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Long-lived spin coherence states in semiconductor heterostructures

Yuriy V. Pershin
Center for Quantum Device Technology, Department of Physics and Department of Electrical and Computer Engineering,
Clarkson University, Potsdam, New York 13699-5721, USA
and Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824-2320, USA
(Received 16 July 2004; revised manuscript received 4 January 2005; published 20 Apjil 2005

We study evolution of electron spin coherence having nonhomogeneous direction of spin polarization vector
in semiconductor heterostructures. It is found that the electron spin relaxation time due to the D’yakonov-
Perel relaxation mechanism essentially depends on the initial spin polarization distribution. This effect has its
origin in the coherent spin precession of electrons diffusing in the same direction. We predict a long spin
relaxation time of a novel structure: a spin coherence standing wave and discuss its experimental realization.

DOI: 10.1103/PhysRevB.71.155317 PACS nunt®er72.15.Lh, 72.25.Dc, 85.75d

There is growing interest in the emerging field of spin- more robust against relaxation than the electron spin polar-
tronics with the aim of controlling and manipulating electronization having the same direction of the spin polarization
spins in microelectronic devices. Major achievementsvector. This interesting phenomenon could open a different
were attained in the metal spintronics, exploiting the giantapproach to semiconductor spintronic device operation.
magnetoresistance and tunnelling magnetoresistance effects The dynamics of electron spin polarization in an infinite
in ferromagnetic-metal-layer and metal-insulator-metalpDEG is modelled using a Monte Carlo simulation program
structures: A number of metal spintronic devices are al- gescribed in Ref. 16 and subsequently used by us for studies
ready commercialized, for example, magnetic field sensors of spin relaxation in 2DEG with an antidote latti€&Within
hard disk recording heads, and magnetic random accegge \onte Carlo simulation algorithm, the space motion of
memory. Significant experimental and theoretical progress iByes alectrons is considered in the framework of the semi-

S(,:?Jrrnrle(z:r?tn?éjscetg:cshplig S;[er.\l:r?it;;ﬁ(sjﬂggrbseaﬂ t:gﬁ%;eg rrigielmyf.o classical approximation. The electrons are treated as classical
cused on spin injectidnand spin contrat® including ma- particles, except that their kinetic energies are determined in

nipulations of spin relaxation time. Long spin reIaxationthe gffect|ve-mass approximation, which accounts for the
times are desirable for spintronic device operation. semiconductor energy bands. We assume that electrons move
Of particular interest in semiconductor spintronics are ef-2/0ng linear trajectories interrupted by the bulk scattering
fects of spin-orbit interactio®>28 On the one hand, electri- €vents. Our modelling involves spin-independent bulk scat-
cally controlled spin-orbit interaction can be used for spint€fing processes, which could be caused, e.g., by phonon
coherence manipulation, as with one of the most prominengcatterings or impurities. For the sake of simplicity, the scat-
device proposals—the spin-field-effect transistor of Dattdering due to such events is assumed to be elastic and isotro-
and Das$® On the other hand, spin-orbit interaction causespic, i.e., the magnitude of the electron velocity is conserved
electron spin relaxation. The corresponding relaxationin the scattering, while the final direction of the velocity
mechanism is called D’yakonov-Perel' relaxation vector is randomly selected. The time scale of the bulk scat-
mechanisn??*arising from bulk asymmetry of a crystéds  tering events can then be fully characterized by a single rate
with zincblende semiconductdrand/or asymmetry of con- parametet? the momentum relaxation times,. It is con-
fining potential. The D’yakonov-Perel relaxation mechanismnected to the mean free path hy=|v|7, Here|7] is the
is identified as the leading spin relaxation mechanism irmean electron velocity.
many important situations. All previous studies of electron In our simulations the electron spin polarization is conve-
spin relaxation in two-dimensional semiconductor heteromjently described by the spin polarization vecﬁ;rTr(p&),

structures at zero applied electric field have focused either oghere) is the single-electron density matdkWe consider

properties of spatially homogeneous or spatially inhomogethe spin Hamiltonian consisting solely of the Rashba spin-
neous spin polarization but with the same direction of spirgrpit tern$2

polarization vector.

In this paper we investigate how the initial distribution of Hr= afi™Howp, — aypy), (1)
direction of spin polarization affects the spin lifetimes for
electrons in quantum wells. The system under investigationvhere « is the interaction constantr is the Pauli-matrix
is electrons in 2DEG with specific distribution and orienta-vector corresponding to the electron spin, gnis the mo-
tion of electron spins at initial moment of time. Specifically, mentum of the electron confined in a two-dimensional geom-
the spin dynamics of two initial spin configurations, namelyetry. It is assumed thdilg influences only the spin coordi-
a spin polarization strip and a structure—spin coherencaate, while the reciprocal effect of the spin on electron space
standing wave, is studied. In the spin coherence standingotion is ignored. From the point of view of the electron
wave, the initial direction of the spin polarization is a peri- spin, the effect of the Rashba spin-orbit coupling can be
odic function of coordinate. We show that such a structure isegarded as an effective magnetic field. In the presence of a
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magnetic field, the electron spin feels a torque and precesses  (a) 50000

in the plane perpendicular to the magnetic field direction <§>,t=0

with angular frequency). Momentum scattering reorients e W0
the direction of the precession axis, making the orientation of 'S 30000-
the effective magnetic field random and trajectory dependent, &
thus leading to an average spin relaxatidephasing The )
quantum mechanical evolution &can be described by the {\,}».mooo-
classical equation of motiodS/dt=0 x S31 s

To make a long story short, at the initial moment of time ;’\,}*
t=0 the electron coordinaté$t=0) and direction of velocity -10000
are randomly generated, while the spin direction is selected 20 30 40 50 e 70 80
as described below. The main loop of the Monte Carlo simu- x (in units of L )
lation algorithm involves the following steps: generation of a ’
time interval t,;—t; between two consecutive scattering (b) . s . L -
events, calculation af(t=t;,;) andS(t=t;,;) (using the clas- 500001 =0
sical equations of motionand random generation of a new
direction of electron velocity due to the scatteringat;, .
Consecutive applications of these operations allow finding
the electron position and spin direction at any arbitrary mo-

ment of time. We caIcuIatéé) as a function of time and

. . =207
coordinate by averaging over an ensemble of dectrons. 10000 G g
The spin relaxation time is evaluated by fitting the time de- \“;;:://,; B

pendence otS) to an exponential decay. 0 =iz,
Mention should be made about the validity of the semi- 20 30 40 50 60 70 80

classical approximation to the electron space motion. The x (in units of L )

semiclassical approximation is justified if the typical distance

between impurities is much longer than the de Broglie wave- FIG. 1. (Color onling Evolution of the spin polarization strip,

length, and the de Broglie wavelength is much longer thariime dependence of spin polarization vector componéatsand

the unit cell. This hierarchy of lengths is met, for example, inamplitude(b).

lightly doped semiconductors and high-mobility heterostruc-

tures. The second requirement on the de Broglie wavelengt

implies that variations of the spin-orbit intera}ction on the by the direction of electron motion. Since the system is ho-
unit ceI_I Iength_ scale are averageq and the spin-orbit paran}hogeneous ix andy directions, the averag8, ands, spin
eter a is considered as a space-independent constant. Exp|arization components of electrons coming to an arbitrary
amples of using the semiclassical approximation in modelgg|ected space region are zero. When the symmetry of the
ling of spm—.related phenomena in semiconductors can b§ystem is broken, the transfer of spin polarization figmo
found, e.g., in Refs. 16, 18, 19, and 23. S  and S, may occur. Consider the electrons, for example,

~ Evolution of a spin polarization stripiVe start our con-  negr the left edge of initial spin polarization profile. The
sideration from a simple example, which will help to under- yo|arized electrons diffuse out of the area of initial spin po-
stand the main idea of our approach. Let us considefyrization, from right to left. Their spins precess coherently,
evolution of a spin polarization strip. We assume that at theynq, since there are no spin-polarized electrons coming to
initial moment of timet=0 the spin polarization iIS=S)zfor  this area from the opposite directid®, component becomes
|x—xo|<a and O otherwisgz axis is perpendicular to the uncompensated and conserved. This explains slower spin re-
heterostructune Initial spin polarization is homogeneous in laxation in the edge regions. The peaksfin Fig. 1(a)
y direction. Figure 1 shows results of our simulations. Evo-have a different polarity because of the opposite diffusion
lution of spin polarization components in the central regiondirection of spin-polarized electrons near the left and right
of the strip is similar to the evolution of the homogeneousedge® Using the Monte Carlo simulation algorithm we stud-
spin polarization[see Fig. 1a)], S, component decreases ied spin coherence evolution varying shape of initial spin
with time andS,=S,=0. However, behavior d§, component polarization profile. It was found that the effect of spin po-
near the edges of the strip is unusual, it has two pronouncedrization transfer to in-plane components is more prominent
peaks with amplitude comparable mcomponent of spin with decrease of space dimensions of areas with spin polar-
polarization. These peaks have the same amplitude but difzation gradients. Similar findings were observed by the au-
ferent polarity. thors of Ref. 15, who studied evolution of a pulse of spin

The amplitude of the spin polarization as a function of polarization.

coordinate is shown in Fig.(it). Peaks of spin polarization Spin coherence standing wawdotivated by observation
amplitude in the edge regions reveal that relaxation in thesef longer spin relaxation time near the strip edges, we study
regions occurs appreciably slowly than in the bulk region. Toevolution of a spin coherence standing wave, which is sche-
understand this phenomenon, consider evolution of homogeamnatically shown in Fig. @). Direction of spin polarization

40000

30000 4
=107
/2

20000 4
t=301p

<S> (arb. units)

eous spin polarization. The direction of electron spin pre-
ession between two consecutive scattering events is defined
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FIG. 3. Dependence of the electron spin relaxation time on the
0 20 40 60 20 100 spin coherence standing wave period. The straight line shows the
x (in units opr) spin relaxation time of homogeneous spin polarization inzlog

rection in the same system. This plot was obtained using the param-

FIG. 2. (Color online (a) Schematic of the spin coherence eter valuerL.,=0.3.

standing wave, direction of spin polarization vector is indicated bymaximum, the relaxation time is 6 times as large for the spin
the arrows.(b) Total polarization and polarization components of coherence standing wave as for the homogeneous spin polar-
the spin coherence standing wavetabr,, with a=20.94, and  jzation in thez direction. It is easy to understand why the
7Lp=0.3. spin relaxation time has a maximumaat 27,/ 7. Follow-

in the spin coherence standing wave is a periodic function o 9 thf (_iISCESSIon abf)vf’ |f_we consider an e]ectron moving
x with the component$—Sysin(2mx/a), 0, S cog2mx/a)], rom r(t=0)=(x, y) to r(t=ty) =(x+dx,y) then it is clear that
wherea is the period of the spin coherence standing wavehe direction ofS(ty) coincides with the initial spin polariza-
andS, is its amplitude. Intuitively, the longest spin relaxation tion of electrons atx+ ox,y). Thus, at this particular value of
time will be, if after passing the distanee the spin preces- a the spin polarization dephasing due to the diffusion in the
sion angle of an electron spin due to the Rashba spin-orbi direction is completely eliminated, and the spin relaxation
interaction is equal to2. In this case the spin orientation of occurs because of the diffusion in tigedirection only.
electrons moving along thedirection will coincide with the We note that the dependence of spin relaxation time of
initial direction of spin polarization vector and diffusion spin coherence standing wave on its period could be useful
along thex axis will not lead to relaxation. The electron spin for future spintronic applications. Potentially, this property
relaxation will be associated only with the electron diffusionallows transformation of space characteristics into the time
in they direction. domain. Moreover, spin coherence standing wave has an-
Figure 2Zb) shows the distribution of the amplitude and other interesting property, namely, its phase. For instance,
components of spin coherence standing wave polarization gtosition of spin coherence standing wave minima could be
some time moment>0. In our numerical simulations, the used to encode the information. An applied electric field in
spin coherence standing wave was of a finite length, frondirection induces sliding of the spin coherence standing
x=0 to x=100,,, which explains the decrease of the spinwave allowing reading, writing, and manipulating the infor-
coherence standing wave amplitude near the edges of thisation.
interval. However, we are mostly interested in evolution of From the experimental point of view, nonequlibrium spin
spin coherence standing wave in the central region. It ipolarization can be introduced into a semiconductor at the
found that in the central region the amplitude of spin coherinterface between semiconductor and ferromagnetic metal or
ence standing wave is a periodic function>ofvith mini-  magnetic semiconductor, or by using optical pumping
mums corresponding to maximums & and with maxi- techniques? Although both of these methods could be used
mums corresponding to maximums 8f We attribute the to create a spin coherence standing wave, we concentrate our
transition from constant spin polarization amplitudé=a® to  attention on the second method. Absorption of circularly po-
a periodic one at subsequent time moments to the depetarized light in semiconductors generates spin-polarized elec-
dence of spin relaxation times on the initial direction of spintrons with spin polarization in the line of laser beam, while
polarization vector. It is well known that spin relaxation time the direction of electron spin polarizatidalong or opposite
of in-plane spin polarization is two times longer then the spinto the beamis determined by the light helicif? Two pos-
relaxation time of the spin polarization perpendicular to thesible experimental setups are illustrated in Fig. 4. In the first
plane?® case[Fig. 4@)], a lattice of plain alternate right and left
Spin relaxation time of the spin coherence standing waveircularly polarized laser beams is used. After scattering on a
as a function of its period is depicted in Fig. 3. This depen-ight diffuser (such as, for example, opal diffusing glass
dence has a maximum exactlyat 27L,/ 7, wheren is the  laser beamgapplied in a pulsepolarize 2DEG electrons to a
electron spin precession angle per mean free path. At thstructure similar to the spin coherence standing wave. In the
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(a) o ot o time. This allows obtaining the final spin configuration in the
form of spin coherence standing wave. When the beam
Light reaches the bottom of the sample, the magnetic field is
[ diffuser |2DEG |] switched off[Fig. 4(b)].
In conclusion, it was shown that the electron spin relax-

' Jl\;\‘ ﬂl\ //l\ ' ation time in two-dimensional systems with inhomogeneous
direction of electron spin polarization could be significantly
A4 X VAR RN A4 x longer as compared to the spin relaxation time in systems
/71T N ¥ v A 71T N . . N .
with homogeneous spin polarization. A structure, spin coher-
ence standing wave characterized by periodicity of direction
of spin polarization in one dimension was proposed and stud-
ied. Long spin relaxation time of this structure is explained
by coherent spin precession of electrons diffusing in the
same direction. Two distinctive features of the spin coher-
o ence standing wave, namely its long spin relaxation time and
- l its phase, make it attractive for spintronic applications. Pos-
sible methods of spin coherence standing wave creation were
discussed. It should be pointed out that the proposed struc-

®H l ture allows reducing spin relaxation only due to D’yakonov-

b .-
®) laser beam ="

deflector -

\
\
vy 4 1F

Perel’ relaxation mechanism. When D’yakonov-Perel’ relax-
= s ation is reduced, other relaxation mechanism could be
dominant. We can outline the following possible relaxation
FIG. 4. (Color onling Experimental realization of the spin co- Mmechanisms: Elliot-Yafet}:®> Bir-Aronov-Pikus?® relax-
herence standing wave via) a lattice of plain alternate right and ation due to fluctuations of spin-orbit interacti&hand re-
left circularly polarized laser beams, arid) deflected circularly —laxation by nuclear spin¥.Another possible source of spin
polarized laser beam in a magnetic field. The black arrows in 2DEGlephasing is many body inhomogeneous broadening pro-
region represent the electron spin polarization. The big arrofp)in ~ posed by WU Investigation of joint action of these mecha-
shows the direction of beam movement. nisms is out of scope of this paper.

second experimental setdfig. 4(b)], circularly polarized The author gratefully acknowledges helpful discussions
laser beam travels from top to bottom of the sample with awith Professor V. Privman and Professor M. W. Wu. This
constant velocity. Correspondingly, spin polarized electronsesearch was supported by the National Security Agency and
are created at different places at different moments of timeAdvanced Research and Development Activity under Army
An external magnetic field is applied. The initial spin polar- Research Office Contract No. DAAD-19-02-1-0035, and by
ization direction of all electrons is nearly the same, howevethe National Science Foundation, Grant No. DMR-0121146.
the electron spin precession angles due to the magnetic fielthe author is also thankful to A.G. Mal'shukov for pointing
are different for electrons excited at different moments ofout Ref. 38.
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