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Spin oscillations in transient diffusion of a spin pulse inn-type semiconductor quantum wells
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By studying the time and spatial evolution of a spin-polarized pulsetyipe semiconductor quantum wells,
we highlight the importance of the off-diagonal spin coherence in spin diffusion and transport. Spin oscillations
and spin polarization reverse along the direction of spin diffusion in the absence of the applied magnetic field
are predicted from our investigation.
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There are growing numbers of experimental and theoretbody kinetic Bloch equations. We highlight the importance
ical investigations on spin related phenomena due to poteref the off-diagonal spin correlationg the spin diffusion and
tial applications in semiconductor spintronic devices such agransport.
spin filters and spin transistots’ An important prerequisite In n-type GaAs QW’s, the dominant spin dephasing
for the realization of such devices is to understand how thenechanism is the DP mechanisi'® By taking account of
spin-polarized electrons transport from one position to anthe DP term, the kinetic Bloch equations can be written as
other. In experiment, coherent spin propagation over a long
distance has been reporté&pin injections from ferromag- p(RK,t)
netic materials into semiconductors have been extensively at
investigated. In theory most works are based on the quasi-
independent electron model and are focused on the diffusive " E{V S(RKD),V (Rik, 1)} — dp(R,k,t)
transport regime'%in which the spin polarization of the cur- gt Y kSR VR, ot
rent is controlled by the longitudinal spin dephasing through
a relaxation-time approximation. There are some efforts on _dp(R.K,1)
investigating the spin dephasing in the spin transport: Taka- N ot : @)
hashiet al. calculated the spin-diffusion coefficients by solv- S
ing the kinetic equations with only the electron-electronHere p(R,k,t) represents a single-particle density matrix.
scattering! Bournel et al*? and Saikinet al’® studied the The diagonal elements describe the electron distribution
spin transport in semiconductor heterostructures with thdéunctionsp,,(R,k,t)=f,(R,k,t) of wave vectork and spin
Rashba effect and the electron-phonon scattering by Monte(=*1/2) at positionR and timet. The off-diagonal
Carlo simulation. However, in these investigations either theelementsp,,_ ,(R,k,t) describe the inter-spin-band correla-
off-diagonal inter-spin-band correlatiomg,(,:(clgck,l,) tions (co_herence)sfor the spin coherence. The quasiparticle
are discardedor not explicitly includedl or the spin dephas- energye,, (R,k,t), in the presence of a moderate mag-
ing is simply introduced through the relaxation-time approxi-netic field B and with the DP terd? included, reads
maton. . £ (RKD) = eudoer +[gupB+ h(K)]- 00 /2- ey (R)

Recently we performed a many-body investigation of SPINLY, . (R,k,t), wheres,=k22m* is the energy spectrum
transport in GaAs(100 quantum wells(QW's) by self- \yith m* denoting the electron effective massare the Pauli
consistently solving the many-body kinetic transport equayatrices h(k) denotes the effective magnetic field from the
tions together with the Poission equation. We have explicitlypp effect which contains contributions from both the
ta,ken into account the spatial inhomogeneity, thepesselhadd term and the Rashba teffhin this paper, we
D’yakonov-Perel’(DP) mechanism, and all scattenﬁ@.ln_ only consider the Dresselhaus term which can be writtéh as
our theory, both '.che' dlqgonal mtra—s_pm—?and correlatlonshx(k):ykx(ki_Kg) and hy(k)zyky(Kg—ki) with y de-
i.e., the electron distribution functidit,, = (c,Cko), and the  ing the spin-orbit coupling strengfhand K2 representing

. the average of the operator (9/dz)? over the electronic

X . "Ltate of the lowest subband. The electric potentiiR,t)
length together with the mobility are calculated self- satisfies the Poission equation

consistently. We further pointed out a spin dephasing mecha-
nism in the spin diffusion/transport that the inhomogeneous Véz/;(R,t): —e[n(R,t)—ny(R)]/e, )
broadening due to the interference between the electrons/

spins with different momenta along the direction of the dif-wheren(R,t)=2 . f(R,k,t) is the electron density at posi-
fusion can cause spin dephasing in the presence of the scdien R and timet andny(R) is the positive background elec-
tering and the resulting dephasing can be more importarttic charge density2 ,,/(R,k,t)=—2Vyp,, (R,k—Qq,t) is
than the dephasing due to the DP mechanism. In this papehe Hartree-Fock self-energy, wit, standing for the Cou-
we further investigate the time evolution of a spin-polarizedlomb matrix element. In two-dimensional cas, is given
pulse (SPP in n-type GaAs(100 QW through the many- by Vq=27-re2/[eo(q+ k)], with k=(2e’m*/ey) =, (k

1
— S{Vre(R K1), Vip(Rk.D)}
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=0) being the inverse screening lengt,. represents the
static dielectric constant. It is noted that if one only takes
account of the diagonal elements, and neglects all the
off-diagonal elementp,_, in Eq. (1), the first three terms

on the left-hand side of the equation correspond to the driv-
ing terms in the classical Boltzmann equation, modified with
the DP term and the self-energy term from the Coulomb
Hartree contributiondp(R,k,t)/dt|. and dp(R,k,t)/dt|s in

the Bloch equationél) are the coherent and scattering terms,
respectively. The coherent term describes the electron spin
precession around the applied magnetic field and the effec-
tive magnetic field from the DP term. Its expression as well
as that of the scattering ter@p(R,k,t)/dt|s are given in
detail in Refs. 14 and 21.

It is noted that by using a spin-flip time; to describe the
spin dephasing caused by the DP term and summing over the
momentum, one is able to derive the diffusion equations for
charge and spin densities of electrons in the so-called
“mean-field” approximatior??? However, as pointed out in
our previous paper¥, the adoption of the mean-field ap-
proximation removes the interference between the electrons
with different momentums and thus overlooks the inhomo-
geneous broadening that causes additional spin dephasing in
the spin transport. We further point out in this paper that by
using the spin-flip time approximation, some of the most
marked features of the DP mechanism are thrown away.

We assume that at initial timte=0 there is a SPP centered
at x=0. The electrons are locally in equilibrium, i.e.,
f,(x,k,0)= (expl[ (6~ UT+1) L, where s, (x)
stands for the chemical potential of electrons with spiat
positionx and is determined by the corresponding electron
density:N,(x,0)=Z,f,(x,k,0). The shape of the initial spin
pulse is assumed to be Gaussian like
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3 FIG. 1. The absolute value of the spin imbalana&| and the
incoherently summed spin coherengevs the positionx and the

with ANy and &x representing the peak and width of the timet for the impurity-free N;=0) case.

SPP, respectively. We further assume that there is no spin

coherence at the initial time,,_,(x,k,0)=0. This SPP can 10 ps, as the diffusion becomes weaker due to the smaller

be achieved by a circularly polarized laser pulse. spatial gradient, the decay rate at the center of the spin signal
By numerically solving the kinetic equatiori$) together  slows down and the spin coherence begins to decay due to

with the initial conditions and the Poission equati@, we  the diffusion as well as the spin dephasing. It is noted that

AN(X,O) = Nl/Z(Xuo) — N*l/Z(X;O) — ANOG_XZ/‘WZ'

are able to study the temporal evolution of the SPP With
=200 K andB=0. A typical calculation of the spin diffu-
sion inn-type GaAs QW is carried out by choosing the total
electron densityN =ny(R)]=4%x10" cm 2, the maxi-
mum spin imbalance in E¢3) ANy=1x 10" cm~2 and the

the spin polarization away from the center, e.g., in the region
0.12 um <x<<0.15 um, first increases due to the net spin
diffusion from the center and then decays after the diffusion
from the center becomes moderate. For the region out of the
initial spin pulse &>0.15um), the combined effect of the

width of the spin pulseSx=0.15um. The material param- diffusion and the dephasing leads to more complicated be-
eters are taken from Ref. 23. The absolute value of the spihaviors. The most striking feature of the evolution of the SPP
imbalance|AN(x,t)| and the incoherently summed spin is that the spin polarization can la@positeto the initial one
coherenc® p=3,|pw, _-(R,t)| are plotted as functions of even in theabsenceof the applied magnetic field and there
the positionx along the diffusion direction and the timeén  are oscillations in the time evolution of the spin polarization
Figs. 1(a) and Xb), respectively for impurity-free caséN(  at some positions.

=0). HereN; denotes the impurity density. One can see from From Fig. Xa) one can see that there is another peak in
the figure that due to the strong diffusion as well as the spirthe spin polarization at the positions out of the initial spin
dephasing, the spin polarization at the center of the spipulse after 10 ps. However the spin polarization of this sec-
pulse decays very fast initially. In the mean time, the spinond peak isoppositeto the initial one. As the time goes on,
coherencep goes up due to the precession of spins in thethe second peak becomes larger due to the decay of the first
presence of the effective magnetic field of the DP term. Aftepeak in the center. After 30 ps, the heights of these two peaks
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2.004 - ™ 0.02 larger and larger. After the third oscillation, the period be-
comes too long to observe any oscillation in the time regime
of our calculation. As a result after the last crossing at 25 ps,
the spin density of spin-down electrons is larger than that of
the spin-up ones and the spin polarization is reversed. One
can further see from the figure that, in the regime when the
polarization oscillates, the spin coherence keeps increasing.
This indicates that the spin coherenpeat this position
mainly comes from the diffusion from the center. It is seen
from the coherent terms of the Bloch equations that the im-
balance of the distribution functions with the opposite spin
and the spin coherence can transfer to each other by the DP
effective magnetic field. Therefore, the additional spin coher-
0 encep diffused from the center induces the spin-polarization
oscillations at position outside the initial spin pulse.
It is further noted that the oscillations differ in positions.
2004 : 0012 For example, as shown in Fig(l8, at x=0.65um (and
positions farther away the oscillations are almost marginal
but the feature that the spin polarization after a long time is
opposite to the initial one remains. Moreover it is noted that
in Fig. 2@, when the spin pulse arrives, its polarization
points to the initial one. Nevertheless, in Figbpfor posi-
tions farther away from the initial pulse, it is interesting to
see that the spin signal arrives with spin polarization oppo-
site to the initial one. This is understood that at positions far
away from the initial pulse, what diffused from the center of
the spin pulse is the off-diagonal spin coherence and the
diagonal spin imbalance is quite small already at the edge of
the initial pulse and therefore its diffusion to the outer space
is marginal. The off-diagonal spin coherence induces the re-
verse of the spin polarization as what is said above. This can
be seen from the fact that fdr< 10 ps in Fig. 2b), both
diagonal and off-diagonal terms increase with time. For po-
FIG. 2. The electron densities for different spins @ x sitions farther away from the center, the arrival of the spin
=0.54 um and(b) x=0.65 wm vs timet with solid curves fo; polarization also includes the diagonal components but with
=0 and dashed ones fd4;=0.IN,. The dotted curves are the the opposite spin polarization.
corresponding incoherently summed spin coherence at the same po- We now explore the effect of the impurity to the spin
sition for N;=0 case. diffusion. In Fig. 2 we also plot the corresponding curves of
electron densities with impurity densily; =0.1N, as dashed
are comparable. Moreover, in the region @B<x  curves. The figure shows that the impurities dramatically
<0.7 um, there are oscillations in the time evolution of spin change the behavior of the spin diffusion but do not elimi-
polarization. The details are shown in Fig. 2 where the dennate the spin oscillations and the reverse of the spin polar-
sities of the electrons with different spi,(x,t) are plotted ization when time is long enough. By comparing the solid
at two typical positionsx=0.54 and 0.65um for the cases curves with the dashed ones it is noted that when time is long
with (dashed curvgsand without(solid curve$ impurities. enough, say around 100 ps, the spin polarization for the case
It is seen from Fig. @) that atx=0.54 um for impurity-  with impurities is always larger than that without impurities.
free case, there is no spin signal in the first picosecond as thehis is understood that for the impurity-free case, the mobil-
position is located out of the initial spin pulse. Then the spinity of electrons is larger and spin polarization is easier to
signal starts to build up due to the diffusion of both thediffuse away from the center. Moreover, the nonmagnetic
diagonal electron distributioh,(x,k,t) and the off-diagonal impurities tend to retain the spin coherence. This is because
spin coherence,,_,(x,t) from the center. With the joint the impurity scattering drives the electrons to a homoge-
effects of the DP term as well as the diffusion, the spin signaheous state in the momentum space and therefore counters
reaches its first peak at about 2.5 ps and then decreasestihe effect of the DP term that drives the electrons to an in-
gets a crossing of spin-up and -down electron densities at Blomogeneous state and leads to spin dephasfig?
ps. After that the spin-down electrons exceed the spin-up A similar spin oscillation without an applied magnetic
ones and hence the spin polarization changes sign. The difield has been reported by Bramd al?®> Nevertheless it is
ference between the spin-up and -down electrons further inaoted that it is quite different from what is discussed here. In
creases until 7 ps when the difference arrives at anothghe work of Brandet al, the spin oscillation happens in a
peak. The oscillations go on with the periods becomingspacial homogeneous system, and the oscillation is due to the
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breakdown of the assumption of the collision domination indephasing caused by the DP mechanism and that caused by
the spin dephasing at extreme low temperat@@efew the other mechanisms is wiped off. Other spin dephasing
kelvin). For temperature higher than 10 K, the oscillation mechanisms such as the Elliot-Yafet mecharfsemd the
disappears as the electron collision rate increases and tigr-Aronov-Pikus mechanisf cause the spin dephasing
assumption of the collision domination recovers. In ourthrough instantaneous spin-flip scattering. However, the DP
work, the spin oscillation comes from the diffusiéspacial  term acts as a momentum-dependent magnetic field around
gradien and happensutsidethe initial spin pulse at very \yhich the electron spins precess. This precession results in
high temperatur¢200 K). The origin of the spin oscillation 5 jnhomogeneous broadening in spin phases and leads to
is therefore by no means only due to the small electron colgin gephasing in the presence of the scattering. In addition
lision rates as in the case of Bramd al, but due to the 4 the dephasing, it is also possible that the precession may
combination of the diffusion and the precession of spin Sigyitch the magnetic momentum in the transport even without
nals: At positions just outside of the initial spin pulse, thene applied magnetic field and in the high-temperature re-
off-diagonal spin coherences of electrons with large MOMeNgime. For some special positions, the combined effect of the
tums first reach there. As the DP term is proportional to thgjifusion and the precession may lead the spin to oscillate as
momentum, this fraction of electrons also share large precesqown in Fig. 2.
sion frequencies. Therefore it is possible for the spin signal |, conclusion, we perform a study of transient spin diffu-
to o;cillatg at first few picoseco_n_ds and in the region juskign of a SPP im-type GaAs QW’s by self-consistently solv-
outside spin pulse when the collisions do not affect the mojng the full kinetic Bloch equations in which both the diag-
mentum of electrons dramatically. As time passes by, thena| terms, the distribution functions, and the off-diagonal
electrons with relatively smaller momentums, consequentlyarms  the inter-spin-band spin coherences, of the density
with smaller precession frequencies, also arrive at the regiop,atrix are included. We show that by taking the effect of the
where the oscillation occurs. Therefore due to the joint efpp term to the diagonal and off-diagonal terms of the density
fects of the diffusion as well as the increasing impact of themarix into account, the spin polarization outside the initial
collisions, the oscillation becomes slower and slower andspp can be reversed even without magnetic field. Moreover,
totally vanishes after a few hundred picoseconds. For thg,, some special positions, the spin signals oscillate with
spin signals in the center of the initial pulse there is no spifjme The reverse and oscillations of the spin signals in spin
oscillation for the temperature of ou2r5|nvest|gat|on. This co-giffusion/transport at positions outside the initial spin pulse
incides with the results of Branet. al™ as well as what we  paye not been reported either theoretically or experimentally
discovered in high-temperature cades. _ o for n-type semiconductors and are understood from the dif-
The reverse and oscillation of the spin polarization of agsjon of the off-diagonal terms of the electron-density ma-
spin pulse along the diffusion in the absence of the appliegix which oscillates due to the precession of electron spins
magnetic field can only be achieved wheoththe diagonal  516nd the effective magnetic field due to the DP effect. We

and off-diagonal terms of electron density matrix and they|so stress that these features can only be achieved when the
precession caused by the DP term are considered. Once thg giagonal termsof the electron-density matrix are in-
relaxation-time approximation is adopted to describe the ef(:ludedexplicitly in the theory.

fect of the DP term or the off-diagonal term is dropped, the
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