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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 pulse inn-type 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 theo
ical investigations on spin related phenomena due to po
tial applications in semiconductor spintronic devices such
spin filters and spin transistors.1–7 An important prerequisite
for the realization of such devices is to understand how
spin-polarized electrons transport from one position to
other. In experiment, coherent spin propagation over a l
distance has been reported.8 Spin injections from ferromag
netic materials into semiconductors have been extensi
investigated.9 In theory most works are based on the qua
independent electron model and are focused on the diffu
transport regime2,10 in which the spin polarization of the cur
rent is controlled by the longitudinal spin dephasing throu
a relaxation-time approximation. There are some efforts
investigating the spin dephasing in the spin transport: Ta
hashiet al. calculated the spin-diffusion coefficients by sol
ing the kinetic equations with only the electron-electr
scattering.11 Bournel et al.12 and Saikinet al.13 studied the
spin transport in semiconductor heterostructures with
Rashba effect and the electron-phonon scattering by Mo
Carlo simulation. However, in these investigations either
off-diagonal inter-spin-band correlationsrks2s5^cks

† ck2s&
are discarded~or not explicitly included! or the spin dephas
ing is simply introduced through the relaxation-time appro
mation.

Recently we performed a many-body investigation of s
transport in GaAs~100! quantum wells~QW’s! by self-
consistently solving the many-body kinetic transport eq
tions together with the Poission equation. We have explic
taken into account the spatial inhomogeneity, t
D’yakonov-Perel’~DP! mechanism, and all scattering.14 In
our theory, both the diagonal intra-spin-band correlatio
i.e., the electron distribution functionf ks5^cks

† cks&, and the
off-diagonal inter-spin-band correlationsrks2s are explicitly
included. The spin dephasing time, the spin/charge diffus
length together with the mobility are calculated se
consistently. We further pointed out a spin dephasing mec
nism in the spin diffusion/transport that the inhomogene
broadening due to the interference between the electr
spins with different momenta along the direction of the d
fusion can cause spin dephasing in the presence of the
tering and the resulting dephasing can be more impor
than the dephasing due to the DP mechanism. In this pa
we further investigate the time evolution of a spin-polariz
pulse ~SPP! in n-type GaAs~100! QW through the many-
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body kinetic Bloch equations. We highlight the importan
of theoff-diagonal spin correlationsin the spin diffusion and
transport.

In n-type GaAs QW’s, the dominant spin dephasi
mechanism is the DP mechanism.15,16 By taking account of
the DP term, the kinetic Bloch equations can be written a

]r~R,k,t !
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Here r(R,k,t) represents a single-particle density matr
The diagonal elements describe the electron distribu
functionsrss(R,k,t)5 f s(R,k,t) of wave vectork and spin
s(561/2) at position R and time t. The off-diagonal
elementsrs2s(R,k,t) describe the inter-spin-band correl
tions ~coherences! for the spin coherence. The quasipartic
energy «̄ss8(R,k,t), in the presence of a moderate ma
netic field B and with the DP term15 included, reads
«̄ss8(R,k,t) 5 «kdss8 1@gmBB1h(k)#•sss8/22ec (R,t)
1Sss8(R,k,t), where«k5k2/2m* is the energy spectrum
with m* denoting the electron effective mass.s are the Pauli
matrices.h(k) denotes the effective magnetic field from th
DP effect which contains contributions from both th
Dresselhaus17 term and the Rashba term.18 In this paper, we
only consider the Dresselhaus term which can be written19

hx(k)5gkx(ky
22kz

2) and hy(k)5gky(kz
22kx

2) with g de-
noting the spin-orbit coupling strength20 andkz

2 representing
the average of the operator2(]/]z)2 over the electronic
state of the lowest subband. The electric potentialc(R,t)
satisfies the Poission equation

“R
2c~R,t !52e@n~R,t !2n0~R!#/e, ~2!

wheren(R,t)5(sk f s(R,k,t) is the electron density at pos
tion R and timet andn0(R) is the positive background elec
tric charge density.Sss8(R,k,t)52(qVqrss8(R,k2q,t) is
the Hartree-Fock self-energy, withVq standing for the Cou-
lomb matrix element. In two-dimensional case,Vq is given
by Vq52pe2/@e0(q1k)#, with k5(2e2m* /e0)(s f s(k
©2004 The American Physical Society10-1
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50) being the inverse screening length.e0 represents the
static dielectric constant. It is noted that if one only tak
account of the diagonal elementsrss and neglects all the
off-diagonal elementsrs2s in Eq. ~1!, the first three terms
on the left-hand side of the equation correspond to the d
ing terms in the classical Boltzmann equation, modified w
the DP term and the self-energy term from the Coulo
Hartree contribution.]r(R,k,t)/]tuc and ]r(R,k,t)/]tus in
the Bloch equations~1! are the coherent and scattering term
respectively. The coherent term describes the electron
precession around the applied magnetic field and the ef
tive magnetic field from the DP term. Its expression as w
as that of the scattering term]r(R,k,t)/]tus are given in
detail in Refs. 14 and 21.

It is noted that by using a spin-flip timetsf to describe the
spin dephasing caused by the DP term and summing ove
momentum, one is able to derive the diffusion equations
charge and spin densities of electrons in the so-ca
‘‘mean-field’’ approximation.2,22 However, as pointed out in
our previous papers,14 the adoption of the mean-field ap
proximation removes the interference between the elect
with different momentums and thus overlooks the inhom
geneous broadening that causes additional spin dephasi
the spin transport. We further point out in this paper that
using the spin-flip time approximation, some of the mo
marked features of the DP mechanism are thrown away.

We assume that at initial timet50 there is a SPP centere
at x50. The electrons are locally in equilibrium, i.e
f s(x,k,0)5„exp$@(ek2ms(x)#/Te%11…21, where ms(x)
stands for the chemical potential of electrons with spins at
position x and is determined by the corresponding elect
density:Ns(x,0)5(kf s(x,k,0). The shape of the initial spin
pulse is assumed to be Gaussian like

DN~x,0!5N1/2~x,0!2N21/2~x,0!5DN0e2x2/dx2
, ~3!

with DN0 and dx representing the peak and width of th
SPP, respectively. We further assume that there is no
coherence at the initial time,rs2s(x,k,0)50. This SPP can
be achieved by a circularly polarized laser pulse.

By numerically solving the kinetic equations~1! together
with the initial conditions and the Poission equation~2!, we
are able to study the temporal evolution of the SPP withT
5200 K andB[0. A typical calculation of the spin diffu-
sion inn-type GaAs QW is carried out by choosing the to
electron densityNe@[n0(R)#5431011 cm22, the maxi-
mum spin imbalance in Eq.~3! DN05131011 cm22 and the
width of the spin pulsedx50.15mm. The material param
eters are taken from Ref. 23. The absolute value of the
imbalance uDN(x,t)u and the incoherently summed sp
coherence24 r5(kurks 2s(R,t)u are plotted as functions o
the positionx along the diffusion direction and the timet in
Figs. 1 ~a! and 1~b!, respectively for impurity-free case (Ni
50). HereNi denotes the impurity density. One can see fro
the figure that due to the strong diffusion as well as the s
dephasing, the spin polarization at the center of the s
pulse decays very fast initially. In the mean time, the s
coherencer goes up due to the precession of spins in
presence of the effective magnetic field of the DP term. Af
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10 ps, as the diffusion becomes weaker due to the sma
spatial gradient, the decay rate at the center of the spin si
slows down and the spin coherence begins to decay du
the diffusion as well as the spin dephasing. It is noted t
the spin polarization away from the center, e.g., in the reg
0.12mm ,x,0.15mm, first increases due to the net sp
diffusion from the center and then decays after the diffus
from the center becomes moderate. For the region out of
initial spin pulse (x.0.15mm), the combined effect of the
diffusion and the dephasing leads to more complicated
haviors. The most striking feature of the evolution of the S
is that the spin polarization can beoppositeto the initial one
even in theabsenceof the applied magnetic field and ther
are oscillations in the time evolution of the spin polarizati
at some positions.

From Fig. 1~a! one can see that there is another peak
the spin polarization at the positions out of the initial sp
pulse after 10 ps. However the spin polarization of this s
ond peak isoppositeto the initial one. As the time goes on
the second peak becomes larger due to the decay of the
peak in the center. After 30 ps, the heights of these two pe

FIG. 1. The absolute value of the spin imbalanceuDNu and the
incoherently summed spin coherencer vs the positionx and the
time t for the impurity-free (Ni50) case.
0-2
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SPIN OSCILLATIONS IN TRANSIENT . . . PHYSICAL REVIEW B 69, 125310 ~2004!
are comparable. Moreover, in the region 0.5mm,x
,0.7 mm, there are oscillations in the time evolution of sp
polarization. The details are shown in Fig. 2 where the d
sities of the electrons with different spinNs(x,t) are plotted
at two typical positionsx50.54 and 0.65mm for the cases
with ~dashed curves! and without~solid curves! impurities.

It is seen from Fig. 2~a! that atx50.54mm for impurity-
free case, there is no spin signal in the first picosecond as
position is located out of the initial spin pulse. Then the s
signal starts to build up due to the diffusion of both t
diagonal electron distributionf s(x,k,t) and the off-diagonal
spin coherencerks2s(x,t) from the center. With the joint
effects of the DP term as well as the diffusion, the spin sig
reaches its first peak at about 2.5 ps and then decreas
gets a crossing of spin-up and -down electron densities
ps. After that the spin-down electrons exceed the spin
ones and hence the spin polarization changes sign. The
ference between the spin-up and -down electrons furthe
creases until 7 ps when the difference arrives at ano
peak. The oscillations go on with the periods becom

FIG. 2. The electron densities for different spins at~a! x
50.54mm and~b! x50.65mm vs timet with solid curves forNi

50 and dashed ones forNi50.1Ne . The dotted curves are th
corresponding incoherently summed spin coherence at the sam
sition for Ni50 case.
12531
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larger and larger. After the third oscillation, the period b
comes too long to observe any oscillation in the time regi
of our calculation. As a result after the last crossing at 25
the spin density of spin-down electrons is larger than tha
the spin-up ones and the spin polarization is reversed.
can further see from the figure that, in the regime when
polarization oscillates, the spin coherence keeps increas
This indicates that the spin coherencer at this position
mainly comes from the diffusion from the center. It is se
from the coherent terms of the Bloch equations that the
balance of the distribution functions with the opposite sp
and the spin coherence can transfer to each other by the
effective magnetic field. Therefore, the additional spin coh
encer diffused from the center induces the spin-polarizati
oscillations at position outside the initial spin pulse.

It is further noted that the oscillations differ in position
For example, as shown in Fig. 2~b!, at x50.65mm ~and
positions farther away!, the oscillations are almost margina
but the feature that the spin polarization after a long time
opposite to the initial one remains. Moreover it is noted th
in Fig. 2~a!, when the spin pulse arrives, its polarizatio
points to the initial one. Nevertheless, in Fig. 2~b! for posi-
tions farther away from the initial pulse, it is interesting
see that the spin signal arrives with spin polarization op
site to the initial one. This is understood that at positions
away from the initial pulse, what diffused from the center
the spin pulse is the off-diagonal spin coherence and
diagonal spin imbalance is quite small already at the edg
the initial pulse and therefore its diffusion to the outer spa
is marginal. The off-diagonal spin coherence induces the
verse of the spin polarization as what is said above. This
be seen from the fact that fort,10 ps in Fig. 2~b!, both
diagonal and off-diagonal terms increase with time. For p
sitions farther away from the center, the arrival of the sp
polarization also includes the diagonal components but w
the opposite spin polarization.

We now explore the effect of the impurity to the sp
diffusion. In Fig. 2 we also plot the corresponding curves
electron densities with impurity densityNi50.1Ne as dashed
curves. The figure shows that the impurities dramatica
change the behavior of the spin diffusion but do not elim
nate the spin oscillations and the reverse of the spin po
ization when time is long enough. By comparing the so
curves with the dashed ones it is noted that when time is l
enough, say around 100 ps, the spin polarization for the c
with impurities is always larger than that without impuritie
This is understood that for the impurity-free case, the mo
ity of electrons is larger and spin polarization is easier
diffuse away from the center. Moreover, the nonmagne
impurities tend to retain the spin coherence. This is beca
the impurity scattering drives the electrons to a homo
neous state in the momentum space and therefore cou
the effect of the DP term that drives the electrons to an
homogeneous state and leads to spin dephasing.16,21,24

A similar spin oscillation without an applied magnet
field has been reported by Brandet al.25 Nevertheless it is
noted that it is quite different from what is discussed here
the work of Brandet al., the spin oscillation happens in
spacial homogeneous system, and the oscillation is due to

po-
0-3
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breakdown of the assumption of the collision domination
the spin dephasing at extreme low temperature~a few
kelvin!. For temperature higher than 10 K, the oscillati
disappears as the electron collision rate increases and
assumption of the collision domination recovers. In o
work, the spin oscillation comes from the diffusion~spacial
gradient! and happensoutsidethe initial spin pulse at very
high temperature~200 K!. The origin of the spin oscillation
is therefore by no means only due to the small electron
lision rates as in the case of Brandet al., but due to the
combination of the diffusion and the precession of spin s
nals: At positions just outside of the initial spin pulse, t
off-diagonal spin coherences of electrons with large mom
tums first reach there. As the DP term is proportional to
momentum, this fraction of electrons also share large pre
sion frequencies. Therefore it is possible for the spin sig
to oscillate at first few picoseconds and in the region j
outside spin pulse when the collisions do not affect the m
mentum of electrons dramatically. As time passes by,
electrons with relatively smaller momentums, conseque
with smaller precession frequencies, also arrive at the reg
where the oscillation occurs. Therefore due to the joint
fects of the diffusion as well as the increasing impact of
collisions, the oscillation becomes slower and slower a
totally vanishes after a few hundred picoseconds. For
spin signals in the center of the initial pulse there is no s
oscillation for the temperature of our investigation. This c
incides with the results of Brandet. al.25 as well as what we
discovered in high-temperature cases.21

The reverse and oscillation of the spin polarization o
spin pulse along the diffusion in the absence of the app
magnetic field can only be achieved whenboth the diagonal
and off-diagonal terms of electron density matrix and
precession caused by the DP term are considered. Onc
relaxation-time approximation is adopted to describe the
fect of the DP term or the off-diagonal term is dropped, t
spin signal at the positions outside the initial SPP first
creases due to the diffusion from the spin pulse then
creases monotonically due to the diffusion as well as
dephasing and the spin polarization never changes the
This is because in the framework of the relaxation-time
proximation, the most important difference between the s
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