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Abstract

Time-resolved optical-pumping experiments on p-type GaAs quantum wells are applied to study the spin polarization of a
two dimensional electron gas (2DEG) in the density range up to,5 × 1011 cm22. Two spin components of optically created
2DEG are well described by Fermi–Dirac distributions with a common temperature but different chemical potentials. The rate
of the spin depolarization of the 2DEG is found to be independent of the electron kinetic energy but accelerated by thermal
spreading of carriers. This acceleration is attributed to the opening of the phase space blocking for the exchange-type electron
spin-flip scattering with holes.q 1999 Elsevier Science Ltd. All rights reserved.
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A circularly polarized, near-band edge excitation of
a semiconductor permits the photo-creation of elec-
trons with a preferential spin orientation. The popula-
tion of spin-up and -down components can be
analyzed in polarization resolved emission. These
optical pumping experiments [1] offer a unique possi-
bility of studying the electronic spins in the absence of
an external magnetic field. Optical pumping studies
have been widely applied to various semiconductor
systems. However, they have been limited to the
range of low densities of photo-created carriers, thus
allowing the investigation of the spin dependent
processes for electrons, holes and excitons but
restricted to its single-particle properties. Only recent
works on excitons have raised the problem of the
properties of optically spin-aligned many-particle
systems [2,3].

In this paper we examine the spin-alignment of
two-dimensional electron gases optically photo-
excited in GaAs/GaAlAs p-type, modulation doped

quantum wells. Changing the excitation intensity
and/or temperature and taking advantage of the use
of time resolved spectroscopy, various regimes of
energy distribution of 2D electrons are investigated.
The spin-up and spin-down components of the photo-
created electron gas are found to be characterized by
Fermi–Dirac statistics with the same temperature but
different chemical potentials for the two components.
This is in contrast to the situation expected under
equilibrium conditions, i.e., the situation of common
chemical potential but differently renormalized band
edges for the two spin-unbalanced components of a
2DEG. The energy distribution of carriers (electrons
and holes) is found to be a dominant factor determin-
ing the rate of relaxation of spin polarization of the
optically aligned 2DEG. This rate is accelerated by
high carrier temperatures (high lattice temperature
and/or short times after the pulse excitation) but in
the case of a cold system it does not change as a
function of the electron kinetic energy (driven by
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the electron density). Such features reflect the essen-
tial physics involved in the process of electron scatter-
ing exchanging its spin with holes. The probability of
such scattering processes, being determined by the
available number of final electron and hole states is
significantly enhanced for highly nondegenerate
carriers.

GaAs/GaAlAs p-type modulation doped quantum
wells were chosen for the experiments since p-type
doping is advantageous for conventional studies of
electron spins. The circular-polarization resolved
emission gives a direct measure of spin alignment in
the conduction band, when spin-polarized electrons
recombine with nonpolarized holes which originate
mostly from doping. We investigated several struc-
tures with different well widths (of 30, 50, and
80 Å) and fabricated under different conditions (i.e.,
grown on [311]-GaAs substrate and modulation doped
with Silicon or grown on [100]GaAs substrate and
modulation doped with Beryllium), all of them,
however, showing very similar hole sheet concentra-
tions of , 3 × 11 cm22 and mobilities of the order of
5000 cm2V21 s21. The structures were initially char-
acterized with magneto-transport as well as polariza-
tion-resolved conventional (c.w., low power and low
temperature) magneto-luminescence. The results of
these experiments were used to determine the doping
level, to estimate the effective masses and energy gap,
and to evaluate the efficiency of optical spin align-
ment. Furthermore, the structures were investigated
with time resolved experiments (time resolution of 5
ps) using a standard up-conversion system equipped
with a tunable excitation laser and double monochro-
mator to disperse the up-converted signal. Thes1-
and s2-circularly polarized luminescence was
measured, for different excitation powers and lattice
temperatures, as a function of the emission energy and
the time delay after thes1-polarized excitation pulse.
We present here the results on the 30 A˚ -thick QW
grown on [100]-GaAs substrate, which was studied
in greatest detail, but our conclusions are also
confirmed by the experiments performed on the
other structures.

Representative experimental data obtained at rela-
tively low excitation powers are shown in Fig. 1. As
shown in the upper part of this figure, the variation of
the energy of thes1-excitation leads to changes of the
luminescence intensity which are clearly different for

the twos2 ands1 luminescence components. They
are particularly distinct when the excitation energy is
below the energy gap associated with the light hole
valence band subband (lh). Since the choice ofs1-
excitation below the light hole transition permits to
photocreate electrons with only one component of
spin (up"), the observed high intensity ofs1 lumines-
cence (which is a measure of the density of spin-up
electrons), as compared to thes2 luminescence,
(measure of the density of spin-down electrons), indi-
cates a relatively long electron spin relaxation time
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Fig. 1. Top: Photoluminescence excitation spectra for the 30 A˚ -
thick QW grown on a [100]-GaAs substrate unders1 excitation:
s1 (solid line) ands2 (dash–dotted line) polarized emission. The
emission is shown with a dashed line. Middle: Time evolution of the
luminescence recorded at 1.6815 eV and exciting at 1.717 eV for
s1 excitation: solid squares (s1 emission); open squares (s2 emis-
sion). Bottom: Polarization degree of the photoluminescence under
the same conditions as in middle panel. Inset: Electron-spin relaxa-
tion time as a function of lattice temperature.



t0"#. This time can be conveniently measured in time
resolved experiments (see Fig. 1). Here, the excitation
power is kept at the lowest possible level (1 W/cm2),
the energy of thes1-excitation is fixed below the lh
transition atEexc� 1:715 eV, the detection energy is
fixed at the maximum of the luminescence peak and
the lattice temperature is 10K. The measured time
evolution of theI11 and I12 intensities of thes1-
ands2-emission components as well as the calculated
decay of the polarization degreer � I112I12

I111I12 are
shown in the middle and lowest part of Fig. 1, respec-
tively. With the exception of very short times after the
excitation pulse, the time evolution ofr is well
described with a single exponential with a decay
time of t0"# � 550 ps, identified with the electron-
spin relaxation time. As shown in the inset to Fig. 1,
the increase of the lattice temperature leads to an
appreciable shortening of the electron spin relaxation
time.

The data shown in Fig. 1 represent a typical exam-
ple of the results used to determine the mechanism of
the electron-spin relaxation. This identification is
based on the comparison of experiments with theore-
tical estimates of the absolute values of spin relaxa-
tion time and/or its temperature dependence. Electron
spin relaxation in semiconductors is usually attributed
to either the existence of odd terms in the dispersion
relation of the conduction band (DP mechanism [4,5])
or to the exchange interactions between electrons and
holes (BAP mechanism [6]). In the case of the BAP
mechanism, an electron with wavevectork flips its
spin in the scattering process with a hole with a wave-
vectorp, giving rise to ak 0-electron and ap0-hole in
the final state. The efficiency 1= tBAP

"# �k� of such a
scattering process is proportional to the occupation
factor of initial hole states, the number of available
final states, and the square of the overlapuc�0�u2 of the
electron hole wave function in the initial state [6]:
1=tBAP
"# �k� �

P
p; k 0; p0 aBAPuc�0�u4�1 2 fk 0 �fp�1 2 fp0 � ×

d�Ek 1 Ep 2 Ek 0 2 Ep0 �, where aBAP gives the
strength of the exchange interaction,fx denotes the
corresponding distribution functions and thed-func-
tion accounts for energy conservation. Within a
simplified model, the corresponding efficiency of the
DP processes (in a 2D case) is proportional to the
product of the electron momentum relaxation time
tk and the square of the electron momentum
1=tDP
"# �k� � aDPk2tk, where aDP accounts for the

strength of the spin–orbit splitting in the conduction
band [4,5]. Structures similar to ours have been
previously studied [7,8] and both DP and BAP
mechanisms have been proposed to separately
account for the experimental data [9,10]. The estima-
tion of the spin relaxation rate is not an easy task. This
is particularly difficult in case of the DP mechanism
and p-type structures, since such an estimate requires
an assumption of the electron momentum relaxation
time, which is hardly verified in the experiments. Both
DP and BAP processes predict an increase of the effi-
ciency of the spin relaxation as a function of the elec-
tron momentum or electron kinetic energy. The origin
of this increase is quite straightforward in case of the
DP mechanism but it is more complex for exchange-
type scattering, since there is no explicitk-dependent
term for the BAP process. However, in the case of
electron with small momentumk and a degenerate
gas of holes, only holes in the vicinity of the Fermi
energy participate in exchange-type scattering. Elec-
trons with larger wavevectors and/or a nondegenarate
hole distribution allow for a larger number of avail-
able scattering events. As a consequence, in the case
of a diluted electron gas, both the BAP and DP
mechanism predict that the electron spin relaxation
time decreases as a function of temperature which is
in general agreement with the experiment (see inset to
Fig. 1). Nevertheless, a more accurate and quantitative
modelling of spin relaxation processes for the struc-
tures considered here is required to discriminate
between the two possible spin-flip mechanisms.

We believe that our results obtained under high
intensity excitation conditions give a new insight
into the physics of optically spin-aligned electronic
states. An intriguing experimental observation is
already seen in the lowest part of Fig. 1: a consider-
able drop of the polarization degree takes place at very
short times (t # 150 ps) and is followed by a slow
decay with a typical time of 550 ps. As shown in the
inset of Fig. 2, the initial loss of polarization is much
more pronounced for higher excitation powers.
However, a simple analysis of the degree of polariza-
tion at a fixed emission energy is not sufficient to
understand these results. In order to obtain more
information we have measured thes1 and s2

luminescence spectra in a wide spectral range for
different delay times (see Fig. 3) and for different
mean laser powers of 2.5, 10, 20 and 40 mW. For a
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high power excitation, and therefore high density of
photocreated electrons, the polarization degree of the
electron gas shows a marked spectral dependence and
therefore is more appropriate to consider the net polar-
ization of the electrons. Thus, in the following, the
polarization degree is defined with respect to the inte-
grated intensities of thes1 and s2-luminescence
spectra. The time evolution ofr is shown in Fig.
2(a) for different laser powers. Once more,
appreciable losses of the polarization, enhanced by
the excitation power, are observed at short times,
whereas a characteristic 550 ps exponential decay is
found for timest $ 150 ps. For the sake of deeper

understanding, we concentrate on the results obtained
under a mean power of laser excitation of 10 mW. Fig.
2(b) shows the time evolution of the total (sum ofs1

ands2 components) integrated luminescence inten-
sity. The intensity rises during the initial period of
about 150 ps and afterwards decays exponentially
with a characteristic decay of 230 ps, which is also
found in conventional measurements of the lumines-
cence decay at low excitation powers. We believe that
the rise of the total luminescence intensity and the
high losses inr observed during the initial period of
, 150 ps have the same origin, i.e. a strongly non-
degenerate distribution of carriers. In order to be more
quantitative and to obtain more detailed information
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Fig. 2. (a) Time evolution of the polarization degree obtained from
the integrated spectra for different powers of excitation. The lines
represent the best fit with a biexponential decay. Inset: Energy-
resolved evolution of the polarization degree at 1.6815 eV. (b)
Time evolution of the total integrated luminescence intensity. (c)
Open circles: time evolution of the carrier temperature; solid
circles: time evolution of the number of occupied hole states at
the top of the valence band.

Fig. 3. Left: Luminescence spectra measured at different time
delays after exciting withs1-polarized light. Solid (open) points
depicts1 (s2) polarized emission. The lines correspond to model-
ing described in the text. Right: Carrier distributions obtained to fit
the spectra shown on the left. Thin lines: schematic representation
of conduction and valence bands (axis top and right); thick lines:
distributions of spin up" electrons and holes; dashed lines: distribu-
tions of spin down# electrons (axis bottom and right).



about the energy distribution of both spin components
of the electron gas, we have simulated the measured
spectra,I1�2��"v�, by the broadened convolution of
Fermi–Dirac statistics for non-polarized gas of holes
and two spin components of the electron gas, assum-
ing the conservation ofk-selection rules:I1�2��"v 2
Eg� � I1�2��Ee 1 Eh� � A

R∞
0 f 1�2�

Ee
0 fEh

0Gg�Ee 2 Ee
0�

× d�ke
0 2 kh

0�dEe
0. HereEg is the energy gap;e�h�

stands for electrons(holes);I1�2� denotes the intensity
of s1 (s2) luminescence,Gg�x� is a Gaussian broad-
ening function with a broadening parameter,g of 7
meV, chosen to reproduce the low-temperature (4 K),
low-power, c.w. spectra,Ee�h� � "k2

e�h�=2me�h� is the
electron (hole) energy, where we assumedme �
0:075m0 andme=mh � 0:18.

An analysis of pairs ofs1 ands2 luminescence
spectra leads us first to conclude that each component
is well described assuming a common temperature for
the two electron spin components (and for holes), but
different values of the chemical potential. This means
that, under our experimental conditions, the exchange
interaction between electrons is unable to stabilize a
common chemical potential of the electron gas for the
two spin components. This latter situation might be
expected under equilibrium conditions and would
imply a difference in the renormalization of the
conduction band edges for the two spin components.
As a matter of fact the renormalization effects are very
weak in our experiments and all the spectra are fairly
well simulated assuming the same value for the
energy gapEg � 1:6815 eV. This is also seen by an
inspection of the low energy tail of the PL spectra in
Fig. 3. On the other hand, the attainment of a common
temperature for electrons and holes in a very short
time is expected and it is well documented in the
literature [11].

To reproduce the experimental results we made
special efforts to minimize the number of fitting para-
meters. We assumed that the time evolution of the
total electron concentration follows the decay of the
total luminescence intensity observed at sufficiently
long delay times, i.e.,n� n1 1 n2 � N0exp�2t=230
ps), in the case of the 10 mW-series. The initial elec-
tron concentrationN0 � 15× 1010 cm22 was found
by self consistent fitting of several spectra measured
at long delay times, and agrees within a factor of 2
with an estimation based on the absorption coefficient
and the laser power density on the samples.

Hole concentration was assumed to be
nh � n1 1 n2 1 n0

h, wheren0
h � 3 × 1011 cm22 origi-

nates from modulation doping. Electron concentra-
tions n1�2�, which define the corresponding
chemical potentials, were determined from the experi-
ment assumingn1

=n2 to be equal to the ratio of the
integrated intensities of thes1 ands2 luminescence.
Finally, a given pair of thes1 ands2 spectra was fit
with only two parameters: carrier temperature and a
proportionality factor,A, which was found to be
common for all the simulated spectra, within experi-
mental error. As shown in Fig. 3, our simulation satis-
factorily reproduces the measured spectra. The
splitting in the position of the PL maxima, which
amounts to 2.5 meV at 17 ps, is linked to the differ-
ences in the Fermi energies of spin-up and spin-down
electrons. This difference in the maxima increases to 6
meV at 17 ps when the power of the exciting pulse is
increased by a factor of 5. The resulting carrier distri-
bution functions are sketched on the right hand side of
this figure; the crossing of the dotted line, at occupa-
tion factor 0.5, with the Fermi distributions gives the
corresponding values of the Fermi energies at the
energy axis. The obtained time evolution of carrier
temperature, is shown in Fig. 2c (open circles). The
carrier temperature rises up to, 100 K just after the
laser pulse. This fact, in conjunction with the
measurements as a function of lattice temperature
(see inset to Fig. 1), accounts for the fast depolariza-
tion of electronic spins, induced by the laser power.
Our results confirm the high efficiency of carrier–
carrier interaction in establishing a common tempera-
ture for electrons and holes. Cold before excitation,
the gas of holes becomes nondegenerate almost
immediately after the laser pulse. This nondegenerate
character of the hole gas is illustrated in Fig. 2c (solid
circles), where the number of occupied hole states at
the top of the valence band is plotted as a function of
time. This result also explains the luminescence rise
shown in Fig. 2b.

High carrier temperatures, and the associated fast
depolarization of electronic spins, shortly after high-
power pulsed excitation, are not very surprising
though we show here for the first time that the degree
of spin polarization is a sensitive measure of carrier
temperature. On the other hand, it is interesting to note
that at long delay times (low carrier temperature), we
always observe a slow spin relaxation, independently
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of the excitation power, i.e., electron concentration.
From the spectral simulation we have, for example,
concluded that for a 40mW-power excitation and 175
ps after the laser pulse, the carrier temperature is 15K
and electron concentration is 2:5 × 1011 cm22. Under
these conditions both electrons and holes are degen-
erate and electrons flip the spin in the vicinity of their
chemical potentials (which are slightly different for
both spin up and spin down components). The elec-
trons flipping the spin have high kinetic energies
(EF=k � 90 K); however, the observed spin relaxation
time remains slow. This is in contrast to the case of
fast spin relaxation (short times) when the electrons
flipping spin have also high kinetic energy (raised by
temperature), but carrier distributions are more Boltz-
mann-like. We therefore conclude that fast spin depo-
larization in our structures is driven by the
nondegenerate character of carrier distribution and
not exclusively by the increase of the electron kinetic
energy. Such behavior can be understood in terms of
the BAP mechanism of the electron spin relaxation
but it is hardly accounted for by the DP processes
whose efficiency is directly related to the electron
kinetic energy. As can be deduced from our previous
discussion, nondegenerate carrier distributions favor
the efficiency of spin-flip electron scattering via the
exchange interaction with holes, in contrast, the avail-
able number of scattering configurations is appreci-
able reduced for the degenerate systems. Similar
results could be also expected in n-doped samples,
which have been shown recently to have long electro-
nic spin lifetimes [12], although the very fast spin
relaxation of photocreated holes [7,8] would render
the experiments much more difficult.

Summarizing, we have shown that strong effects,
nonlinear in the excitation power, observed in the
polarization of a photocreated electron gas originate
from nondegenerate carrier distribution at short times
after the laser excitation. Electron spin relaxation has
been found to be an inefficient process in case of a

high density but degenerate electron gas. An optically
aligned, spin-polarized electron gas can be well
described by two separate Fermi–Dirac distribution
functions, one for each spin component, with common
temperature but different chemical potentials. This
could have important consequences for spin-polarized
transport, a field growing dramatically in the last years
[13], and could yield new devices such as spin-
polarized field effect transistors [14].
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