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We present a study of the optical spin orientation and optical alignment relaxation of (e1:hh1)1Sexci-
tons in GaAs/Alo 33GRQ 67As narrow quantum wells at low temperatures. The photoluminescence was
excited by ps pulses within the (e1:hh1) exciton band and its decay, as well as that of the degrees of the
circular and linear polarizations [P„,(t) and P„„(t)]were measured. The observed decay curves are ana-
lyzed by a model based on the in-plane wave-vector (K~~) dependence of the energy (~, ), spin (~„,), and
alignment (~i;„) relaxation times of delocalized excitons. These were found to vary in the range of
120&v, &230 ps, 50&~„,&30 ps, and 15&~l;„&5 ps for 0.019 A &E~~ &0.032 A . The model fitting
is not sensitive to the relaxation times of the E~~ =0 state, which are very long: 1000& ~l;„,~„,& 300 ps.
We further assume that the hole spin-relaxation rate is much faster than that of the electron. This al-
lows us to estimate the relative contribution of each of these particles spin-relaxation rate to ~„,and ~h„.

I. INTRODUCTION

The dynamics of excitons in quantum wells (QW's) and
their efFect on the photoluminescence (PL} spectrum has
been extensively studied in recent years. ' Various non-
linear techniques such as hole burning and transient grat-
ing spectroscopy have been used in order to study exciton
dephasing in GaAs/Al„Ga, „As heterostructures. 9

The degree of polarization P, which is observed in the PL
spectrum of e-h pair recombination under optical pump-
ing conditions, has been shown to be a powerful tool in
determining the dynamic processes which the e-h pair un-
dergoes during the stages of photoexcitation, energy re-
laxation, and radiative recombination, both in bulk semi-
conductors' ' and in QW's. ' ' Several recent reports

examined the temporal dependence of the degree of
circular polarization P„, in the spectral range of the
(el:hhl)1S PL band. Due to the great complications
arising from the fact that the electron and hole are cou-
pled within the exciton (in both their orbital motion and
their spins), the results were analyzed in terms of separate
particle spin-relaxation rates. Then, assuming a much
faster spin relaxation for the hole part of the excitonic
wave function than that of the electron part, P„, in un-
doped samples is determined by the more slowly relaxing
electron. In doped semiconductors the spin orientation
of the photoexcited majority carriers is assumed to be lost
in the degenerate Fermi sea, and the observed relaxation
of P,- is determined by the spin relaxation of the pho-
toexcited minority carriers. Some observations indicate
that an additional polarization is observed due to
electron-electron collisions that mix the electrons and can
give a net polarization to the Fermi-sea electrons. The
hole spin-relaxation time, which was experimentally

determined by measuring P„, in n-doped QW's, ' was an-

alyzed theoretically' ' ' ' and was shown to be deter-
mined by valence subband mixing. The degree of linear
polarization Ph„diff'ers from P„, in that any scattering
process which changes either the electron or the hole
state, or relaxes the spin coherence between them, results
in a complete loss of the exciton linear polarization. ' '

A study of P»„(t}for an undoped QW excited selectively
in the (e 1:hhl) PL band indicated that exciton relaxation
processes preserve some degree of linear polarization.
All these studies showed that P„,(t) and P„„(t)are sensi-
tive probes of the exciton states and the dynamic process-
es in which the exciton is involved.

The underlying principles of the polarization proper-
ties of free excitons are derived from the following sym-
metry considerations. The heavy-hole valence (conduc-
tion) band k=0 states are p-like (s-like), with a total an-
gular momentum J= 3,J, =R—,

' (J=—,
'—, J,=k —,'}.

Among the four possible exciton states with the 1S en-
velope, two are optically allowed (I s symmetry), and two
are optically forbidden (I 6 symmetry). They are denoted
by 1+1&=I——,', +-', & I

—1&=I+—,', —-', & and by I+2&
= [+—,', +—', &, [

—2 &
=

[
—

—,', —
—,
'

&, respectively. [ m ', m"
&

denotes the states with angular momentum projection m'.

and m." of the electron and the hole along the growth (z)
direction, respectively. The ~+1 & notation for the opti-
cally allowed excitons indicates that the light may
transfer a total momentum of hJ, =+1 to the crystal.
Therefore light propagating along the z direction and is
circularly polarized o +(o ) creates

~
+ 1 & ( ~

—1 & } exci-
tons. Similarly, linearly olarized light along the x direc-
tion creates ~x &

=(1l 2)( ~
+ 1 & +

~

—1 & ) excitonic states
and light polarized along the y direction creates
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ly & =(1/&2)(l+1) —
~

—1) ) excitonic states. Thus, in
this case, neither the electron nor the hole are oriented by
themselves, and the linear polarization is a property of
the e-h pair. Depolarization of one of the particles or
loss of the spin coherence between them will destroy the
whole pair polarization. For KWO excitonic states addi-
tional complications arise due to the increased admixture
of the bands, and a more rapid spin relaxation is expect-
ed. ' ' ' ' This e6'ect is much stronger for the valence
band states since subband mixing and the spin-orbit in-
teraction are strong.

In this work we studied the temporal dependence of
P„, and P&;„by monitoring the PL at the peak of the
(el:hhl)1S exciton band and selectively exciting at vari-
ous energies within the excitonic band in
GaAs/Al Ga&, As multiple QW's. We studied both
P~;„(r) and P„,(t) and the comparison between them in
order to identify the dynamic processes which preserve
the exciton polarization. We consider the exciton
center-of-mass motion (in the QW plane) in the fluctuat-
ing potential that is due to interface roughness and bar-
rier alloy fluctuations. We analyze the decay curves by
assuming that the excitons involved are "delocalized",
namely, that their in-plane motion can be approximated
by a defined in-plane wave vector K~~. Furthermore, we
assume that at moderate excitation intensities most of the
light emitted at the peak of the PL line is due to these
delocalized excitons. We distinguish between 1S and 2S
inhomogeneously broadened K~~ =0 excitonic bands ob-
served in the PL spectra, and find that E~~-dependent
energy- and spin-relaxation times determine the PL and
the polarization decay curves. The analysis demonstrates
the importance of both the translational and the internal
excitonic states in determining the degree of polarization.
Assuming that the hole spin-relaxation rate is much fas-
ter than that of the electron, we estimate the relative con-
tribution of each of these particles spin-relaxation rate to
the circular and linear polarization relaxation rate.

The paper is laid out as follows. In Sec. II we give a
brief description of the experimental procedure and re-

sults. Section III presents a model of photoexcited exci-
ton dynamics and polarization relaxation and a fit to the
experimentally determined decay curves. Our main re-
sults and conclusions are summarized in Sec. IV.

II. EXPERIMENT

We studied a nominally undoped
GaAs/Aso 33Ga067As MQW grown by molecular-beam

epitaxy on a (001)-oriented semi-insulating GaAs sub-
0 0

strate. The sample has 50 A wells, 200 A barriers, and
50 periods. It was placed in an immersion-type dewar, at
T=1.6 K and a backscattering configuration was used.
Time-resolved PL measurements have been performed
using a synchronously pumped mode-locked dye laser
(pyridine 2) that emitted light pulses of -6 ps time dura-
tion with a repetition rate of 76 MHz and had a max-
imum power of 40 mW. The luminescence was dispersed

by a triple monochromator and analyzed by a time-
correlated single photon counting apparatus with a time
response of about 60 ps [full width at half maximum
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FIG. l. (a) The photoluminescence spectrum excited deep
into the conduction band. (b) The exciton energy-relaxation

time ~„o, the spin-relaxation time ~„„+,and the alignment

relaxation time ~h„, X, for four different excitation energies. ~„,
and ~&;„are multiplied by 4 and 10, respectively. The solid

curves joining the time constants are guides to the eye.
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(FWHM)]. The laser polarization incident on the sample
was modulated with a liquid-crystal polarization rotator,
and the PL polarization was analyzed with appropriate
linear polarizers and quarter-wave plates.

Figure 1 shows the time-integrated PL spectrum excit-
ed deep into the conduction band. This spectrum con-
sists of the inhomogeneously broadened 1S as well as the
excited 2S band of the (el:hhl) exciton. Typical curves
of the polarized luminescence decay are shown in Fig. 2.
Figure 2(a) shows the right (I + ) and left (I ) circular-

ly polarized PL intensity decay for o. + excitation. Figure
2(b) shows the decay curves of the PL intensity linearly
polarized either parallel (I~~ ) or perpendicular (I~ ) to that
of the exciting laser. All these spectra were excited at
1.6407 eV and monitored at the peak of the PL spectrum
at 1.6292 eV. The time-dependent degree of linear polar-
ization, defined as

Ps (r)=[I1(r) Ij(r)]/[I~)(r)+I~(r)]

is derived from these curves. P„,(r) is similarly defined

and obtained. Figure 3 shows a set of I p(rt), „P,(t), and

P„„(t) curves for different energies El of the exciting
laser. In all these curves the PL was monitored at the
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(a) peak of the band, E =1.6292 eV. The excitation (laser)
intensity in all the experiments was kept at
-2.5W/cm

III. ANALYSIS
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FIG. 2. (a) Time-resolved right (I + ) and left (I ) circular-

ly polarized photoluminescence for 0+ excitation. (b) The same

for linearly polarized excitation.

We analyze the dependence of Ph„(t) and P«, (t) on the
energy of the exciting laser (E& ) by examining the dynam-
ics of an exciton that is created at EI and recombines at
E . Recent studies of the PL band shape ' and of the
spectral and temporal dependence of PL (Ref. 8) and of
Pi;„(t) (Ref. 23) lead to the following description. The
spatial potential fluctuations (that are due to interface
roughness) can localize the exciton on various length
scales. If the localization area is larger than na2s [where

a„s is the Bohr radius of the (e 1:hhl )nS state], then the
exciton in-plane motion can be approximated by a
defined in-plane wave vector, Ki. Such areas (often
called interface islands) still have short-range roughness
that determines the coherence length of all exciton states
in a given island. We thus describe the exciton dispersion
relations for a given interface island by
E, (sK )l, E2s(Kl), . . . surfaces as shown schematically in
Fig. 4(a). Excitons in different interface islands have
similar dispersion relations, and they differ only in

E, (sK =l0), which is determined by the average poten-
tial. We shall refer to these loosely localized excitons as
"delocalized. " Our study of microwave-modulated
PL spectra (of the same sample used here) supports this
description of delocalized excitons in the upper part of
the PL band. We also note that in a recent communica-
tion Schnabel et al. explain the exciton PL spectra in

In„Ga&, As/GaAs QW's by invoking the concept of

(c)
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FICr. 3. (a) IPL(t), (b) P„.,(t), and (c) Ph„(t) (open circles) monitored at the peak of the PL band at E =1.6292 eV for four
diferent excitation energies EI, from top to bottom, 1.6319, 1.6344, and 1.6369 eV within the (e1:hh1)1Sband and 1.6407 eV which
corresponds to excitation into the (e1:hhl )2S band. The solid curves give the model fit to the experimental results.
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'partial localization, " which is similar to our description
of delocalized excitons. Strictly localized states are those
bound to impurities or deep potential fluctuations, and
the corresponding exciton energies are in the lowest part
of the PL band. Fully extended exciton states are those
with energies higher than the PL band. In our samples
there is a Stokes shift of the order of -3 meV between
the PL and the absorption bands, indicating that different
types of excitonic states contribute to each of them. The
PL is emitted only by excitons in the delocalized states
and those in strictly localized states. The low-energy part
of the absorption which spectrally overlaps the high-
energy part of the PL is due to the delocalized excitonic
states while the high-energy part of the absorption is due
to the extended excitonic states. We will consider here
only the polarization of the light emitted at the peak of
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FIG. 4. (a) A schematic description of the model used to in-

terpret the polarization spectra. EI" and EI ' are the lowest
levels of excitons which are created in the respective interface
islands. E is the energy at which the exciton radiative recom-
bination is monitored. In this island, the 1S and 2S dispersion
surfaces [E,z(Kii) and E2z(Kii)] are shown. Excitons are
transferred from the island where they are created into the one
where they recombine so that EL,"=El+(K)i) or EI '=E&z(K)) ).
Then they relax into E . (I)—(IV) represent the various stages
in the exciton life; see text. (b) A schematic energy diagram for
the three-level model assumed for the spin-relaxation dynamics.

the PL line (or at higher energies). When using moderate
excitation intensities (I, =2.5 W/cm ) the emitted light
in this spectral range corresponds to recombination of
delocalized excitons. At lower excitation intensities
(4 mW/cm ~I, ~0.2 W/cm ), different PL and polar-
ization decay times were observed for energies corre-
sponding to the peak of the PL band and below, and a
very different polarization spectral behavior was found.
The PL at these low excitation intensities is associated
with recombination of excitons trapped on impurities.
This suggests a density of trapping sites of
—1 X 10 cm per quantum we11. This is slightly small-
er then the —6 X 10 cm suggested by Zucker et al.
for a 96/98 A GaAs/Alo 2sGao 72As MQW deduced from
temperature-dependent resonant Raman measurements.
The localized excitons behave very differently from the
delocalized excitons and their polarization properties
will be discussed elsewhere.

The dynamic processes which affect P&;„and I'„, occur
in the following stages of the exciton life. (I) Photoexcita-
tion at energy E&=E,s(I(. Ii=0). (II) Elastic scattering
from the island with EI into the one where the exciton
recombines. (III} Relaxation into the I(.

ii

=0 recombina-
tion state within this island. (IV) Recombination at
Eis(Kii=0)=E . Figure 4(a) schematically shows the
various stages in the exciton life in cases where the pho-
toexcited exciton scatters elastically (dotted arrows} into
either the 1S or the 2S band of the interface island with
E . We assume that the elastic scattering is faster than
a11 other processes involved. The polarization decay
curves show a high degree of initial polarization. From
this we deduce that in this stage the exciton retains its
polarization. Stage (III) of the exciton life is its in-plane
motion in a state with a well-de6ned wave vector Ki~
within the interface island where it relaxes its excess
kinetic energy.

Depolarization of excitons having K~~= [2M,„(E& E)/A' ]',—which move in the island
where the they recombine, can be induced by elastic
scattering processes' ' ' which accompany the excitonic
in-plane motion. Depolarization can also occur in the ex-
citonic 6nal state at E where e-h exchange interaction
and spin-orbit coupling determine the spin relaxation of
the XI~=0 states. ' These processes can involve a spin
flip of either the hole part or the electron part of the exci-
tonic wave function, or both. In order to extract the cir-
cular and linear polarization relaxation times from the
observed decay curves, we use a simplified model with a
minimal number of parameters which can give a good
agreement with the experimental results. In our
simplified model we neglect possible intermediate scatter-
ing to the

~
+2 ) and the

~

—2 ) "silent" states. There is
no way by which these excitons can be directly observed.
We also neglect depolarization during the phonon-
assisted energy-relaxation process. Our model is
schematically described in Fig. 4(b) [for the case of
&.;,(&)].

We assume a 5(t)-like excitation pulse of r+r- opl riazed

light and indicate by A&+(t}, A& (r) and A +(t), A (t) the
populations of

~
+ 1 ) and

~

—1 ) excitons with energies E,
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and E, respectively. Although we use the same sub-

scripts (I and m) as those used in Fig. 4(a), it should be
noted that in Fig 4(b) they refer to the exciton popula-
tions within the island where they recombine. Then the
exciton dynamics can be described with the following set
of rate equations:

A,+
=GO5(t)

A I+ A)
7

+cirClI

dAi

dr

A A A+
I + I

Clf0 Cjf

(2)

dA

dt

dAm

dh

A+ A+
m + I

Tp SQ

A~
0
Cjf

A

0
Cjf

A
+ o

Cjf

A+
+

Clr

(3)

(4)

A+(r) A(r) =—

X [exp( —t/r, ) —exp( t/r, )), —

Go

i, [1/rg +2/r„, 1/r„—2/~, ;,—]
1 2X, exp —t — +-

Clr

1 2—exp —t +
Clr

(6)

A similar set of rate equations can be written for the
case of P„„(t). A,+(t}, AI (t), A+(t), and A (t) are
then replaced by AI"(t), Af(t), A" (t}, and A" (t), re-
spectively, corresponding to ~x ) and ~y ) excitonic states
with energies EI and E . ~„., and ~„,are replaced by ~&;„
and ~&;„associated with the exciton optical alignment re-
laxation times at EI and E, respectively.

We use our time-resolved PL and polarization mea-
surements in order to extract the relaxation times in-
volved Ii,L(t) ~ A (. t)+ A (t), and this determines r,
and r„[by a best fit to the experimental Ii,i (t}). In Fig.
3(a) we show the fit to the Ii,i (t) curves, measured with
various E& within the (e 1:hhl ) spectral range. We obtain
~, =230 ps, and the energy-relaxation time within the
recombining island r„which depends on the (E& E)—
separation, increases from 120 to 220 ps when EI is in-

r, is the energy-relaxation time (by acoustic phonon
emission) of the exciton at E& into the state from which it
recombines. We showed that v, depends on EI —E
through the exciton-acoustic-phonon interaction. ~„ is
the radiative recombination time of the excitonic state at
E~ and is thus indePendent of E( 'T

jg and ~cj, are the ex-
citonic spin-relaxation times at Ei and E (E~~ -0},re-

spectively. ~„, is due to the spin relaxation of E~~
-0 ex-

citons (in the spectral range of delocalized excitons) and
is thus also independent of EI.

Integration of Eqs. (1}-(4}yields the following solu-
tions:

GoA+(t)+ A (t)=

creased from 1.6319 to 1.6407 eV [Fig. 1(b)]. The in-
crease of ~, with increasing EI has been recently shown
to be due to the slower exciton —acoustic-phonon relaxa-
tion rate for large-K~~ states. The poor fit at very short
times after excitation is due to the time resolution of our
measuring system and to the fact that the excitation has a
finite spread in time. At very short times most of the PL
intensity is due to recombination of excitons excited at
negative times with respect to the laser pulse peak (taken
as r =0).

After determining r„and r, to fit (the unpolarized)
Ii,„(t),~„, and r,;, are the only adjustable parameters in
Eq. (6) when fitting the circular polarization profiles

P„,(r) = [ A +(r) A—(t) ]/[ A +(t)+ A„(r)] .

We fix w„„and for each of the different curves of Fig. 3(b)
we adjust only ~„, to best fit the experimental profile.
The P„, curve fittings are shown by the solid line in Fig.
3(b). The difFerent curves correspond to difFerent
(EI E) se—parations which are associated with the spin
relaxation of excitons with different in-plane wave vectors
K~~. We find r„, to decrease with the increase of ~Ki~
within the 1Sband. This is expected due to the enhanced
band admixture for large-K~~ states. ' ' When the excit-
ing energy is further increased to the spectral range of
E&-Ez (+El=0),~„, increases due to the smaller sPin-
relaxation rate corresponding to K~~-0 states of the 2S
band. For the case of linear polarization, ~&;„ is fixed and
~&;„ is similarly adjusted to fit each of the different

Pi;„(&)= [A" (&)—A' (t)]/[ A" (t)+ A' (t)]
profiles of Fig. 3(c). Here, too, we find ~i;„ to decrease
with increasing IK1~ within the 1S band and then in-
crease when E IEz (Ks~~ =0). The fits to the linear po-
larizations are shown by the solid lines in Fig. 3(c). The
best fitted r„, and r„„(using a fixed r„,=~„„=600ps) are
shown in Fig. 1(b) as a function of EI.

The polarization decay curves (P„, and Pr,„) are ex-
tracted from polarized PL measurements like those in
Fig. 2. The polarized PL decay curves are characterized
by relaxation times (r, and r, } greater than 120 ps and
are thus measured quite accurately by our system. How-
ever, difFerence curves obtained from subtracting two
such polarized PL curves can reveal information on
much shorter relaxation times. The time resolution of
these difference curves is not determined by the system
decay time. It is the system noise figure which deter-
mines the system's ability to dilerentiate between two
long relaxation times difFering by a small amount. We es-
timate this to be on the order of 5 ps for our measure-
ments. P„, and P&;„, which are just normalized difference
curves, can thus reveal relaxation times as short as 5 ps.

For both circular and linear polarizations, we find that
the fit is not very sensitive to ~,;, and ~&;„, respectively. A
good fit can be obtained for a wide range of ~,;, and ~&;„
varying from 300 to 1000 ps. Using a fixed ~„,=w&;„=600
ps, the theoretical profiles using Eqs. (5}and (6) are fitted
to the experimental curves of Figs. 3(b) and 3(c). This
determines ~„., and ~„.„as the only fit parameter very sen-
sitively, since the relaxation times r, and v, are deter-
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mined separately [Fig. 3(a)]. The solid lines of Figs. 3(b)
and 3(c) represent the theoretical curve fitting best the ex-
perimental profile. Theoretical profiles calculated for
diferent values of ~„., or ~&;„clearly deviate from the ex-
perimental profiles when ~„, or ~&;„ is changed by more
than +15%. r„, and r&;„are determined this way for a
given set of ~„v„and ~,;, or ~&;„, respectively. However,
each of the v.„~„,and ~„, or ~&;„relaxation times them-
selves can vary within some range and still maintain good
fits to the PL and polarization decay curves. Determin-
ing ~„, and ~&;„ to best fit the experimental curves for
various sets of v„~„and ~„, or ~&;„gives ~„, and v.

~;„
values differing by up to +100% and —50% relative to
those shown in Fig. 1(b). However, for every given set of
possible ~„~„,~„„and ~&;„, ~„,and ~&;„give a clearly ob-
served trend, showing the 1S-2S behavior (as a function
of EI) as shown in Fig. 1(b).

experimentally determined r, (E~ ),r„,(EI ), »d
r~,.„(EI) plotted in Fig. 1(b) allow us to better realize their
dependence on the exciton kinetic energy (E~ E). —
physical insight into the relative electron and hole relaxa-
tion rates can be gained by the following analysis. As-

suming that the hole spin relaxation is much faster than
that of the electron, the circular polarization relaxation
time ~„,is limited by the electron spin relaxation and can
be approximated by

1 1

Cll

P„„,on the other hand, is a property of the e-h pair,
and any depolarizing process that either one of the parti-
cles undergoes or loss of the spin coherence between
them will destroy the whole pair polarization. ~&;„ thus
reflects the spin relaxation of either the electron or the
hole or the loss of the e-h spin coherence due to some
other spin coherence relaxation process:

to the exciton group velocity ),

=V Ue h
Plh

(10)

For the in-plane electron and hole e6'ective masses we
have mh =2.2m„ thus we obtain kh =2.2k, . Since

2M,„(EI E—)
=+~ =k, +k„,

we can calculate r, (k, ) and rj, (kz) from the fitted
'r).„(K~~ ) and r„„(E~~) shown in Fig. 1(b). In Fig. 5 we
show the resulting r, (k, ) and r&(kz). The error bars
reflect the possible +15% error in ~„,and ~&;„when they
are determined for a given set of ~„~„~„„and~„„. Us-
ing various other possible sets of values for ~„~„,~„„
and ~&;„wi11 give ~„, and ~&,„and thus ~, and ~h values
differing by up to +100% and —50% relative to those
shown in Fig. 5. However, here too, for every given set
of possible ~„v„,v„„and v~;„, ~, and ~h give a clearly
observed trend. Both ~, and ~h decrease with the in-
crease in k~~ and the ratios between the various r, (k, ) and
rz(kz) values are similar to those shown in Fig. 5. The
obtained rz(kz ) is is good agreement with the impurity-
assisted spin-flip scattering times calculated by Ferreira
and Bastard. ' They assumed scattering by ionized im-
purities (X; = 10' cm ) localized on one interface of
the quantum well. This assumption is in agreement with
our model suggesting that the depolarization is due to
elastic scattering processes which occur while the exciton
moves in the island where it recombines. The very large
~&;„ that we find corresponds to a long spin-relaxation
time of kh =0 holes, and this agrees well with the calcula-
tions of Ref. 21. r, (k, ), however, is surprisingly short
when compared to rz(kz) considering the small k,, in-

colin

1 1=—+ +
I

h

60

7h is the hole spin-relaxation time and ~s& is the e-h

spin coherence relaxation time which is due to all other
processes apart from the electron and the hole spin relax-
ation. Assuming now that the fastest spin coherence re-
laxation process is the hole spin relaxation, i.e., rz «rsc,
and using Eqs. (7) and (8) we find
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In an exciton the electron and the hole parts of the ex-
citonic wave function are superpositions of plane-wave
states spanning a range of wave vectors —1/2az, where

a~ is the exciton Bohr radius. Thus the electron and the
hole parts of the excitonic wave function can be described
by one-particle wave packets centered around k, and kh,
respectively. Throughout this paper k, and kh denote
the center values of such one-particle wave packets rather
than simply plane waves. Since both the electron and the
hole have nearly the same group velocity (which is equal

20-
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FICx. 5. In-plane wave-vector dependence of the spin-
relaxation times of the hole part and electron part of the exci-
tonic wave function.
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volved. Figure 5 shows that an electron and hole having
similar k values have similar spin-relaxation times,
whereas early works' have always assumed a much fas-
ter hole spin-relaxation time. In addition, it is much
smaller than that of free electrons [-0.15—10 ns (Refs.
16, 28)]. These fast electron spin-relaxation times can be
understood as due to the strong e-h exchange interaction
within the exciton' ' ' which decreases the electron
spin-relaxation time. Recently reported temperature-
dependent spin-relaxation times of excitons in high mag-
netic fields in GaAs/Al„Ga& „As QW's support this
conclusion of e-h exchange interaction as the dominant
spin-relaxation mechanism. Note, however, that our
earlier assumption of a faster hole spin-relaxation time
relative to that of the electron still holds, since for a given
excitonic E~~ state ~, -3~I, . In Fig. 5 the excitonic states
corresponding to the larger values of ~I, correspond also
to the larger values of ~, .

alignment-relaxation time ~&;„can account well for the PL
and the polarization decay curves. These relaxation
times can be assumed to be determined by the spin-
relaxation times of the individual electron and hole in the
exciton, ~, and ~&, respectively. Assuming that k, and

kz are the wave vectors of the center wave packets that
build the exciton with K~~, we estimate experimentally
r (k, ) and rz(k& ). ri (ki ) is in good agreement with the
calculation of Ref. 21 based on impurity-assisted spin-Hip
scattering. We conclude that the hole part of the exciton-
ic wave function depolarizes primarily by elastic scatter-
ing processes which occur while the exciton moves over
large-scale interface islands. Electrons within an exciton
relax their spin state much faster than free electrons and
much faster than expected when compared to the spin re-
laxation of the hole part of the excitonic wave function.
We attribute this to the strong e-h exchange interaction
between the electron and hole components of the exciton.

IV. SUMMARY

In conclusion, we have compared the time dependence
of the degrees of linear and circular polarization Ph„and
P„, of (el:hhl)IS excitons excited at difFerent energies
within the excitonic band. We interpret these results by
assuming that delocalized excitons can be described by a
well-defined in-plane wave vector K~~. We show that the

E~~ dependence of the excitonic energy-relaxation time r„
the exciton spin-relaxation time v„„and the exciton
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