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We present a detailed experimental and theoretical analysis of the optical orientation of electron spins in
GaAs/AlAs quantum wells. Using time and polarization resolved photoluminescence excitation spectroscopy,
the initial degree of electron-spin polarization is measured as a function of excitation energy for a sequence of
quantum wells with well widths between 63 and 198 Å. The experimental results are compared with an
accurate theory of excitonic absorption taking fully into account electron-hole Coulomb correlations and
heavy-hole–light-hole coupling. We find in wide quantum wells that the measured initial degree of polarization
of the luminescence follows closely the spin polarization of the optically excited electrons calculated as a
function of energy. This implies that the orientation of the electron spins is essentially preserved when the
electrons relax from the optically excited high-energy states to quasithermal equilibrium of their momenta. Due
to initial spin relaxation, the measured polarization in narrow quantum wells is reduced by a constant factor
that does not depend on the excitation energy.
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I. INTRODUCTION

The optical excitation of semiconductors with circularly
polarized light creates spin-polarized electrons in the con-
duction band.1 The degree of electron-spin polarization ob-
tainable by means ofoptical orientationcan reach almost
100%, depending on the conduction- and valence-band states
involved in the optical transition. The intimate relation be-
tween electron spin and circularly polarized light has formed
the basis for many of the pioneering experiments of semi-
conductor spintronics. Optical investigations demonstrated
the efficient injection of spin-polarized electrons,2,3 the trans-
port of spin polarized electrons over macroscopical
distances,4,5 manipulation and storage of spin orientation,6

and the interaction with nuclear momenta.7 Furthermore, the
spin dependence of optical transitions can be utilized to
switch the intensity and polarization of a semiconductor laser
by changing the spin orientation of injected electrons.8 Re-
cently, the reduction of the threshold in semiconductor lasers
pumped with spin-polarized electrons was observed.9 But al-
though optical orientation has proven to be a powerful tool to
study electron spins in quasi-two-dimensionalsquasi-2Dd
semiconductor systems, the present understanding of spin
orientation is based on crude approximations. A direct com-
parison of experimentally determined degrees of spin orien-
tation with an accurate theoretical treatment is still missing.
The goal of this paper is thus to present a systematic experi-
mental and theoretical study of the optical orientation of
electron spins in quasi-2D systems.

In direct semiconductors like GaAs, the selection rules for
optical transitions from the uppermost valence band to the
lowest conduction band are commonly based on the simple
picture that the electron states in the conduction band have
spinS=1/2 whereas the hole states in the valence band have
an effective spinS=3/2. Thehole states with spinz compo-
nent Sz= ±3/2 aredenoted heavy-holesHHd states whereas
the light-holesLHd states haveSz= ±1/2. Forabsorption and
emission of circularly polarized light we thus get the selec-

tion rules depicted in Fig. 1sRef. 1d. According to this
scheme, the transition probability from the HH states to the
conduction band is three times larger than from the LH
states. In bulk semiconductors, we thus expect that the maxi-
mum attainable degree of spin polarization isPs=0.5, where
Ps is defined as

Ps =
N+ − N−

N+ + N−
, s1d

andN+ sN−d is the number of electrons with spin upsdownd,
respectively. In 2D systems the degeneracy of the HH and
LH states is lifted as sketched in Fig. 1. For resonant excita-
tion at the HH energy we thus expect a rise of the maximum
attainable degree of polarization up toPs=1.

Even in a single-particle picture for the optical excitation,
the naive 3:1 ratio of HH and LH transitions is obtained only
if HH-LH coupling of the hole states at nonzero wave vec-
tors k is neglected. Due to this HH-LH coupling, the hole

FIG. 1. sColor onlined Selection rules and relative transition
rates T for optical transitions between valence-bandsVBd states
having an effective spinS=3/2 andconduction-bandsCBd states
with S=1/2 sRef. 1d. In bulk semiconductors the HH statessSz

= ±3/2d are degenerate with the LH statessSz= ±1/2d whereas in
quasi-2D systems the LH statessdotted bold linesd are lower in
energy than the HH states.
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states withk.0 are not spin eigenstates. Furthermore, a re-
alistic treatment must take into account that optical absorp-
tion gives rise to the formation of excitons, i.e., Coulomb
correlated electron-hole pairs. Thus even for excitations
close to the absorption edge we get substantial HH-LH cou-
pling because the exciton states consist of electron and hole
states withk of the order of 1/aB

* , whereaB
* is the effective

Bohr radius. The Coulomb coupling between electron and
hole states yields a second contribution to the mixing of
single-particle states with different values ofSz. Finally, we
must keep in mind that for higher excitation energies we get
a superposition of exciton continua that are predominantly
HH or LH like. These different excitons contribute oppo-
sitely to the spin orientation of electrons. We note that these
arguments are valid for the optical excitation of bulk semi-
conductors and quasi-2D systems.

In early works, several groups10,11 reported on polariza-
tion resolved transmission and photoluminescencesPLd ex-
periments on GaAs/AlGaAs quantum wellssQWsd under cw
excitation. They measured the polarization as a function of
excitation energy for a small range of excess energies. In
later works, the electron spin polarizationPs in quasi-2D
systems was studied using time-resolved photoluminescence
excitation spectroscopy. For excitation energies even slightly
above the HH resonance, several authors12–14observed a po-
larization Ps that was significantly smaller than 1. These
measurements were carried out on fairly narrow GaAs/
AlGaAs multiple QWs with well widthsw=40 Å sRefs. 12
and 13d and 77 Å sRef. 14d. Vinattieri et al.16 and Mali-
nowski et al.17 studied the spin relaxation of photoexcited
carriers in GaAs QWs as a function of the well width under
resonant HH excitation and find a strong influence of quan-
tum confinement on the spin-relaxation rates. A first
wellwidth-dependent study of optical orientation was per-
formed experimentally by Roussignolet al.,15 but only for
excitation energies up to 30 meV above the HH resonance.
For energies near the HH resonance, Roussignolet al. found
initial spin polarizations in the range 60–80 %, whereas they
expected values between 85 and 90 %. They argued that ad-
ditional relaxation mechanisms were required to describe
their results. Kohlet al.18 studied the optical orientation in an
80-Å-wide GaAs QW for an excess energy ofDE=60 meV
above the HH absorption edge. In contrast to our findings
discussed below, they observed for this value ofDE a rather
large initial spin polarization close to 100 %.

Twardowski and Hermann19 as well as Uenoyama and
Sham20 studied the polarization of QW PL theoretically, tak-
ing into account HH-LH coupling in the valence band. How-
ever, these authors neglected the Coulomb interaction be-
tween electron and hole states. On the other hand, Maialleet
al.21 investigated the spin dynamics of excitons taking into
account the exchange coupling between electrons and holes,
but they disregarded the HH-LH coupling in the valence
band. Both the HH-LH coupling and the Coulomb coupling
are known to be important for an accurate description of
excitonic spectra.22

In this work we experimentally analyze the energy depen-
dence of the optical selection rules for the creation and re-
combination of spin-polarized carriers by investigating the
time-dependent polarized luminescence of sevens100d

GaAs/AlAs QWs with well widths from 63 to 198 Å and
excitation energies between 1.529 and 1.744 eV. We compare
these results with an accurate theory of excitonic absorption
taking into account Coulomb coupling and HH-LH coupling
between the subbands.22 The experimental results for a wide
range of parameters are in good agreement with the
parameter-free calculations. We find that the measured initial
optical polarization of the luminescence follows closely the
spin polarization of the optically excited electrons calculated
as a function of energy. This implies that the orientation of
the electron spins is essentially preserved when the electrons
relax from the optically excited high-energy states to quasi-
thermal equilibrium of their momenta. In narrow QWs, how-
ever, the measured polarization is reduced due to fast initial
spin relaxation that is almost independent of the excitation
energy.

The paper is organized as follows. Section II describes the
experimental setup and the sample under investigation. In
Sec. III, we first present the results for a 198-Å-wide QW
where we obtain very good agreement between experiment
and theory. Second, we discuss how the polarization ob-
served in narrow QWs is reduced because of fast initial spin
relaxation directly after laser excitation. Our theory for opti-
cal orientation is introduced in Sec. IV, where we give a
detailed discussion of the influence of Coulomb coupling and
HH-LH coupling for an accurate theoretical description of
the optical orientation of electron spins. The conclusions are
summarized in Sec. V.

II. EXPERIMENTAL METHODS

The sample under investigation is a high quality intrinsic
GaAs/AlAs structure containing 12 single QWs with differ-
ent well widths grown by MBE on as100d oriented GaAs
substrate.23 The QWs are separated by a triple layer of 26-Å
AlAs, 27-Å GaAs, and 26-Å AlAs. In this work we present
experimental data for the seven broadest QWs with well
widths between 63 and 198 Å.24 The sample is mounted in a
finger cryostat and all measurements were performed at a
temperature of 4.2 K. Pulses from a Kerr-lens mode-locked
Ti:sapphire laser excite the sample with a repetition rate of
80 MHz. We use a pulse shaper to reduce the spectral line-
width of the 100 fs pulses to 0.8 nm full width at half maxi-
mumsFWHMd. The wavelength is tuned from 711 to 811 nm
in steps of 1 nm. The maximum excitation power is limited
to about 2 mW, because most of the laser power is blocked
by the pulse shaper. We estimate that the optically excited
carrier density lies in the range 23108–23109 cm−2 de-
pending on the QW width and the excitation energy. We
carefully control the polarization of the exciting laser pulse
by means of a Soleil-Babinet polarization retarder, taking
into account the dependence of the retardation on the excita-
tion wavelength. The retarder is readjusted for each excita-
tion wavelength to achieve close to 100 % circularly polar-
ized light. The PL is measured in reflection geometry by a
synchroscan streak camera providing a spectral and temporal
resolution of 7 meV and 15 ps, respectively. We separately
detect the two circularly polarized PL componentss± using
an electrically tunable liquid-crystal retarder. Each QW emits
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light only at its energetically lowest excitonic resonance.
Since the PL wavelengths of the QWs vary over a wide range
and the liquid-crystal retarder shows a chromatic dependence
of the retardation, the PL data were corrected independently
for each QW according to the measured dispersion curve of
the retarder.

We obtain the time-dependent degree of optical polariza-
tion,

Poptstd =
I+std − I−std
I+std + I−std

, s2d

from the time resolved PL spectra, whereI±std is the PL
intensity of thes± component.Poptstd is measured for each
QW scanning the excitation energy from 1.529 to 1.744 eV.
As an example, Fig. 2 showsPoptstd for the 152-Å QW at an
excitation energy of 1.744 eV which corresponds to an ex-
cess energy of 209 meV above the lowest HH resonance. We
determine the initial degree of polarization by fittingPoptstd
to

Poptstd = P1 + P0exps− t/tsd , s3d

wherets is the decay time ofPoptstd. We identifyP0 with the
optical polarization att=0. P1 corresponds to an offset in the
measurement of usually below 0.02 which is probably due to
a slight linear polarization introduced by the liquid-crystal
retarder. The errorP1 is included in the error bars ofP0.

The central idea underlying the interpretation of our ex-
periments is that we can identify the measured degree of
optical polarization with the electron-spin polarization,
Poptstd=Psstd. This association is based on the following ar-
guments. First we recall that the electron-spin relaxation is
usually slow compared to the hole-spin relaxation.25 There-
fore every electron can radiatively recombine with an appro-
priate hole state. Second we note that the measured PL re-
flects only the HH1:E1s1sd transition.fIn this paper we label
optical transitions by the holesHH or LHd and electronsEd
subbands contributing dominantly to the excitonic states. For
a bound exciton we append in brackets the quantum number
of the bound state.22 See also the discussion in Sec. IV.g Our
calculations indicate that for this transition we have a strict
one-to-one correspondence between the spin polarization and
the degree of optical orientation, with completely spin-

polarized electrons giving rise to perfectly circularly polar-
ized light. This is confirmed by the experiments showing a
very high degree of optical polarization for the HH1:E1 tran-
sition. Third, we assume that the electron-spin polarization is
preserved during the first few ps after laser excitation while
the electrons relax from the optically excited high-energy
states to quasithermal equilibrium for the momenta. This as-
sumption is best fulfilled in wide QWs; see our discussion of
initial spin relaxation in Sec. III B. Finally, we remark that
the above arguments imply that the decay timets in Eq. s3d
can be identified with the spin-relaxation time of the elec-
trons.

III. RESULTS AND DISCUSSION

A. Initial degree of polarization

In this section we will discuss optical spin orientation for
the 198-Å QW. Here, the excitation power is 200mW and
the laser spot radius is approximately 125mm which creates
a low carrier density of the order of 53108 cm−2. We choose
this low excitation power to avoid a spectral overlap of the
PL from the substrate with the PL from the QW. Figure 3
shows the measuredfFig. 3sadg and the calculatedfFig. 3sbdg
degree of spin polarization as a function of excitation energy.
For comparison, the solid line in Fig. 3scd shows the calcu-
lated absorption spectrumasvd for s− polarized light. While
the solid line contains contributions from all dipole allowed
exciton states at energy"v, the broken lines differentiate
between the contributions of those states toasvd, whose
electron spin is oriented either up or down. In agreement
with Fig. 1, these contributions are essentially the same as
the contributions of HH and LH states toasvd. The parti-
tioning of asvd combined with the calculated electron and
hole subband energies allows us to label the peaks in the
polarization spectra in Figs. 3sad and 3sbd by the electronsEd
and holesHH or LHd subbands. The solid vertical lines in
Fig. 3 indicate the identified peaks. A more detailed discus-
sion of the labeling scheme will be given in Sec. IV.

The first positive peak at 1.525 eV corresponds to the
HH1:E1s1sd transition. Next we find a narrow region around
1.53 eV with negativeP0 which we attribute to the LH1:E1
s1sd transition. For the 198-Å-wide QW investigated here the
LH1:E1s1sd exciton is below the continuum of HH1:E1 ex-
citons so that the LH1:E1s1sd exciton is a discrete statesi.e.,
not a Fano resonanced. ThereforeuP0u is smaller than one
only due to the homogenous broadening of the exciton states.
The next peak at 1.535 eV reflects the absorption edge of the
HH1:E1 exciton continuum. The LH component in Fig. 3scd
exhibits a minimum which explains the large positive value
of P0. The LH1:E1 absorption edge at 1.539 eV, along with
the decreasing HH contribution, leads to a reduction ofP0
followed by a peak at 1.544 eV which corresponds to the
HH3:E1s1sd transition. We attribute the following peak at
1.568 eV to the HH2:E2s1sd transition, while the peak at
1.637 eV corresponds to the HH3:E3s1sd transition. All these
structures are found in both experiment and theory.

Interestingly, theory shows a dip ofP0 at 1.584 eV labeled
D1 in Fig 3sbd which appears to be related to a transition

FIG. 2. sColor onlined Time-dependent degree of polarization
Poptstd for the 152-Å-wide QW at an excitation energy of 1.744 eV
sred lined and exponential fit based on Eq.s3d sblack lined.

OPTICAL ORIENTATION OF ELECTRON SPINS IN… PHYSICAL REVIEW B 71, 165305s2005d

165305-3



from an LH state to the conduction band. However, unlike
the transitions discussed above, it cannot be related to a par-
ticular pair of electron and hole subbands. Furthermore, we
observe a dip ofP0 at 1.595 eVsD2d in Fig. 3sbd. The cal-
culations indicate that two excitons are almost degenerate at
this energy, the LH2:E2s1sd and the HH4:E2s1sd exciton
with the latter being slightly higher in energy.sWe remark
that, strictly speaking, all excitons above the HH1:E1 ab-
sorption edge at 1.535 eV are Fano resonances.22d

Finally we note that there is a very good agreement be-
tween experiment and theory not only for the individual fea-

tures in the spectra, but also for the relative height of the
peaks and the general trends ofP0 as a function of energy.
The good agreement between the experimental data and the
calculated results shows that our theory provides a realistic
picture of the spin- and energy-dependent optical selection
rules in GaAs QWs. In Sec. IV we show that it is vital for
our quantitative theory to take into account both Coulomb
coupling and HH-LH coupling. If these couplings are ne-
glected, we get substantial deviations between experiment
and theory.

B. Initial spin relaxation

In Sec. II we identified the measured degree of optical
polarization with the spin orientation of excited electrons
based on the assumption that the electron-spin polarization is
preserved when the electrons relax from high-energy states
to thermal equilibrium. This assumption is well fulfilled for
wide QWsssee Fig. 3d where we obtained good agreement
between absolute values of the measured and calculated spin
polarizationP0. Figure 4 shows the measured and calculated
P0 for the QWs with well widths between 152 and 63 Å and
an excitation power of 1 mW. Once again, we obtain good
agreement between experiment and theory for many features
in the spectra. The ratio between measured and calculated
values decreases, however, with decreasing well width. The
ratio is close to one for the 198-Å-wide QW, but becomes
much smaller for the narrow QWs. Interestingly, this ratio is
for each QW approximately constant for a large range of
energies. We propose that the reduced value ofP0 is due to
fast initial spin relaxation of the excited electrons prior to
establishing thermal equilibrium for their momenta.

We assume that this mechanism is similar to the
Dyakonov-PerelsDPd spin relaxation of electrons.26 An ex-
citation with energies in the HH1:E1 continuum creates elec-
trons with large wave vectorski. In these states, the electron
spins are exposed to an effective magnetic fieldVskid due to
the conduction-band spin splitting. While the electrons relax
from the excited states to states in thermal equilibrium with
smaller wave vectorski, the spins precess around the field
Vskid so that the measured spin orientation is reduced. We
call this process initial spin relaxation.14 We note that, in
general, DP spin relaxation becomes more efficient for larger
electron energies so that the time scale of the initial spin
relaxation is shorter than the spin-relaxation timets at later
times scompare Fig. 2d.

To obtain a qualitative estimate of how the initial spin
relaxation influences the measured polarizationP0, we evalu-
ate the average spin precession periodTz of the optically
excited electron states prior to the first scattering event. In
the following, we consider only inelastic scattering processes
with energy relaxation timetE and neglect the motional nar-
rowing so that the calculated precession periodTz is a lower
bound for the time scale of the inital spin relaxationscf. Sec.
III C d. Furthermore, we neglect Coulomb coupling so that
the electron states can be characterized by the in-plane wave
vectorki.

We start with the expression for the effective magnetic-
field vector in symmetrics100d-oriented QWs,27

FIG. 3. sColor onlined sad Measured andsbd calculated initial
degree of spin polarizationP0 as a function of excitation energy of
the 198-Å-wide GaAs/AlAs QW. The vertical lines label the reso-
nances insad andsbd according to the dominantly contributing elec-
tron sEd and holesLH or HHd subbands as discussed in Sec. IV. The
black line in scd shows the calculated absorption coefficientasvd.
The red dashed linesgreen dash-dotted lined in scd shows how ex-
citons containing spin-upsspin-downd electrons contribute toasvd.
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FIG. 4. sColor onlined Initial degree of spin polarizationP0 as a function of excitation energy for GaAs/AlAs QWs with different well
widths. The upper panels show experimental data measured at an excitation power of 1 mW, the central panels are calculated results. For
comparison, the black lines in the lower panels show the calculated absorption coefficientasvd. The red dashed linesgreen dash-dotted lined
in the lower panels show how excitons containing spin-upsspin-downd electrons contribute toasvd; see Eq.s14d.
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Vskid =
2g

" 1kxsky
2 − kkz

2ld
kyskkz

2l − kx
2d

0
2 , s4d

where ki=skx,ky,0d is the in-plane wave vector,kz is the
quantized perpendicular component ofk, and g is the
Dresselhaus coefficient. For an isotropic dispersion we ob-
tain the average precession frequencykVzlskid of electron
spins polarized inz direction by averaginguVskidu over the
polar anglef of ki=kiscosf ,sinf ,0d,

kVzlskid =
1

2p
E

0

2p

df uVskidu. s5d

Assuming a parabolic dispersion of the electron excess en-
ergy, DE="2ki

2/ s2m*d with effective massm* , we can ex-
press the precession periodTz=2p / kVzl in terms ofDE.

The quantityTz provides an estimate for the time scale on
which the optically induced spin orientation is lost. It com-
petes with the timescaletE of the energy relaxation. We can
estimate the ratio between the measured and the optically
excited spin polarization by calculating

Rskid =
1

tEskid
E df

2p
E

0

`

dt expf− t/tEskidgcosfuVskidutg

s6ad

=E df

2p

1

1 + uVskidu2 tE
2skid

, s6bd

where we have assumed that the occupation of the initially
excited stateski decreases exponentially with decay timetE.
For tE!Tz we obtainRskid<1−s2ptE/Tzd2.

The spin precession periodTz as a function of excess
energyDE is shown in Fig. 5. For a more quantitative treat-
ment of initial spin relaxation, we would need to know the
energy relaxation timetE. We cannot determinetE experi-
mentally as it is shorter than the temporal resolution of our
experimental setup. Furthermore, an estimate is hindered by
the fact thattE depends not only on the wave vectorki but
also on other parameters such as the number of scattering
centers, the carrier mobility and density. Therefore a quanti-

tative comparison of Eq.s6d with our experimental results is
hardly possible. Nonetheless, we can draw the following
qualitative conclusions from the above model.

First we discuss the regime of excess energiesDE
ø50 meV. For wide QWs with well widths between 198 and
122 Å we obtain relatively large values ofTz *10 ps. As-
suming a typical energy relaxation timetE<200 fs, Eq.s6d
yields a maximum decrease ofP0 of &3% so that the influ-
ence of initial spin relaxation can be neglected for these wide
wells. Narrow QWs with well widthsø71 Å exhibit short
precession timesTz&4 ps. This is due to the increase ofkkz

2l
with decreasing QW width, which causes a larger effective
field uVskidu according to Eq.s4d. Consistent with these re-
sults, Eq.s6d predicts a large decrease ofP0 of about 50% in
narrow wells, in good qualitative agreement with the experi-
mental findings.

For excess energiesDE.50 meV we obtainTz<const
for QW widths ø83 Å. Here theki-linear terms in Eq.s5d
are compensated by theki

3 terms. This explains why the ratio
between theoretical and experimental values ofP0 is ap-
proximately constant as a function ofDE. For the wide QWs,
Tz shows a decrease forDE.50 meV. This is easily ex-
plained by the increasing contribution of theki

3 terms in Eq.
s5d. If ki

2@ kkz
2l we expect therefore a strong influence of

initial spin relaxation even for wide QWs. This, however,
cannot be explored further in the present work, as the energy
range is beyond what can be covered by our calculations.

Finally we note that we expect no influence of initial spin
relaxation on the measuredP0 in symmetrics110d-oriented
GaAs QWs since here the effective magnetic field is always
pointing perpendicular to the plane of the QW.28,29Therefore
the optically oriented electron spins are parallel to the vector
of the effective magnetic field so that the Dyakonov-Perel
spin relaxation is suppressed. We have measuredP0 as a
function of the excitation energy in as110d GaAs multiple
QW structure containing ten wedge-shaped QWs. For a well
width of 47 Å the confinement energy in thes110d-oriented
GaAs/Al0.4Ga0.6As QW is similar to the confinement energy
of the 63-Å-wides100d-oriented GaAs/AlAs QW. While in
the latter QW the measured degree of polarization above the
LH1:E1 exciton is rather smallsFig. 4d, we have obtained
values ofP0 for the s110d-oriented QW which are compa-
rable in magnitude to the calculated spin polarization at these
excitation energies. This corroborates our conclusion that the
measured polarization is reduced because of initial spin re-
laxation.

C. Dependence of optical orientation on excitation power

Figure 6 shows the measured degree of electron-spin po-
larization P0 as a function of the excitation power for the
122-Å-wide QW at an excess energyDE=176 meV. We ob-
serve a significant increase ofP0 for larger excitation pow-
ers. In the following we explain this increase by more effi-
cient motional narrowing during initial spin relaxation.

In Sec. III B we obtained a qualitative estimate for the
initial spin relaxation by evaluating the average spin preces-
sion periodTz of the optically excited electron states prior to
the first scattering event. In a more realistic picture, we must

FIG. 5. sColor onlined Average spin precession timeTz

=2p / kVzl as a function of excess energyDE for different QWs
with well widths between 63 and 198 Å.
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take into account multiple-scattering events, too. Each time
an electron is scattered from a state with in-plane wave vec-
tor ki to a stateki8, it is exposed to a differently oriented
effective magnetic fieldVski8d. Frequent momentum scatter-
ing events thus reduce the spin relaxation, which is known as
motional narrowing.26,30There are inelastic scattering events
such as electron-phonon scattering, as well as elastic mo-
mentum scattering events which include, e.g., electron-
impurity scattering and electron-electron scattering. While
the former processes are approximately independent of the
density of excited electrons, electron-electron scattering be-
comes more efficient with increasing electron density. For
low excitation powers, momentum scattering is less efficient
so that the initial spin relaxation is hardly reduced by mo-
tional narrowing. For the parameters of Fig. 6, we have a
very short precession periodTz<2.5 ps; see Fig. 5. The mea-
sured polarizationP0 is therefore very low due to effective
initial spin relaxation. When the excitation power is in-
creased, electron-electron scattering and motional narrowing
become more efficient. Therefore the initial spin relaxation is
reduced and the measured spin polarizationP0 increases with
excitation power. All data shown in Fig. 4 were obtained
with an excitation power of 1 mW where initial spin relax-
ation was partly suppressed by motional narrowing. Of
course, electron-electron scattering and motional narrowing
affect not only the initial spin relaxation but also the spin
relaxation at later times, as described byts in Eq. s3d. Con-
sistent with the above arguments, we obtain spin-relaxation
timests which increase with excitation power, see the open
circles in Fig. 6. Finally we note that for the low to moderate
excitation powers considered here phase space filling of the
exciton states is not important.

IV. THEORETICAL ANALYSIS

A. Theoretical model

Our theory for the excitonic absorption follows Ref. 22.
The main idea is to expand the exciton wave functions in
terms of electron and hole states. The exciton Schrödinger
equation is then solved in momentum space by means of a
modified quadrature method. Finally we calculate the
energy-dependent absorption coefficient using Fermi’s
Golden Rule.

For both the electron and hole states we use an 838 Kane
multiband Hamiltonian31 containing the lowest conduction
band G6

c, the topmost valenceG8
v, and the split-off valence

band G7
v. In the axial approximation,32 the single-particle

states become

cnksrd =
1

2p
o

j

eik·r e−iM jw jnk
j szd ujsrd , s7d

where r =sr ,zd is the position vector andn is the subband
index. In this section,k=sk cosw ,k sinwd is the in-plane
wave vector, i.e., we omit the indexi. The quantum number
Mj is thez component of the angular momentum of thej th
spinor componentjnk

j szd, i.e., in the 838 model used here,
Mj generalizes the quantum numberSz used in the preceding
sections of this paper. Finally,ujsrd are bulk band-edge
Bloch functions. It is important to note that, due to the sum
over j , the statess7d are not eigenstates of angular momen-
tum. Only fork=0 the hole states are pure HH or LH states.
We thus label hole subbands as HH- or LH-like according to
the dominant spinor components atk=0. Due to HH-LH
mixing, we cannot distinguish between these subbands at
large wave vectorsk.

In the following, we consider only the optically active
exciton states with center-of-mass momentum zero. Accord-
ingly, the exciton states depend only on the relative coordi-
nater=re−rh, where the indexeshd refers to electronsholed
states. In the axial approximation, the exciton states can be
classified byl, thez component of the total angular momen-
tum. The exciton states then read

Clasr,ze,zhd =
1

s2pd3/2 o
ne,nh

o
je, jh

E d2kflak
nenheik·reisl−Mje

+Mjh
dw

3jnek
je szed jnhk

jh *szhd uje
srd ujh

* srd , s8d

wherefla k
nenh are the expansion coefficients. The indexa la-

bels exciton states with the same value ofl. Unlike the ex-
citon states in simplified theoriesssee, e.g., Ref. 21d, the
exciton statess8d cannot be written as a direct product of
electron and hole states with well-defined quantum numbers
of angular momentum. In Eq.s8d only l and a are good
quantum numbers.

Using Fermi’s Golden Rule, the oscillator strength of the
excitons per unit area is given by

f la
ê =

1

pm0 Ela
U o

ne, nh

o
je, jh

Pla nenh

jejh U2
, s9ad

whereEla is the energy of the excitonsl ,ad, and the compo-
nents of the dipole matrix elements are

Pla nenh

jejh = dl−Mje
+Mjh

, 0 E dk k fla k
nenh E dz jnhk

jh *szdjnek
je szd

3kujh
uê ·puuje

l . s9bd

Here,p is the momentum operator andê denotes the polar-
ization vector of the incident light. We haveê=s1/Î2d
3s1, ±i ,0d for s± polarized light. The matrix elements
kujh

upuuje
l are the same as those momentum matrix elements

FIG. 6. sColor onlined Initial spin polarizationP0 sblack filled
squaresd and spin lifetimets sred open circlesd as a function of
excitation power for the 122-Å-wide QW at an excess energy of
176 meV. The black line is a guide to the eye.
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in the 838 Kane Hamiltonian which are responsible for the
off-diagonalk ·p coupling between conduction and valence
bands. In our theoretical model, Eq.s9d replaces the selection
rules depicted in Fig. 1. The Kroneckerd in Eq. s9bd is
reminescent of the simple selection rules. For circularly po-
larized light spolarizations±d only excitons withl = ±1 are
optically active.

The absorption spectrum is given by

aê svd = a0o
l,a

f la
êds"v − Elad , s10d

where a0="e2p / s2m0«0cnd with n the index of refraction
and"v is the excitation energy. In the numerical calculations
we replace the delta functions by a phenomenological
Lorentzian broadening.

The electron-spin orientation induced by the optical cre-
ation of an excitonsl ,ad is the expectation value of the

electron-spin operatorŜz
e,

Mla
e = kŜz

ella s11ad

=o
je

Mje o
ne,nh

E dk kuflak
nenhu2E dzeujnek

je szedu2 . s11bd

The number of optically excited excitonssl ,ad is propor-
tional to the oscillator strengthf la

ê. Accordingly, the spin po-
larizationSesvd of the electron systems is given by

Sesvd =
a0

aêsvdol,a Mla
e f la

êds"v − Elad . s12d

It is the quantitySesvd which we compare with the measured
spin polarizationP0.

B. Discussion

In Sec. III we demonstrated the good agreement between
the measured data and the calculated spin polarization. In
this section we will show that a detailed understanding of
these results can be achieved based on a careful examination
of the calculated spectra.

As an example, we show in Fig. 7sad the calculated elec-
tron spin polarizationSesvd and in Fig. 7sbd the absorption
coefficient asvd for the 198-Å-wide QW; see also Fig. 3.
Frequently the interpretation of excitonic spectra is based on
the simple and intuitive idea that the excitons giving rise to
the peaks in the spectra can be attributed to pairs of indi-
vidual electron and hole subbands. However, such a scheme
must be used with caution because the spectra are often
strongly affected by valence-band mixing and Coulomb cou-
pling between subbands.22 To illustrate the importance of
these effects, the dashed-double-dotted lines in Figs. 7sad and
7sbd show the results of a simplified calculation that neglects
these couplings. Both the absorption coefficient and the ini-
tial spin polarization differ remarkably in these models. In
particular, we find that the oscillator strength of the HH3:E1
s1sd exciton is by a factor,50 smaller if these couplings are
neglected so that the peak cannot be resolved on the scale of
Fig. 7. Furthermore, the peaks labeled HH2:E2s1sd and
HH3:E3s1sd are shifted to higher energies.

In order to quantify the valence-band mixing, we can
evaluate the contribution of different hole subbands to the

FIG. 7. sColor onlined Calculated initial degree of polarization
P0 and absorption coefficientasvd for circularly polarized light as a
function of excitation energy for the 198-Å-wide GaAs/AlAs QW.
The black lines insad andsbd showP0 andasvd for the full theory,
whereas the dashed-double-dotted lines show for comparison the
results for a simplified model that neglects valence-band mixing
and HH-LH coupling. The red dashed linesgreen dash-dotted lined
in sbd shows the partial absorption spectra for spin-upsspin-downd
electrons. Panelscd displays the hole subband contributionss13d to
asvd for the full theory.
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oscillator strengthsf la
ê. We define the partial oscillator

strengths

f la,nh

ê =
1

NUo
ne

o
je, jh

Pla nenh

jejh U2
, s13ad

where the normalizationN is chosen such that we have

o
nh

f la,nh

ê = f la
ê . s13bd

Similar to Eq.s10d we then calculate partial spectra showing
the contributions of each hole subband to the absorption co-
efficient, see Fig. 7scd. The complicated curves clearly illus-
trate that the labeling in terms of subbands is very problem-
atic. For example, the contribution of the HH1 subband to
the oscillator strength of the LH1:E1s1sd exciton is larger
than the contribution of the LH1 subband. For comparison,
we show in Fig. 8 the hole subband dispersion curves of the
198-Å-wide QW.

We suggest here a different approach for decomposing the
spectra that yields a much clearer physical picture. We can
identify whether the oscillator strength of an exciton is pre-
dominantly from the dipole matrix elements9bd between a
hole and a spin-up or a spin-down electron state by evaluat-
ing the partial oscillator strengths

f la,je
ê =

1

N U o
ne, nh

o
jh

Pla nenh

jejh U2
, s14d

where the normalizationN is chosen analogously to Eq.
s13bd. We then calculate partial spectra for the spin-up and
spin-down spinor componentsje; see the dashed and dash-
dotted lines in Fig. 7sbd. For the different QWs investigated
in this work, we show the partial oscillator strengthss14d in
the bottom panels of Figs. 3 and 4.

For the eight-component spinorss7d we obtain eight par-
tial oscillator strengthss14d. However, for the electron states,
the contributions of the valence-band spinor components are
very small so that they could not be resolved using the scale
of Fig. 7. sYet these spinor components are very important
for the correct absolute values of the exciton energies.22d The

partial oscillator strengthsf la,je
ê for the spin-up and spin-

down components of the electron states are essentially
equivalent to the corresponding partial oscillator strengths
f la,jh

ê of the HH and LH components of the hole states; see
Fig. 1. These partial oscillator strengths would be strictly
equal in a 636 model that neglects the split-off valence
bandG7

v.
Unlike for the partial oscillator strengthss13d, we get

from Eq. s14d a clear and simple decomposition of the spec-
tra. In particular, a comparison between the partial spectra in
Fig. 7sbd and the electron-spin polarization in Fig. 7sad
shows that each resonance can be labeled as an excitation of
either spin-up or spin-down electrons, consistent with Fig. 1.
In spite of the strong admixture of different hole subbands
visible in Fig. 7scd it is either the electron spin-upor the
spin-down componentsi.e., the HHor the LH componentd of
an exciton that is optically active. The reason why we get
much clearer results from Eq.s14d than from Eq.s13d lies in
the fact that the labeling of hole subbands as HH- or LH-like
ssee Fig. 8d is not rigorously justified, but it reflects merely
the dominant spinor component aroundk=0. For larger in-
plane wave vectors, the subbands are strongly affected by
HH-LH mixing. Yet the excitonss8d “try to avoid the
HH-LH mixing by selecting the spinor components as a
function of k from different hole subbands.” This is also the
reason why we can label most of the excitonic resonances by
pairs of electron and hole subbandssFig. 3d. This scheme
refers to the pairs of electron and hole subbands that contrib-
ute the largest aroundk=0. At larger wave vectorsk in the
expansions8d, the exciton states contain large contributions
from other subbands, too.

In spite of the fact that we can label the excitonic reso-
nances by pairs of electron and hole subbands, the oscillator
strengths of the individual resonances in Fig. 7sbd are very
different from those in Fig. 1. To illustrate this point, Fig.
9sad shows the oscillator strength of the HH1:E1s1sd and the
LH1:E1s1sd exciton as a function of well width while Fig.

FIG. 8. Hole subband dispersion curves calculated for the 198-
Å-wide QW.

FIG. 9. sColor onlined Calculated oscillator strengthsad for the
HH and LH transitions as a function of the QW width. The ratio
between the HH and LH oscillator strength is shown insbd.
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9sbd shows the ratio between these quantities. Only in the
limit of very wide QWs we approach the bulk value 3. The
ratio decreases with decreasing well width due to HH-LH
coupling. For energies larger than the HH1:E1 absorption
edgesE.1.535 eV for the 198-Å-wide QWd, the individual
peaks in the spectra are Fano resonances, i.e., they are de-
generate with the continua of excitons from lower subband
pairs. The peaks on top of the continua are thus less impor-
tant for the electron-spin polarization observed at these en-
ergies. The magnitude of the electron-spin polarization in
this regime is always smaller than 1.

The good agreement between the theory and the experi-
mental data has been demonstrated in Figs. 3 and 4. It indi-
cates that our basic assumptionPopt=Ps is justified. This im-
plies that the orientation of the electron spins is essentially
preserved when the electrons relax from the optically excited
high-energy states to a thermal equilibrium for their momen-
tum distribution.sOnly in narrow QWs the measured optical
polarization is smaller than the calculated electron-spin po-
larization due to initial spin relaxation.d

At a first glance, our findings suggest that in our experi-
ments electrons and holes relax independently from the op-
tically excited state to quasithermal equilibrium, the reason
being that in a single-particle picture the spin of the electrons
is a good quantum number.33 On the other hand, only exci-
tons with angular momentum quantum numberl = ±1 can
absorb or emit photons with polarizations±. With s+ polar-
ized light we thus excite only excitons with angular momen-
tum l = +1. If the excitons preserved the angular momentum
quantum numberl while they relax from the optically excited
states to thermal equilibrium, the measured optical polariza-
tion Popt would be the same like the polarization of the ex-
citing laser beam, independent of the energy of the laser.
This disagrees clearly with our experimental findings. We
note, however, that each doublet of optically active excitons
with l = ±1 is almost degenerate with a doublet of optically
inactive excitons withl = ±2 or l =0 sRefs. 22 and 34d. The
latter doublet is related to the optically active excitons by a
spin flip of the hole. The electron spin of the exciton state
sbut not ld can thus be preserved even if the hole spin of the
exciton is flipped. Therefore we cannot decide, based on our
experiments, whether electrons and holes relax indepen-

dently or whether they relax as a Coulomb-correlated exciton
state. Recently, two groups were able to gain information on
exciton formation dynamics in GaAs quantum wells by using
optical-pump THz-probe spectroscopy and time-resolved PL
on a very high quality quantum well.35,36

V. CONCLUSIONS

Using time resolved photoluminescence excitation spec-
troscopy and a multiband envelope function theory of exci-
tonic absorption based on the 838 Kane Hamiltonian, we
have studied the energy dependence of the initial degree of
spin polarization of optically created electrons in GaAs QWs
with different well widths. Taking into account Coulomb
coupling and HH-LH coupling between subbands was shown
to be essential to obtain good agreement between theory and
experiment for a wide range of excitation energies. The cal-
culated results differ significantly from the experimental data
if a frequently used simplified exciton model is applied that
neglects these couplings. This work therefore provides the
first quantitative picture of the optical orientation of electron
spins in GaAs QWs.

The good agreement between the measured degree of op-
tical polarizationPopt and the calculated spin polarizationPs
of the electrons indicates that our basic assumptionPopt=Ps
is justified. This implies that the orientation of the electron
spins issessentiallyd preserved when the electrons relax from
the optically excited high-energy states to a thermal equilib-
rium for their momentum distribution. In narrow QWs the
measured optical polarization is smaller than the calculated
electron spin polarization due to initial spin relaxation. How-
ever, this process is found to be essentially independent of
the energy of the exciting photons. Initial spin relaxation is
most effective for small excitation powers. For larger excita-
tion powers it becomes less important because of motional
narrowing.
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