation in the channel are given in the
prospective spintronic devices. next section(Sec. IV), along with a comprehensive discus-

Most propositions for experimental realizations of Spin-SiOﬂ of the relaxation regimes in terms of the channel width

tronic elements rely on the injection of spin-polarized elec-and a value of the spin splitting of electron subbarfsisc.

trons from the ferromagnetic layer. These suffer from theV). A brief summary follows at the end.

poor quality of the ferromagnet-semiconductor interfaces

that reduce the polarization of the_ injected _electrons to a few Il. MECHANISMS OF SPIN RELAXATION

percent as a result of strong spin relaxation caused by the

large number of surface states. In spin-valve designs the im- There are several mechanisms that can cause spin relax-

portance of the interface problem is drastically amplified be-ation of conduction electrofs(see Ref. 13 for an up-to-date

cause the injected electron crosses the metal-semiconductoformal review.

interface twice(i.e., at the source and drain terminals of the (i) The mechanism of D’yakonov and Pefé&l(DP) re-

devicg. Furthermore, spin relaxation in the active region ofgards the spin splitting of the conduction band in zinc-blende

the device adds to the difficulties. semiconductors at finite wave vectors as equivalent to the
In our study, we consider the possibilities for suppressingresence of an effective magnetic field that causes electron

spin relaxation of the conduction electrons and evaluate difspin to precess. For an electron experiencing random mul-

ferent approaches. A potentially important case is alterationiple scattering events, the orientation of this effective field is
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random, thus leading to spin relaxation. the scattering events, that reach the same final intill

(i) Bir-Aronov-Pikus® (BAP) processes involve a simul- have the same spin orientation. This statement is relaxed if
taneous flip of electron and hole spins due to electron-holene allows intersubband scattering in the 1D system. This
exchange coupling. type of scattering becomes progressively more important for

(iii) Spin relaxation due to momentum relaxation is pos-wider and wider quantum wires with more and more sub-
sible directly through spin-orbit couplingElliot-Yafet'®  bands involved. Thus, we will recover the 2D or 3D case in
(EY) proces$ the limit of very thick quantum wires.

(iv) Spin relaxation can take place as a result of hyperfine In fact, there are two types of linear-knterms, with simi-
interaction of electron spins with magnetic momenta of lat-lar functional forms, that appear in the effective-mass spin
tice nuclei, the hyperfine magnetic field being randomlyHamiltonian for the 2D electron ga&: the
changed due to the migration of electrons in the crystal.  bulk-asymmetry*° and structure-asymmetry-induced

The BAP processes require a substantial hole concentrgBychkov-Rashbg terms?®?* The former can be derived
tion that is not available in the unipolar doped structures. EYfrom Eq. (1) by keeping only the terms with?, and the
processes are suppressed in the 2D environments studied |#iter is
this work due to the particular structure of the perturbation
matrix element responsible for the EY proceste=e Ref. H=7 o-[kX 2]5 n(oky—oyky), (2)

12, p. 84. Random hyperfine fields are much weaker for A

extended electron states than for highly localized ones; theiwhere z is a unit vector in thez direction. We ignore the
amplitude and even their presence in the system are deteworigin of the spin splitting term in our model problem and
mined by the nature of the constituent atoms. Thus, the mosimply assume its presence with a wave-vector dependence

relevant mechanism for our case is of the DP type. given by Eq.(2). (See Refs. 22 and 23 for the band-structure
calculation of the linear-itk spin splitting in heterostructures
A. DP mechanism and change of the dimensionality simultaneously treating bulk- and structure-induced asymme-

. . try.)
As a result of the relatively low zinc-blende crystal sym- This form of the spin Hamiltonian is equivalent to the

metry, the effective 2(2_ e'eCtFO“ Hamiltonian for the con- interaction of the spin with the effective magnetic field
duction electrons contains spin-dependent terms that are cu-

bic in the electron wave vectdr R
) ) H= E [ Qeff! WhereﬂeﬁE Top U X Z (3)
H=7"[oky(kj—k3)+ cycl. perm], (1)

whereo;(i=x,y,2) are the Pauli matrices. The constait nge the partigle velocity;=hk/m’f and an_obvious sub;ti-

reflects the strength of the spin splitting in the conductiontUtion 7— 7pp is done for convenienceypp is expressed in

band and its value is defined by the details of the semiconVerse length units. The spin of a particle moving ballisti-

ductor band structure. Other terms in Eg). are obtained by ~ Cally through distance 3pp will rotate by the anglep=1.

cyclic permutations of the indices. Th_e quantum—r_nechamcal descrlpn_on of the evqu_tlon of the
Modifications to the character of the spin relaxation alsoSPin 1/2 is equivalent to the evolution of the classic momen-

occur as the system dimensionality is changed from the 3rUmM S with the equation of motion

to 2D, as can be achieved, for example, in semiconductor

heterostructure¥. First, the average wave vector in the di- ds_ QX S,

rection of the quantum confinemerz éxis) is large, so the dt
terms in the spin splitting involvin@ﬁ will dominate. This : . : :

. . P The reciprocal effect of electron spin on the orbital motion
reorients the effective magnetic field into the plane of the 2D P P

lect | N el the el A ¢ through spin-orbit coupling can often be ignored due to the
electron gas Xy plang. Never eless, the elementary rota- large electron kinetic energy in comparison to the typical
tions around random axes, all lying in one plane, do no

X : Spin splittings and strong change of the momentum in scat-
commute with each other; thus the electrons reaching th pring peven'?s ¢ g

same final destination by different trajectories will have dif-
ferent spin orientations. As the transport time increases,
more and more distinguishable trajectories will become pos-
sible leading to a progressive reduction of the average spin In addition to understanding the physics of carrier spin
polarization of the electron ensemble. For a structure witldepolarization, we consider and assess the ability to actively
|k,|>ke (relatively easy to designthe splitting for a typical  influence these destructive processes in order to improve pa-
electron will be larger and the rate of spin relaxation will berameters and gain new functionality of future spintronic de-
enhanced. One might naively expect similar behavior withvices. Potential approaches for manipulating spin relaxation
the further reduction of the dimensionality to the 1D casetimes are the following:

Choose thex axis to be along the wire. Again the main terms (i) A simple observation follows directly from the intrin-

in Eg. (1) will contain spatial-confinement multiplierlsi, sic nature of the motional narrowing regin@mall elemen-

k2. The principal difference with the 2D case is that all ro- tary spin rotations during ballistic electron flight$ Reduc-
tations in one dimension are limited to a single axis directiortion of momentum relaxation timer, leads to the
and they commute with each other. Apart from the systemsuppression of spin relaxation, sinc§1~rp(Q§ﬁ>. On the

atic rotation, spin polarization does not disappear with timeother hand, this will lead to broadenings as well as decoher-
All particles, independent of the number and the sequence @&fnce and can worsen device parameters.

B. Influencing spin relaxation time
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(ii) Spin splitting is absentsmal) for structures with (i) We neglect electron-electron interactions and con-
principal axis along (011). Recent experiments delivered sider electrons to be independent.
in (011) guantum wells more than an order of magnitude (iv) An assumption that all scatterers are completely un-
longer than that of the (001) counterpt. correlated leads to an exponential distribution of times be-
(i) The bulk-asymmetry- and structure-asymmetry-tween any two consecutive scattering events. Their average
induced spin splittings are additive with the similar linear-in-is called the momentum relaxation timg, which corre-
k dependence; thus it is possible to tune combined spin splisponds to the mean free path= lv] Tp-
tings in the conduction band to a desired value through ma- (v) The spin Hamiltonian is given in the form of E(B)
nipulation of the external electric fiel@dnd fix the axis of the and influences only the spin coordinate. We ignore the recip-
effective magnetic field, as in the 1D case, although it is notocal effect of the spin on the motion in real space.
possible to cancel the splittings compledely (vi) The width of the channel is large, several or even tens
(iv) Additional spin splitting, which is independent of the of mean free paths, so that it is permissible to consider clas-
electron wave vector, will fix the precession axis. An obvi- sically the electron real-space movement.
ous possibility here is the Zeeman effect. The time of spin (vii) Initially, we consider reflecting boundary conditions
relaxation scales in the presence of the external magnetit the borders of the 2D strip. Reflecting channel boundaries
field B as® preserve the longitudinal component of the particle velocity
and change sign of the normal component in collisions.
1 1 1 Later, we compare our results obtained with reflective and
7<(B) = ) 2 diffusive boundaries. _ . o
S stV 1+ (Qy ) Now we consider the types of possible spin polarization

where Q) =gugB is a Zeeman splitting of electron spin measurements. For simplicity, in all of our experiments, par-

sublevels. This suggests that spin relaxation time will doubldices Will be injected into the system at some particular point
for O 7,=1 A (input terminal at timet=0 with spinS. As the particle
=1

(v) Spin relaxation of the conduction electrons can beexpgrie_nces muItipI_e scattering eve_r‘]t33 a (.:Iiffusivel pattern of
controlled by doping. The first realization of this was re- ”?O“O”t's formed with a Gaussian distributidior an isotro-
ported in 5-doped heterostructurdsand enhancement in pic system

spin memory by several orders of magnitude has recently

been observed in-doped structure¥. )
(vi) When the channel width is comparable to the mag- T(r)~ iex _r
nitude of the electron mean free pdtp the sequential alter- (r) <r>2 '

ation of one of the wave vector components should effec-

tively reduce spin relaxation(reflective boundarigs?

Scattering on the boundariégiffusive boundarieswill also  that broadens as time ianeaS(35>1~Lp\/ﬁ-

decreaser, and can potentially influence spin relaxation. ~ Clearly, there are multiple possibilities for experimental
Quantum mechanically, channel narrowing leads to thesetups. The definition of spin relaxation tinrg obtained in
quantization of electron transverse motion in the strip and théhese experiments will vary correspondingly. Several impor-
absence of spin relaxation without intersubband scattering.tant possibilities are as follows.

The first five possibilities have been considered to some (i) The most informative type of experiment would be to
extent in the scientific literature or are just obvious conseimeasure the average sgi) as a function of time at each
quences of the relaxation mechanism. The sixth deservespint B (output terminal. Measurement results for all other
more thorough analysis and is the subject of our study. T@xperimental configurations can be derived by partial inte-
examine the effect of the patterning of the 2D electron gagration of this correlation function. In our computer simula-
into strips of large width, we developed a simple Monte tion, we give preference to this type of measurement. Real
Carlo simulator encompassing random scattering of the ele@xperimental realization can be technically complicated,
trons in the channel, reflection from the boundaries, and spisince it requires measurement locality in both space and time
rotation during free flight due to spin splitting of the conduc- domains.
tion band. (i) At time t, (S) is taken as an average over the whole

ensemble independent of the real-space position of electrons.
IIl. THE MODEL thical experiments are consider.ed_ likely to qQI.i\./er informa-
tion of this type, because of the limited possibilities to focus

As a model system we consider a strip of the 2D electroroptical systems and fundamental restrictions.
gas. The third dimensiorz(axis) is quantized and irrelevant (iii ) Electrons are removed from the system immediately
to the issue of electron movement in real space since thapon arrival at the output terming|S) is measured, for ex-
intersubband gap is larger than all other energy scales irample, as a function of the interterminal distance. Individual
volved. We make the following assumptions. particles can spend substantial time in the system, depending

(i) All particles have the same velocity|. on their trajectories. This type of experiment is the most

(ii) Scattering is considered to be elastic and isotropic irprobable variant in electric experiments where poitand
order to retain model simplicity; the former assumption pre-B can be identified as real device gates. Made from ferro-
serves velocity modulus, and the later one eliminates anynagnetic materials, gates can inject polarized electrons and
correlations between directions of the particle velocity beforesense the polarization of the drain flux, delivering informa-
and after the scattering event. tion about the average spin of carriers. As it was already
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pointed out, the possibility of experimental realization of As the constant;pp becomes larger and larger, the charac-
these measurements is severely restricted at present by limeristic behavior gradually deviates from the regime of mo-
tations of the technology. tional narrowing since elementary rotations on the elemen-
We now show that our result for spin relaxation doestary free flights are no longer small. This leads to quick spin
indeed depend on the type of measurement. As a simplgslaxation, as reflected by the reduction and saturatior of
example we consider a pure 1D case. From the point of vievpn the other hand, there is a steep increase in the relaxation
of the first and third experiments, there is no spin relaxationtime as 7pp decreases. We have found an intermediate re-
In these cases there exists a systematic rotation of the sp'gqon wherergl scales as a second power of the DP constant,
proportional to the distance from the injection poi&tAll ~ and that is followed by a fourth-power dependence for very
particles reaching poinB will have exactly the same spin  smal| values ofypp. Thus, in the well-established regime of

orientation, independent of the number of scattering eventgotional narrowing and in the limit of sufficiently narrow
and individual trajectories, but different for different choices channels, we propose an asymptotic formmie: 7753'-72-

of point B. Thus, the transverse component of the spin is 14 jgentify an effect of the particular choice of the bound-

given byS,(x) = §;cos(rppx) - For the second realization, we 4y conditions we have simulated a channel with diffusive
readily conclude that the average spin is expressed as  poyundaries as well. The particle that reaches the channel bor-
1 der is scattered back into the channel with equal probabilities

_ - _ =2 2 for all directions of the new particle velocity. Calculation

<S">_f dx S00T(x) SSex;:{ 4 7R X) ) results repeat closely the case of the reflective boudaries up

to the very narrow channel with widths of only several mean
~S§ex;{—1n%pL2L free paths. No systematic deviation of the spin relaxation
4 Py time is observed for wider channels.

and _shows an ex_ponennal dec_ay.of spin polarization in the\/. REGIMES OF THE DP RELAXATION IN A CHANNEL
spatially broadening electron distribution.

Note that in the 2D case, the same phenomenon of the We distinguish the following regimes of spin relaxation in
systematic rotation of the electron spin takes place in addichannels of finite width as we vary both independent param-
tion to the(2D-3D specifi¢ DP spin relaxation. This system- eters 5pp and L of the problem in consideration. First, for
atic rotation by the anglévector form) ¢=7pp rxzfor the  very large spin splitting forLp=1) we violate a general
particle real-space transfeiis again independent on the de- condition for the motional narrowing regime for the DP spin

tails of individual trajectories. relaxation. Each elementary rotation is not small and the in-
formation about the spin polarization is lost after the first
IV. SIMULATION RESULTS random scattering everisee Fig. 2 as a guigleFor this

regime, 75 is on the order ofr, and is the shortest of all

Figure Xa) shows the time dependence of average spimegimes.
polarization 2S,) in the channel. Itis found that, apart from  When 7pp is small (7pplp<1), we return to the regime
the systematic rotation, this dependence is essentially thef motional narrowing and a well-known equatiorg®
same for all points inside the channel that have a substantial 7, (5L ,) ~2 defines the time of spin relaxation in the 2D
electron occupation for a reliable calculation of spin polar-system. As we narrow the strip of the 2D electron gas, we
ization. The calculation is performed for the DP parametefind that the behavior is unchanged untjppL~1. For
7pplp=0.05 and different channel widths. For this particu-smaller channel widths 7ppL<1), DP_spin relaxation is
lar plot the trajectories oN=5x10° electrons are traced suppressed very effectively withg~ 722(7ppL) ~2. For L
giving a standard deviation on the order gN~102 <L, the channel width. acts as a new mean free path in the
(throughout our investigatioN =10~ 10°). system, substitutingy, in equations. In fact, this region does

As can be seen from the figure, a strong dependence @fot satisfy our assumption about classical motion of particles
polarization decay on the channel width is obtained. Then real space; the transverse motion is quantized and this
decay is found to be approximately exponential, apart fromsystem should be considered as a quantum wire with mul-
the small initial interval. This is the region where the diffu- tiple subbands. The crossover points define broad regions of
sive regime of electron motion and spin rotation is not yetmixed behavior, that becomes more definitive as we leave
established (t/7,~1). It overlaps or is followed by the re- them.
gion where the typical trajectory of a randomly scattered While our conclusions are based on the results of the
particle does not reach channel boundaries yet. Here the re¢donte Carlo simulation, other approaches are possible. In a
laxation should be essentially the same as in the unpatternegcent publicatio® Mal'shukov and Chao, considering an
2D gas. The generally exponential temporal behavior of spirquation of spin diffusion, were able to identify special
polarization justifies an introduction of the spin relaxationwaveguide diffusion modes that determine the propagation
time 75. The dependence of this decay time on the channebf spin density in long channels. Their finding, that spin
width is presented in Fig. (). In the case of sufficiently relaxation in this mode slows ds 2 in very narrow chan-
wide channels, the relaxation time defined in this way apnels, directly confirms one of our statements.
proaches the 2D limit of2°, while 75 scales ad ~2 for Thus far, the analysis has been presented using symbolic
narrow channels. notation for a generalized discussion. Hence, it is necessary

Figure Xc) summarizes our simulation results for chan-to examine whether the chosen range of parameters is well
nels with a fixed width and different values of DP terpp. within the reasonable limits of contemporary heterostruc-
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FIG. 1. Spin relaxation in a channéd) Time dependence of the
spin polarization, calculated for different channel widths. The DP
constantypp is fixed to be 0.05. The trajectories okBL.0° particles
are traced yielding a standard deviatier.0™? for the calculated
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FIG. 2. Different regimes of the spin relaxation on the plane
(7pp,L) of model parametersyppl,=1 (elementary rotations
during free flights are not smallrs~ 7; 7pplp<1, 7ppl=1 (2D
spin relaxatiol, 72°~ Tp(r;Dpr)’z; nppL <1 (supression of spin
relaxation, quasi-1D regime s~ 75 (nppl) 2~ 7, nppL "% L
=L, (L substitutesL,, quantum-mechanical quantization in the
channel.

tures. For the asymmetric GaAs/da, _,As quantum well
with channel electron concentration of ‘2@m 2 (corre-
sponding tokg~3x10° cm™ 1), the spin splitting values in
the conduction band are measured to be on the order of 0.2
—0.3 meV at the Fermi energisee Ref. 29 and the refer-
ences therein corresponding to7pp=6—9x10* cm™ 1.
Samples with ,>1/g=3X 10 % cm are readily available in

the laboratories. This set of parameters verges on the regimes
of motional narrowing and large elementary rotations. Re-
ducing the spin splittingi.e., 7pp) will push parameters into
the well-established regime of motional narrowing, suitable
for the experimental observation of the described phenom-
ena. This can be accomplished by lowering the electron con-
centration in the 2D electron gas resulting in a reduced struc-
ture asymmetry due to the internal electric field. Datta and
Das give an estimate ofr/ 7pp=7X 10> cm for some par-
ticular InGa, _,As/In Al _,As heterostructures.

This analysis used an assumption that other mechanisms
of spin relaxation are not important. As we change channel
parameters and the DP spin relaxation time increases by or-
ders of magnitude, other relaxation mechanisms can come
into play, determining the value afs.

VI. SUMMARY

We have investigated spin-dependent transport in semi-
conductor narrow 2D channels and explored the possibility
of suppressing spin relaxation. Our approach is based on a
Monte Carlo transport model and incorporates information
on conduction-band electron spins and spin rotation mecha-
nisms. Specifically, an ensemble of electrons experiencing

averages. Close-to-exponential decays of the polarization permit th@ultiple scattering events is simulated numerically to study

definition of the spin relaxation times; (b) 75 as a function of the

the decay of electron spin polarization in channels of finite

channel widthL; (c) spin relaxation time dependence on the DP width due to the DP mechanism. We have identified different

spin splitting constantppe at fixed channel width. =40L .

regimes of the spin relaxation in the 2D channels of finite



13120 A. A. KISELEV AND K. W. KIM PRB 61
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