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Time- and wavelength-resolved circular dichroism of the excitonic saturation in GaAs-
Al Ga~ As multiple quantum wells at room temperature is investigated using a degenerate excite-
probe method. For moderate excitation, the e8'ects of photogenerated carriers on the heavy-hole
exciton resonance are separately identified as the contributions of phase-space filling and Coulombic
effects (screening and line-shape broadening). These contributions are observed to be of a similar
magnitude. The induced circular dichroism of the exciton saturation was observed to decay with a
time constant of 50 ps, which is attributable to electron spin relaxation.

I. INTRODUCTION

Quantum-well devices are finding applications as pho-
todetectors, optical modulators, and all-optical switching
elements. However, one of the fundamental limitations
to the performance of these devices at high optical power
levels is the role of exciton saturation (the change in the
optical spectrum due to the presence of a high density of
photogenerated carriers) .

There are essentially two mechanisms which con-
tribute to exciton saturation; Pauli exclusion effects
such as phase-space filling and Coulombic effects such
as screening and the related exciton line-shape broad-
ening. Schmitt-Rink et al. considered the small sig-
nal reduction in the exciton oscillator strength due to
phase-space filling and Coulombic effects (not including
broadening) induced by an electron-hole plasma. In that
paper, the Coulombic effect on the oscillator strength
was split into two contributions; a long-range, classical
screening term (independent of the energy distribution
of the plasma) and a short-range term which was de-
noted as an exchange contribution (dependent on the
plasma energy distribution). It was subsequently shown
that the classical screening term is negligible in quantum-
well systems. This was verified experimentally using a
nonthermal electron-hole plasma generated by exciting
at a frequency well above the band edge (with 100 fs
resolution). s However, it was also shown that the remain-
ing Coulombic contribution (exchange) and the phase-
space filling contribution give rise to optical effects of
a similar magnitude. Unfortunately, this separation of
Coulombic terms (where one was shown to be negligible)
has led to the popular misconception that all Coulombic

effects are negligible compared to Pauli exclusion effects
in two-dimensional systems.

In order to investigate the different contributions from
Coulombic and Pauli exclusion effects it is necessary to
employ nonequilibrium carrier distributions. Exciting
into the continuum states allows the long-range screen-
ing effects to be separated; however, the other contri-
butions cannot be easily distinguished. An alternative
method of generating a nonequilibrium carrier distri-
bution is to use a circularly polarized pump to selec-
tively populate only one spin orientation. The heavy-
hole/conduction band transition in zinc-blende semicon-
ductors has selection rules which dictate that only one
spin orientation of the electrons and heavy holes is ex-
cited for a given orientation of circularly polarized light
(Fig. 1). The light-hole states consist of mixed spins and
do not have this restriction, and hence in bulk semicon-
ductors it is diKcult to achieve complete spin selectivity.
However, in quantum wells the heavy-hole/light-hole de-

generacy is lifted and complete optical spin selectivity is
possible.

Previous room temperature investigations of exeiton
saturation employed linearly polarized light and hence
the Pauli exclusion and Coulombic effects could not be
individually resolved. ' There have been a number of re-
cent studies at low temperatures using circular polariza-
tions. In particular, time-resolved excite-probe dichro-
ism measurements where a comparison was performed
between when excite and probe pulses were circularly
polarized in the same and opposite senses have been
employed. Stark et OI,. observed such a dichroism at
a temperature of 4 K, but as the excite wavelength was
above the light-hole exciton resonance, both spin states
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FIG. 1. Schematic showing the selection rules for the tran-
sitions from the heavy-hole and light-hole valence bands to
conduction band. The (j, m~) refer to the quantum numbers
for angular momentum and its component along one direction.
The cr+ and cr refer to the transitions excited by each sense
of circularly polarized light and correspond to Am~ = +1, re-
spectively, where the propagation direction is used to de6ne
mg 0

performed by using an excite-probe con6guration with
various polarization con6gurations, which allows the al-
teration of the occupation of phase-space while keeping
a constant carrier concentration. Two theoretical ap-
proaches will be taken to analyze the exciton saturation
dichroism. First, a full numerical solution of the Wan-
nier equation will be performed using the single plasmon
pole approximation for the screened Coulomb potential.
The effects of density-dependent broadening will also be
included in this approach and are essential to correctly
predict the wavelength dependence of the exciton satura-
tion. Second, an approximate analytical solution will be
obtained for the change in oscillator strength using a sim-

pler Debye screened potential. In this paper we will use
the term screening to apply to all processes which reduce
the Coulombic interaction, whether they be classical or
quantum mechanical in nature.

are excited (though unequally) and hence it is difficult to
make a quantitative statement. Bar-Ad and Bar-Joseph
used a wavelength such that only the heavy-hole exciton
is excited and hence obtained absolute spin selectivity.
In addition the longer delay times allowed the estimation
of both hole and electron spin relaxation times. However,
at low temperatures the carrier statistics are quite differ-
ent compared to room temperature. First, at low tern-
peratures, the excitons will remain un-ionized and hence
it will be exciton-exciton effects which dominate rather
than the plasma-induced exciton saturation applicable
at room temperature. For example, Bar-Ad and Bar-
Joseph obtain quantum beats between the exciton and
biexciton resonances when excite and probe pulses were
oppositely circularly polarized at temperatures of up to
60 K. Second, even if an electron-hole plasma could be
sustained, the carrier statistics would have a high degree
of degeneracy. As will be shown later in this paper, in
the Boltzmann limit (xnoderate excitation at room tem-
perature) the circular dichroisxn can be identified solely
with Pauli exclusion effects.

A number of different mechanisms have been proposed
to account for spin relaxation in semiconductors. The
two mechanisms believed to be dominant in quantum
wells' are as follows. (i) The mechanism proposed by
D'Yakonov and Perel' based on the fact that the degen-
eracy of the conduction band is lifted for crystals that
lack inversion symmetry, which is the case in III-V semi-
conductors. The spin splitting of the conduction band
can be considered as the source of a pseudomagnetic field.
This pertubating field causes the electron spins to pre-
cess, thereby providing a mechanism for relaxation. This
mechanism dominates at low acceptor concentration and
high temperatures. s (ii) The mechanism proposed by Bir,
Aronov, and Pikus based on an exchange interaction
between an electron and hole. In this process the elec-
tron and hole exchange spins through a magnetic inter-
action. This is believed to be the dominant mechanism
for high hole densities (e.g., heavily p-doped material or
high optical excitation) and low temperatures. ii i2

In this paper we consider the temporal and wavelength
dependence of the circular dichroism of the exciton sat-
uration at room temperature. Experimentally this is

II. EXPERIMENTAL

A. Description

The experimental system consisted of a cavity-
dumped, mode-locked Styryl 9 dye laser producing pulses
with a full width at half maximum of less than 1 ps at a
repetition rate of 7.6 MHz. The beam was split to form
excite and probe pulses, and by subsequent adjustment
of the probe path length, the time of arrival of the probe
pulses at the sample could be varied with respect to that
of the excite pulses. The excite and probe beams were
separately attenuated to average powers of 200 pW and
20 pW, respectively, and the excite beam was chopped
for subsequent phase-sensitive detection. These optical
power levels were low enough to ensure that the measured
transmission change was directly proportional to the ex-
cite power, while still having an adequate signal to noise
ratio. Each of these beams was passed through a suit-
ably oriented linear polarizer followed by a quarter wave

plate to produce either left or right handed circularly po-
larized light, or linearly polarized light. Three separate
excite and probe polarization con6gurations were used in
the following measurements: pump and probe of orthogo-
nal linear polarization (OLP), excite and probe circularly
polarized in the same sense (SCP), and excite and probe
circularly polarized in opposite senses (OCP).

The sample consisted of 120 periods of 6.5 nm GaAs
quantum wells surrounded by 21.2 nm Alo 4Gao 6As bar-
riers. The background doping was 10 cm p type. The
GaAs substrate was etched off, to allow measurements to
be made in transmission, and an anti-re8ection coating
applied to both of the sample's surfaces. Finally, the
structure was bonded on a sapphire base for the purpose
of mechanical stability and heat sinking. The carrier re-
combination time for this sample has been determined to
be 70 ns. Figure 2(a) shows the linear (low-power) trans-
mission of the multiple-quantum-well (MQW) sample.
Both the heavy-hole and light-hole exciton resonances
are clearly resolved at 830 and 821 nm, respectively.

In all the following excite-probe measurements, regard-
less of polarization, there is an observed increase in trans-
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mission at negative delays (when the probe pulse pre-
cedes the excite pulse). This background signal was ob-
served to be independent of the polarization of either the
excite or probe pulses. Additionally, at long wavelengths,
where there should be a negligible carrier density excited,
an increase in transmission is also observed. In the case of
the probe preceding the excite pulse, the previous excite
pulse precedes the probe by 130 ns; hence the background
signal is unlikely to be due to carrier effects. In addition,
decreasing the pulse repetition rate, while increasing the
laser power such that the energy per pulse incident on
the sample remained constant (i.e. , keeping the photoex-
cited carrier density constant but decreasing the average
incident power) reduced these background eKects leaving
the faster signals unaltered. It is assumed that the back-
ground signal is due to a combination of sample heat-
ing and scattering of the excite pulse. Hence, since it is
the carrier-induced effects which are of interest here, this
background signal (obtained at negative delays) will be
subtracted &om all the results.

B. Results

In order to investigate the wavelength dependence of
the exciton saturation dichroism, the probe pulses were

set to arrive just after (4 ps) those from the excite beam,
and the excitation wavelength was scanned across the
heavy-hole exciton resonance. This was performed for
each of three beam polarization configurations consid-
ered. The results of this are shown plotted in Fig. 2(b)
where the change in absorption is calculated from the
observed change in transmission AT by An oc AT—/T
where T denotes the linear transmission of the sample.
It can be seen in all three polarization cases that the ma-
jor feature is a decrease in absorption at the heavy-hole
exciton peak with a small feature giving an increase in ab-
sorption on the long wavelength side. The increased ab-
sorption on the long wavelength side of the exciton peak
can be explained by an increase in the linewidth. The
wavelength dependence shown here, however, is strongly
modified by the fact that this is a single-wavelength ex-
periment and the variation in linear absorption gives a
variation of excited carrier density with wavelength. In
an attempt to eliminate this carrier density variation,
we divide this absorption change by (T „—T) where
T „denotes the maximum measured linear transmis-
sion (occurring at the longest wavelengths used). This
should provide a rudimentary measure of the excited
carrier density (since the excite power level is held ap-
proximately constant). The calculated absorption cross
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FIG. 2. (a) The wavelength dependence of the linear
(low-power) transmission of the MQW sample. Both the
heavy-hole aud light-hole exciton resonances are resolved. (b)
The wavelength dependence of the change in absorption of a
probe pulse due to an excite pulse which precedes it by 4 ps,
for each of the three optical polarization con6gurations.

FIG. 3. (a) The absorption cross section obtained by divid-

iug the change in absorption shown in Fig. 2(b) by T —T
(which should give a measure of the excited carrier density)
obtained from Fig. 2(a) for each of the three opticai polariza-
tion configurations shown. (b) The circular dichroism of the
absorption cross section.
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section 0 (change of absorption coefficient per unit car-
rier density) is shown in Fig. 3(a), in which the long
wavelength features are enhanced. Figure 3(b) shows the
circular dichroism of this calculated absorption cross sec-
tion, o (SCP) —oo(OCP).

In order to investigate the temporal evolution of the
exciton saturation dichroism, the laser wavelength was
tuned to the heavy-hole exciton resonance and the change
in probe absorption was determined as a function of time
delay between excite and probe pulses for the three po-
larization con6gurations. These results are shown in Fig.
4(a). The scan with the beams orthogonally linearly po-
larized (OLP) is seen to have an initial decrease in ab-
sorption which then remains constant over the range of
time delays used in the experiment. However, when the
two beams have the same circular polarization (SCP) the
initial decrease in absorption is seen to be enhanced folss

lowed by a gradual absorption increase to the same value
attained in the orthogonal linearly polarized case. The
converse is true when the beams are oppositely polarized
(OCP). Now the initial magnitude of the decrease in ab-
sorption is reduced but then recovers to the same value
attained by the orthogonal linearly polarized transmis-
sion.

The laser was also detuned by 5 nm to the long wave-

length side of the heavy-hole exciton resonance. The
excite-probe scans as a function of delay are displayed
in Fig. 4(b). The OLP absorption is observed to in-

crease at this wavelength due to the eKects of density-
dependent broadening. The initial increase in absorp-
tion is larger for the OCP case (again attributable to
density-dependent broadening) but there is almost no ini-

tial change in absorption for the SCP case. In a similar
manner to the temporal scans at the peak of the heavy-
hole exciton resonance, the OCP absorption decreases
and the SCP absorption increases, both asymptotically
approaching the OLP value (which is essentially constant
on this time scale). However, these results di8'er &om
the previous set in that the long-lived component corre-
sponds to a small absorption increase.

In the case of the orthogonal linearly polarized beams
the excite pulse generates equal populations of spin up
and spin down electrons [Fig. 5(a)). The probe then ex-
amines both spin states, and while there is a decrease
in absorption due to the initial generation of the car-
riers, the recombination time is long in comparison to
the range of time delays used in the experiment and no
further change is observed in the transmission. How-

ever, in the case of circular polarized light, the selec-
tion rules associated with heavy-hole to conduction band
transitions determine that only one spin state is excited
(although the absorption coefficient has the same mag-
nitude as in the linearly polarized case). In the situa-
tion where both pump and probe are circularly polarized
in the same sense, the probe examines this same spin
state [Fig. 5(b)], and initially experiences a bleached
absorption. However, as the spins relax, the absorption
increases, returning to the same value as that produced
by the orthogonal linearly polarized beams when the spin
states are equally populated.

The presence of spin-independent and spin-dependent
contributions to the exciton saturation can also explain
the observed behavior in the case of opposite circularly
polarized beams. The probe now examines the spin state
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FIG. 4. The dependence of the change in probe absorption
with the delay time between excite and probe pulses for each
of the polarization con6gurations. (a) is obtained at the wave-
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the heavy-hole exciton peak.
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FIG. 5. Schematic showing the initial population of the two

spin states for each of the three polarization con6gurations
examined here (see text).
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unpopulated by the excite pulse [Fig. 5(c)]; consequently
there is a reduced initial decrease in absorption, which
recovers to the value of equally populated levels as the
spins relax. From our data obtained with resonant exci-
tation of the heavy hole we obtain a spin relaxation time
of 50 ps. This is slightly longer than the room temper-
ature measurement of Takeuchi et OL. , who obtained a
spin relaxation time of approximately 16 ps in a super-
lattice consisting of thinner GaAs wells but otherwise of
similar material composition. The longer spin relaxation
time in wider wells repeats the trend previously observed
at liquid helium temperatures. '

III. THEORETICAL

In order to understand these spin-dependent and spin-
independent contributions to the absorption saturation
we now consider the issue theoretically. We begin with
the screened Hamiltonian for a two-band, quasi-two-
dimensional semiconductor,

inary part is proportional to the absorption coefBcient.
The f; k (i = (e, h}) are the Fermi functions describing
the distribution of electrons (holes) in their energy bands.
It is assumed that the carriers thermalize much more

rapidly than the spins relax, so the spin bands are essen-

tially uncoupled and each f; k has its own quasichem-
ical potential p,,- . If 0. is the spin state populated by
the circularly polarized excite pulse then only f, k are
nonzero initially. The other spin states become occupied
later as the spins relax. A 6nite homogeneous linewidth p
is introduced to account for dephasing collisions. Strictly
speaking this quantity is dependent on the density in two

ways. First, as the carrier density increases, scattering
rates increase, giving an increase in p. But simultane-
ously the carrier-carrier scattering, which is nothing but
the Coulomb interaction, is screened, thereby reducing
the impact of any collision. The overall eKect is still an
increasing p with total carrier density which we take
to have a phenomenological square root dependence (in
two dimensions).

The real part of the self-energy is given by

'8 = ) E.,ko„ok,~+) Eh, ,kb „
k, cr k,o

1 ~ w f+— ) ) V, (q) [ak+ ak, , ak ak
k,o,k', cr' qgO

+ k+g, o' k' —g, n' k', cr' k cr
t t

t t
2ak+~—bk, ~,bk ~ ak~]

The single-particle energies E, k, Eh, k are assumed to
have parabolic masses m, and mh. ak, bk are the
annihilation operators for electrons and holes with spin
0, respectively. V, (q) is the Fourier transformed, quasi-
two-dimensional, screened. Coulomb potential.

The interaction Hamiltonian describing the coupling of
the light to the polarization is, in the dipole approxima-
tion,

Ek, , = ) f.. .kV, (k —k') + ) V, (k') —V(k'). (4)
k'

The 6rst of these summations is conventionally termed
screened exchange and is dominated by changes in the
chemical potential (i.e., phase-space filling) at low car-
rier densities. The second summation is conventionally
termed Coulomb hole and is given by the departure of the
screened Coulomb potential from its unscreened value.
Within the single plasmon pole approximation V, (q) is
given by

V. (q) = +(q)V(q)
e(q)

1 1

e(q) ~ + ~/[KI" (q)] + ~,'l~,'i'

'Rg = ) [dkE (t)akt bt k + c.c.],
k

(2)

A. Numerical solution of the Wannier equation

where E (t) is the probe optical field and dk is the dipole
moment [proportional to the modulus of the interband
moxnentum matrix element ~p„,(k)~] which is assumed
constant for this calculation.

with

2
(d P

27I )~ d7l~ ~

&O . ~Pi, c
X)CT

, ) *' qF(q),
'tits

2

2(m, + mg)
'

f 2~x'~. ..1
1 —exp

Following the steps used to calculate the semiconduc-
tor Bloch equations we can calculate the generalized
Wannier equation

t~ —E.,k —Ea,k —W+ ~k, ,] Xk, ,
(~ fe,a»k fh, crz, k)

dk + ) V, (k —k')yk
kl

for the polarizability y(he@) = pk dkyk whose imag-

n; is the two-dimensional density in each band
i = (e, h},(7 = (g, $} and T the plasma temperature.

V(q) is the unscreened two-dimensional Coulomb poten-
tial.

The form factor E(q) represents the deviation of the
Coulomb potential from a perfect two-dimensional po-
tential.

+"(~) = f '*f «'(A(*)~i*~(4*(.')(*~ ""* *
'
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The superscripts indicate that, strictly speaking, the
electron-electron and electron-hole interactions are dif-
ferent. However, if the electron and hole remain well
confined by the heterostructure it is a good approxima-
tion to take F(q) corresponding to an infinite well of
thickness L. In this case the confined electron and hole
envelope functions are identical, yielding

8+()=
/3 pl n 4z (1 —e lal~)

x I + 11)
q2L 2 (q2L, 2 + 4&2) )

We solved Eq. (3) by discretizing the k points on four
Gaussian quadrature intervals and solving the resulting
set of (typically 110) linear equations numerically. The
equilibrium densities n; are an input to the calculation
and define the appropriate chemical potentials.

There are three cases of interest corresponding to OLP,
SCP, and QCP orientations and we consider initially only
times before any spin relaxation has occurred. Room
temperature, T=300 K, and a well width of 6.5 nm are
used. For the densities shown the broadening (p) doubles
between zero and the maximium density.

Calculated absorption spectra for the three orienta-
tions are shown in Figs. 6(a)—6(c). In the OLP case
[Fig. 6(a)], both spins are excited equally and there are
significant contributions to the exciton saturation both
from screening and phase-space filling. The exciton peak
is bleached with no spectral shift of the peak. Induced
absorption is seen below the exciton resonance as a con-
sequence of the density-dependent broadening. In Fig.
6(b) we show the OCP case and here the behavior is quite
difFerent. There is no phase-space filling, only screen-
ing of the exciton. Hence only the Coulomb hole con-
tributes to the self-energy (Zi, „). The exciton binding
energy is also reduced by the screening of the electron-
hole interaction. This leads to a small redshift due to
band gap renormalization and a small reduction in the
oscillator strength due to the screening of the exciton.
However, the effects of the density-dependent broadening
dominate giving a predicted absorption decrease at the
exciton peak and an absorption increase on the low en-

ergy side of the exciton. In the SCP case, Fig. 6(c), the
blocking of absorption into occupied states contributes
to the bleaching as in the OLP case. Both screened ex-
change and Coulomb hole contributions to the self-energy
(Zi, ) are significant and phase-space filling both lim-
its the absorption into occupied states and modifies the
exciton absorption resonance. The exciton binding en-

ergy is also modified by the screening of the electron-
hole interaction, but again any spectral shift is masked
by the effects of the density dependent broadening. This
behavior is very similar to Fig. 6(a) but now w'ith an
increased contribution from phase-space filling. On the
low &equency side of the exciton resonance for low carrier
densities, Coulombic efFects dominate at room tempera-
ture and the absorption increases with increasing density.
However, at higher densities, phase-space filling becomes
the dominant process and an absorption decrease is pre-
dicted.
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FIG. 6. The calculated excitonic absorption in the pres-
ence of an electron-hole plasma at a temperature of 300
K for (a) electron-hole population equally distributed be-
tween spin states (OLP), (b) electron-hole population entirely
within the opposite spin state to that probed (OCP), aud (c)
electron-hole population entirely within one spin state corre-
sponding to the probe polarization (SCP). The six curves cor-
respond to the carrier densities nao =0 (solid), 0.05, 0.1, 0.2,
0.3, and Oa4 gjving a decreasing peak absorption as indicated
in (a). The frequency is normalized to the three-dimeusional
(3D) excitou Rydberg ER.

In Fig. 7 we compare the three cases for the same
density and plot the absorption changes in each case. A
comparison with Fig. 3 shows that all the experimental
features are refiected in the calculated absorption cross
section.

To model the infIuence of the spin relaxation on the ab-
sorption we allow the density, initially in one spin state,
to relax exponentially into the other until equilibrium
is achieved. The absorption changes are calculated as a
function of time for a particular total density in both of
the OCP and the SCP cases. A total carrier density of
n;a02 ——0.2 is chosen (where the density is scaled by the
three-dimensional exciton Bohr radius ao ——eeh /e p, eo
is the dielectric constant and p, is the reduced effective
mass). Initially the population is all in one spin state
and the eventual equilibrium state is half this population
in both spin states. Time is given in units of the spin
relaxation time.
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The numerical results for the temporal evolution of the
absorption change are shown in Fig. 8(a) at the exciton
peak absorption wavelength, and in Fig. 8(b) for a wave-

length on the low energy side of the exciton resonance. In
both cases it is found that after the initial excitation the
SCP signal increases and the OCP signal decreases, both
tending to the equipopulated spin signal corresponding to
the OLP case. It is also found that this OLP equilibrium
signal corresponds to an absorption decrease at the peak
of the exciton resonance but to an absorption increase
at longer wavelengths due to increased broadening. This
behavior corresponds to the experimental results in Fig.

B. Analytic approximation using Debye screening

Both the theoretical and experimental results suggest
that even in the absence of any phase-space filling (the
OCP case) there is a substantial absorption change for
GaAs quantum wells at room temperature. This con-
trasts strongly with the widely held notion that screen-
ing is unimportant in two-dimensional systems. In order
to see this more transparently, a perturbative approach

will be employed where only small signal changes to the
oscillator strength for the 1s exciton transition are con-
sidered. This will be suf6cient to describe qualitatively
the density-dependent changes to the absorption at the
exciton peak. For a more complete wavelength depen-
dence of the density-dependent absorption changes, the
above numerical approach must be taken.

The oscillator strength fq, (essentially the area under
the exciton absorption resonance) is proportional to the
probability of finding both an electron and hole in the
same incremental volume, fq, oc ~gq, (r = 0)~, where2

Qq, (r) is the exciton (hydrogenic) wave function. In the
following approach the quantum-well system will be ap-
proximated by a two-dimensional model of a semicon-
ductor. In this limit, the binding energy of the exci-
ton is four times its three-dimensional value E& ——4E~.
The three-dimensional binding energy can be expressed
in terms of the Bohr radius as ER = li2/2yao. However,
due to the 6nite width and height of the wells typical
exciton binding energies in quantum wells are typically
only a factor of 2—3 times the three-dimensional value.
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FIG. 7. (a) The calculated change in excitonic absorption
from Fig. 6 for a carrier density nao = 0.2 for the OCP, SCP
(solid lines), and OLP (dashed line) polarization cases. (b)
The circular dichroism of the change in exciton absorption.
These results are broadly in agreement with the equivalent
experimental result shown in Fig. 3.
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FIG. 8. The calculated absorption change as a function
of time (scaled to the spin relaxation time v, ) assuming a
simple exponential spin relaxation process. The density is

nas = 0.2. (a,) corresponds to the peak exciton absorption
(hu —Es) = 2.7Ea and (b) is on—the long wavelength side
of the exciton resonance (~ —Es) = 6En In both c—ases.
the triangles show the evolution of the OCP signal, the circles
show the evolution of the SCP signal, and the solid line is the
OLP signal, which is also the asymptotic limit of the other
two signals.
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The two-dimensional exciton wave function is given by

&i (r) = 2 / 2r1—exp
/

——/.
ap g ap)

To calculate the eEects of screening, the Coulomb po-
tential in the exciton Hamiltonian will be replaced with a
screened potential determined using the Debye model for
a two-dimensional semiconductor. This can be obtained
from the single plasmon pole screened potential given by
Eq. (6) by ignoring the higher order term in q and set-
ting the form factor to be unity, i.e., e(q) = (1+ lc/q).
This gives for the real space two-dimensional screened
potential

gi, (r = 0) m ) (1 —f.,i
—fi, ,i) Qi, (k)) (16)

where gi, (k) is the Fourier transform of the unperturbed
exciton ls wave function [Eq. (12)],

exciton is formed out of the plasma plane wave states.
If these plane wave states are occupied by &ee carriers
then they are unable to contribute to the exciton states.
Therefore for finite carrier densities, the following substi-
tution must be made in the determination of the exciton
oscillator strength:

e 1 J' dq do()r)
e r p q+rc

where JD is a Bessel function of the first kind and the
two-dimension& screening wave number I); is given by
Eq. (9). For high temperature and low carrier densi-
ties n; « m;IrgT/h, (which is the situation for the ex-
periments described in this paper) this expression can be
somewhat simplified by making use of Boltzmann statis-
tics,

ER2D
apK = z ) ap(n;g+n;t)

QT
e,h

2D@R 2 2D
+0+total &

KgC
(14)

where we use f and $ to denote the two spin states and
have scaled to the three-dimensional Bohr radius and
two-dimensional exciton binding energy. Note that in
the Boltzmann approximation, the screening wave num-
ber is independent of the relative populations in each spin
state, only depending on the total plasma carrier den-
sity. This is not surprising since in this approximation
the distribution of carriers with energy does not change
as the relative spin populations vary (keeping the total
density constant). However, at lower temperatures or
higher carrier densities the required carrier statistics will
have a higher degeneracy and there will be a dependence
on the relative spin populations. The screened exciton
Hamiltonian [Eq. (13)] can be solved variationallyzi or
numerically z for the ls state. From the change in the
wave function Qi, at r = 0 in the limit of small screening
wave number a0~ && 1, the relative change in oscillator
strength can be determined as bfi, /fi, ——ap));/2. Us-
ing the above Boltzmann approximation for the screening
wave n»mber gives the relative change in exciton oscilla-
tor strength due to screening as

bf» EF z 2D
g I g 0 total
J ls 6

This expression for the relative change in oscillator
strength in the Boltzmann limit is identical to the ex-
change term (short-range screening) of Schmitt-Rink et
aL2

The phase-space filling contribution to the change in
exciton oscillator strength results from the fact that the

Since phase-space filling is a consequence of the Pauli
exclusion principle, it will only contribute where the ex-
citon and plasma have the same spin states. Using the
Boltzmann form for the carrier statistics results in the
following expression for the relative change in oscillator
strength:

bfi,
1s

~&@R ~= —z) apn, F~ ~)(m; IcsT )
(18)

where 0 refers to the spin state and

Il (z) = +size I' (—1/2, z) . (19)

It is clear from Eq. (18) that the small signal .rel-
ative change in the exciton oscillator strength is di-

rectly proportional to the plasma density in the same
spin state. For the same total carrier density but in
the cases of being completely in the opposite spin state
(OCP), being equally distributed between the two spin
states (OLP), and being completely in the same spin
state (SCP), a ratio of the phase-space filling signal of
0:1:2 is expected. In contrast the screening contribu-
tion is independent of the relative ratio of spin state
occupancy, just depending on the total excited plasma
density. For GaAs wells at room temperature, the rele-
vant parameters are estimated as kgT=25 meV, ER =9
meV (taking the observed binding energy rather than
four times the three-dimensional value in a similar man-
ner to Ref. 2), m, =0.067mp, m1, =0.34mp. The screening
contribution to the relative change in oscillator strength
gives bf / f = —0.367rapnioi~~. In the case of equal popula-
tions in each spin state (OLP), summing the electron and
hole contributions to phase-space filling gives a relative
change in oscillator strength of bf/f = —0.17vrapni i i.
That is, the predicted change in the exciton oscillator
strength for GaAs quantum wells at room temperature
from screening is roughly double that of phase-space fill-
ing for linearly polarized light (i.e., equipopulated spin
states). For the three experimental configurations dis-
cussed here the predicted oscillator strength changes are
—0.36ma0ntotal ~

—0.53vra0ntotal, and —0.70ma0ntotal for
the OCP, OLP, and SCP cases, respectively. These values
can be compared with the peak absorption cross section
both for experiment [Fig. 3(a)] and for the numerical
approach [Fig. 7(a)) to confirm that Coulombic effects
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(spin-independent signal) and phase-space filling (spin-
dependent signal) are of similar magnitudes in GaAs
quantum wells at room temperature.

IV. DISCUSSION

For GaAs quantum wells under moderate optical exci-
tation at room temperature, the circular dichroism (spin-
dependent portion) of the exciton saturation signal is now
seen to solely arise &om phase-space filling whereas the
spin-independent portion derives &om the Coulombic ef-
fects of exciton screening and broadening. Hence, in the
case of opposite circularly polarized beams, initially only
Coulombic effects (reduction of the oscillator strength
through screening and line-shape broadening) contribute
to the exciton saturation. For the other two configura-
tions, the eKects of phase-space filling are also perceived,
with the effect being increased in the case of the same
circularly polarized beams in comparison to the case of
orthogonally polarized beams.

It is anticipated that the different contributions to ex-
citon saturation should have different spectral signatures.
It has been shown that the eEects of phase-space filling
and exciton screening are to reduce the oscillator strength
and hence reduce the optical absorption over the whole
exciton line shape. The effect of line-shape broadening,
on the other hand, causes a reduction in optical absorp-
tion near line center but an increase in absorption in the
wings of the exciton, in such a manner that the area un-
der the exciton line shape remains constant. Thus, line-
shape broadening is the only mechanism which can give
rise to an increase in absorption in the present configu-
ration due to a photogenerated plasma and its eKect will
be restricted to the wings of the exciton resonance. It is
then clear &om Fig. 2 that in the case of the opposite
circularly polarized beams (where only the effects of ex-
citon screening and broadening contribute to the exciton
saturation), the effects of broadening must be present as
there is an increase in absorption in the wings. It is not
clear from the estimated absorption cross section whether
a reduction of oscillator strength due to screening can be
inferred &om the present experimental data. Ideally a
two-wavelength excite-probe setup could be employed to
investigate this further (as the excited carrier density will

be independent of the probe wavelength).
It has been shown that the circular dichroism in the

heavy-hole exciton saturation arises solely from phase-
space filling. The measured dichroism [Fig. 3(b)] has a
line shape which re8ects the original exciton line shape,
i.e. , the major eKect of phase-space filling is a reduction in
oscillator strength. It is also interesting to note that the
linear/circular dichroism of the exciton saturation [e.g. ,

0 (OLP) —0 (OCP)] is one-half of the circular dichro-
ism in accordance with the predictions of Eq. (18).

The different spectral signatures are also observed in
the varying time delay data sets. At the peak of the
exciton resonance [Fig. 4(a)], both the contributions to
exciton screening and broadening give an absorption de-
crease so both the spin-dependent (phase-space filling)
and spin-independent portions of the signal give a de-

crease in absorption. It is also important to note that
the relative magnitudes of the contributions from phase-
space filling and Couloinbic effects (exciton screening and
broadening) are comparable, in broad agreement with
our theoretical predictions. In the wings of the exciton
resonance, however, the contributions to the absorption
change from exciton screening and broadening have op-
posite signs. In the particular case examined in Fig. 4(b),
the effect of line-shape broadening has the greater magni-
tude and hence the spin-independent portion of the signal
gives an absorption increase. The spin-dependent (phase-
space filling) contribution, however, still corresponds to
an absorption decrease, giving rise to the observed be-
havior where there can be some cancellation from the
two efI'ects. An example of this is the SCP case on the
long wavelength side of the exciton resonance where at
zero delay the observed change in the absorption is neg-

ligible [Fig. 4(b)].

V. CONCLUSIONS

In conclusion, we have made room temperature, time-
resolved measurements of the changes in transmission
produced by excitonic saturation at various wavelengths
in the vicinity of the heavy-hole exciton resonance. By
varying the polarization of the excitation pulse (with re-

spect to the probe pulse), we have been able to alter the
occupation of phase-space while leaving the carrier con-
centration constant.

A theoretical analysis indicates that for small ab-

sorption changes and for the applicability of Boltzmann
statistics, the circular dichroism of the exciton satura-
tion can be attributed solely to phase-space filling (i.e. ,

a consequence of Pauli exclusion). In the same limit,
when excite and probe pulses are circularly polarized in

the opposite sense, the observed exciton saturation can
be attributed solely to Coulombic efI'ects. Thus we have

demonstrated both experimentally and theoretically that
the relative contributions to the exciton saturation in

GaAs quantum wells at room temperature &om phase-

space filling and Coulombic efFects are of a similar mag-

nitude. This refutes the popular misconception that
Coulombic efI'ects are unimportant for GaAs quantum
wells at room temperature.

The absorption changes both at the peak of the heavy-

hole exciton resonance and on the long wavelength side

of the resonance were measured. The observation of an
absorption decrease at the peak but an absorption in-

crease on the long wavelength side of the resonance is

indicative of a density-dependent broadening. From the
measured absorption cross section [Fig. 3(a)], it is clear
that this additional Coulombic process is very signifi-

cant. In the numerical approach the efFect of a density-

dependent broadening is included, albeit empirically. It
is demonstrated that the inclusion of density-dependent
broadening can provide an increase in absorption that
opposes the absorption decrease from phase-space filling

on the long wavelength side of the resonance [compare
Figs. 4(b) and 8(b)].
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