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We have observed a large spin splitting between ‘‘spin’’11 and21 heavy-hole excitons, having unbal-
anced populations, in undoped GaAs/AlAs quantum wells in the absence of any external magnetic field.
Time-resolved photoluminescence spectroscopy, under excitation with circularly polarized light, reveals that,
for high excitonic density and short times after the pulsed excitation, the emission from majority excitons lies
above that of minority ones. The amount of the splitting, which can be as large as 50% of the binding energy,
increases with excitonic density and presents a time evolution closely connected with the degree of polarization
of the luminescence. Our results are interpreted on the light of a recently developed model, which shows that,
while intraexcitonic exchange interaction is responsible for the spin relaxation processes, exciton-exciton
interaction produces a breaking of the spin degeneracy in two-dimensional semiconductors.
@S0163-1829~96!53036-5#

The spin dynamics of low-dimensional semiconductor
heterostructures has been studied intensively both
experimentally1–6 and theoretically7–9 in the past decade.
One of the most intriguing findings, first observed by Damen
et al.1 in time-resolved photoluminescence~TRPL! spectra,
is the appearance of an energy splitting between excitons
with spin 11 and21,10 in the absence of any magnetic
field, whenever circularly polarized light is used to excite the
system. The breaking of the spin degeneracy at high exci-
tonic densities was confirmed by pump-and-probe
experiments,2 and later on by TRPL.3,4,11 Closely related to
this behavior of spin-polarized excitons is the existence of a
blueshift of excitonic transitions, observed in pump-and-
probe experiments in GaAs quantum wells~QW’s! under
high excitation.12,13 This shift has been attributed to the re-
pulsive interaction among excitons due to the Pauli exclusion
principle acting on the Fermi particles forming the
excitons.14,15In a recent publication,9 we have shown that, in
the case of spin-dependent populations, interexcitonic inter-
action produces a breaking of the spin degeneracy in two-
dimensional excitons. This mechanism is complementary to
the intraexciton exchange, which induces the spin
relaxation.8

We present in this work new experimental results on spin
splitting of heavy-hole~hh! excitons in intrinsic GaAs quan-
tum wells and compare the energies of the interacting-
excitons system with theoretical calculations based on the
model described in Ref. 9. We have used a sample consisting
of 50 periods of 77-Å-wide GaAs wells and 72-Å-wide
AlAs barriers, which presents a small Stokes shift between
the emission and the absorption~2.5 meV at 2 K and very
low exciting power!. The Stokes shift allows us to perform
quasiresonant excitation experiments, i.e., detect in the peak
of the photoluminescence while exciting in the ground-state

absorption peak. In spite of the presence of this shift, the
sample exhibits dynamical properties comparable to those of
very-high-quality samples.6

TRPL spectra have been measured with a standard up-
conversion setup, using a double monochromator to disperse
the up-converted signal. The exciting light, obtained from a
Styryl 8 dye laser synchronously pumped by the 532-nm line
of a mode-locked Nd:YAG laser, was circularly polarized by
means of al/4 plate, and the photoluminescence~PL! was
analyzed into itss1 and s2 components using a second
l/4 plate before the nonlinear crystal, where the up-
conversion takes place. Spectra were taken at different times
delays with the sample mounted in the cold finger of a
temperature-variable cryostat. The time resolution of our
system is 5 ps.

Figure 1 depicts time-resolved PL spectra at 8 K taken 10
ps after the excitation withs1 pulses for two different den-
sities, 431010 and 1.531011 cm22, with the laser at 1.625
eV. The solid points show the polarized (s1, spin11! emis-
sion while the open circles correspond to the unpolarized
(s2, spin21) luminescence. With this quasiresonant exci-
tation, an energy splitting of 2.5 meV is clearly seen between
the two peaks in Fig. 1~a!. Increasing the excitation density,
both a broadening of the lines, which increases from 12 to 18
meV, and a strong enhancement of the splitting is observed.
The splitting is mostly due to the redshift of thes2 polarized
emission and exhibits marked time and excitation-energy de-
pendences.

The time dependence of the polarized~solid points! and
unpolarized~open points! photoluminescence is shown in
Fig. 2 for two different excitation energies and an initial
carrier density of 531010 cm22. At short times, the splitting
amounts to 4 meV exciting at 1.631 eV, below the light-hole
~lh! exciton~diamonds!. However, if the excitation is moved
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at energies above the lh it becomes only 1.2 meV~1.681 eV,
circles!. We have found that the splitting is strongly corre-
lated with the degree of polarization (P) of the lumines-
cence. Time-resolved measurements on the same sample
have shown thatP at t510 ps amounts to 80% and 20% at
1.631 eV and 1.681 eV, respectively.6 The behavior of the
peak positions of the PL with time, seen in the figure, is
common for all excitation energies: the polarized~unpolar-
ized! emission shifts towards lower~higher! energies with
increasing time until both emission bands merge at;150 ps.

Figure 3 shows the dependence of the energy positions of
the luminescence on the initial carrier density. The numbers
in the abscissa have been estimated from the absorption co-
efficient of the sample, the power density, the area in which
the laser beam is focused, and the losses in the windows of
the cryostat, and are subjected to substantial uncertainties.
Under the conditions presented in the figure, 12 ps after the
excitation at 1.631 eV, thes1 emission remains practically
constant, while thes2 luminescence redshifts with increas-
ing carrier density up to;731010 cm22. For higher carrier
densities the energy of the unpolarized emission stays con-
stant. The solid lines correspond to the calculation of the
excitonic energies according to the method described in Ref.
9, which takes into account interexcitonic exchange interac-
tion and screening. The changes in the energies of the inter-
acting11 and21 excitons with respect to the energy of a
single exciton are written analytically as

E652~n61 f n7!~ I 12I 2!2
0.82pe2na

e
, ~1!

where n is the total density of excitons,n6 are those of
61 excitons, e the dielectric constant anda the three-
dimensional Bohr radius.I 2 describes a ‘‘self-energy’’ cor-
rection that weakens electron-electron and hole-hole repul-
sion. I 1 is a ‘‘vertex’’ correction that, due to the Pauli
exclusion, reduces the interexcitonic electron-hole attraction.
The term involvingf is a small coupling between61 exci-
tons, essentially due to valence-band mixing. Since a13/2
(23/2) hole has a small coupling with a21/2 (11/2) hole,
a hh11 (21) exciton has weight mainly on21/2 (11/2)
electrons but also some weight on11/2 (21/2) electrons.
The last term in Eq.~1! is a screening correction using the
random-phase approximation.

Using the expressions forI 1 andI 2 given in the Appendix
of Ref. 9, with e513 for GaAs and neglecting the smallf
term, Eq.~1! can be rewritten as

E6 ~eV!52.214310216a ~Å !

3@1.515n6 ~cm22!20.41pn ~cm22!#.

~2!

In the lines of Fig. 3, the energy of a single exciton,
corresponding to the limitn→0, has been taken as the ex-
perimental energy of the11 exciton at the lowest carrier
density used in the experiments (;6.53109 cm22). A
three-dimensional excitonic Bohr radius of 150 Å and an
initial degree of polarizationP580%, corresponding to
n15 0.9n and n25 0.1n, have been used to compute the
curves. The assumption thatP does not depend onn is cor-
roborated by previous TRPL experiments.6 The results are
plotted up to 9.531010 cm22, where a saturation of the split-
ting of the photoluminescence is observed.

The theory obtains a very good agreement with the ex-
periments fors1 emission and agrees qualitatively with the

FIG. 2. Time evolution of the excitonic energies fors1 ~solid
points! ands2 ~open points! emission at two excitation energies:
1.631 eV (L) and 1.681 eV (s), for an initial carrier density of
531010 cm22. The exciting light wass1 polarized.

FIG. 1. Low-temperature, 8 K, time-resolved PL spectra of a 77-
Å-wide GaAs QW taken 10 ps after the excitation withs1 polar-
ized light at 1.625 eV. The solid~open! points depict thes1

(s2) emission. Initial carrier density:~a! 431010 cm22, ~b!
1.531011 cm22. The arrows indicate the blue~red!shift of thes1

(s2) luminescence.
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dependence of thes2 luminescence. The flatness of the cal-
culated position for the polarized (s1) PL arises from an
almost perfect cancellation of the self-energy, the vertex cor-
rection, and the screening in Eq.~2! for E1. On the other
hand, the theory predicts a less pronounced redshift of the
unpolarized (s2) PL with increasing carrier density than
that observed experimentally, and does not reproduce the
saturation of the shift. These discrepancies between the ex-
periments and the calculations can originate from different
sources:~i! the theory depends on excitonic density, while
the experiments are plotted against carrier density, which is
not necessarily the same as the excitonic one, especially at
high densities when the number of created excitons saturates;
~ii ! the densities have considerable uncertainties in their es-
timation; ~iii ! the theory assumes free excitons with zero ki-
netic energy, while the excitons are actually weakly bound,6

and have some excess energy because they are not strictly
created under resonant conditions;~iv! the theory considers a
strictly two-dimensional system while the actual one has a
width in the growth direction. This last approximation dis-
torts the relative importance of exchange versus Hartree in-
teraction.

The interdependence between the magnitude, and also the
sign, of the splitting andP is further demonstrated in the
inset of Fig. 3, which depicts the shift of the PL peaks versus
initial carrier density, exciting at the lh exciton witht512 ps.
In this case, we observe that the unpolarized emission~open
triangles! lies at slightly higher energies than the polarized
one~closed triangles!, in concordance with the small, but not

negligible, value ofP, which amounts to210%.6 The nega-
tive value ofP corresponds to the fact that exciting at the
lh-exciton energy withs1 polarization, after relaxation of
21/2 lh to 3/2 hh, the population of21 hh excitons is larger
than that of11 hh excitons. The adequacy of the theory to
explain the experimental results is also confirmed by the re-
sults obtained with Eq.~2! for P5210%, which are de-
picted in the inset as solid (s1) and open (s2) squares for
an excitonic density of 9.531010 cm22. Although the theory
gives again a less pronounced dependence~not shown! on
excitation power than the experimental one displayed in the
inset, it obtains that both excitons redshift. Furthermore, the
calculated shift of the11 excitons and the splitting amount
to 2 meV and20.4 meV, respectively, in very good agree-
ment with the experimental values.

The theory predicts@neglecting the second term in Eq.
~1!# that the splitting between11 and21 excitons is pro-
portional to the difference between spin-up (n1) and spin-
down (n2) populations and therefore proportional to the de-
gree of polarization @P5(n12n2)/(n11n2)#. This
dependence is also borne out from the experiments, as shown
in Fig. 4: the time dependence of the splitting~solid points!
and of the degree of polarization~open diamonds!, for a
carrier density of 531010 cm22, are strongly correlated and
both show a monoexponential decay with a time constant of
40 ps. When then1 andn2 populations become comparable,
and thereforeP→0, the splitting vanishes as a consequence
of the convergence of the11 and21 excitons towards the
same energy, as predicted by Eqs.~1! and~2!. The reduction
of P with time arises from spin-flip processes of the exci-
tons, which are believed to be driven by exchange interaction
between the electron and hole composing the exciton.1,8 This
intraexcitonic exchange interaction does not break the sym-
metry between spin11 and spin21 excitons and has a very

FIG. 3. Energies of the polarized (s1, solid points! and unpo-
larized (s2, open points! luminescence as a function of carrier
density. The positions are taken 12 ps after the excitation at 1.631
eV. The lines represent the results of Eq.~2!. The inset shows the
dependence on carrier density of the split luminescence at 10 ps
after the excitation at the light-hole exciton energy. The squares
show the predictions of the theoretical model and the dashed lines
are a guide to the eye.

FIG. 4. Time evolution of the PL splitting (d) and polarization
(L) for an initial carrier density of 531010 cm22 exciting at 1.621
eV. The dashed line depicts the best fit to a monoexponential decay
with a time constant of 41 ps.
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weak influence in the exciton energy levels, but it is respon-
sible for the time decay of the splitting.

Finally, we would like to mention that the experiments
corroborate the theoretical predictions concerning the rela-
tive strength of the electron-hole vertex (I 1) and of the
electron~hole!-electron~hole! (I 2) self-energy corrections:
the splitting grows with increasing initial carrier density cor-
responding toI 1 /I 256.28/4.76.1 @see Eqs.~A4! and~A12!
in Ref. 9#. The possible reversal of this inequality by an
external perturbation could have important consequences in
the state of polarization of the excitonic gas. The variation of
the total energy with the degree of polarizationP can be
written as

]ET

]P
5
2e2n2

ea
~ I 12I 2!~12 f !P. ~3!

Taking into account thatf!1, if I 1.I 2, Eq. ~3! predicts
that the system prefers to have zero polarization because
there it attains an energy minimum. However, if an external

perturbation, such as strain, electric field, etc., could cause
that I 2.I 1 then the excitonic gas would prefer to be
polarized.16

In summary, we have shown that the spin splitting ob-
served in a polarized two-dimensional exciton gas originates
from the interexcitonic interaction among electrons and
holes, forming the excitons. The magnitude of the splitting
depends on the process of excitonic formation, it grows with
increasing excitonic density and is firmly correlated with the
degree of polarization of the system. Its time evolution is
determined by the additional intraexcitonic exchange inter-
action.
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