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Direct Measurement of Exciton-Exciton Interaction Energy
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We report a direct measurement of the spectral function (real and imaginary self-energy) of excitons
with a repulsive interaction potential. These results allow a stringent test of many-body theories of the
exciton-exciton interaction which is independent of the exciton density calibration.
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The exciton-exciton interaction is notoriously difficult
to determine both theoretically and experimentally. In
contrast to atoms, for which the s-wave scattering length
is known to high precision, after 50 years of study a
definitive understanding of the exciton-exciton scattering
cross section is still lacking. In the case of atoms, the
nucleus can be treated as infinitely heavy compared to
the electrons, and exchange between the nuclei can typi-
cally be ignored; for excitons, the positively charged par-
ticle (hole) has mass comparable to that of the electron, and
one must take into account exchange not only between the
electrons but also between the holes and also, in principle,
between electrons and holes. The exciton is therefore in
some ways analogous to positronium, but the “gap” en-
ergy of positronium is 2mc?, which is much larger than the
interaction energies, while for excitons the gap energy is of
the order of an eV, which is not so far different from other
energies (typical Rydberg binding energies for excitons
range from 0.01 to 0.1 eV). Numerous theoretical works
[1-11] have estimated the exciton-exciton interaction for
various assumptions and systems, but direct comparison of
these predictions to experiment has been hard to come by.

The experimental situation has been nearly as difficult.
The main difficulty is the calibration of the exciton density.
Generating excitons involves absorption of photons with
uncertainties in the absorption coefficient and the effi-
ciency of exciton formation; detecting excitons via lumi-
nescence involves uncertainties in the rate of photon
emission, the light collection efficiency, and the rate of
nonradiative recombination processes. Intra-exciton-level
absorption has received attention [12-14] recently as a
method of calibrating exciton density, but it requires ex-
citon levels which are well separated from each other and
from other states, as well as calibration of the absolute
absorption. In general, the overlap of the excitonic region
of the spectrum with other electronic states such as
electron-hole plasma, biexcitons, trions, and electron-
hole liquid, each subject to both homogeneous and inho-
mogeneous broadening, can make it difficult to identify a
purely excitonic signal.
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In this Letter, we present experimental results for a
measurement of the exciton-exciton interaction which are
entirely independent of calibration of the exciton density.
Our results can be compared to theories of the exciton-
exciton interaction without needing to make any assump-
tions about the absolute exciton density. This is done by
establishing a relation between the spectral width and the
spectral shift, which is a function of temperature. Our
results show that the present level of theory is not adequate
to explain the data.

One thing which makes these experiments much simpler
than many previous experiments is the design of the
samples, which produces excitons with very long lifetime
(compared to their thermalization time), completely repul-
sive interactions, and no other nearby states. This structure,
known as a coupled quantum well, consists of two quantum
wells, in our case GaAs quantum wells with 120 A thick-
ness, with a thin, 40-A AlGaAs barrier between them.
When an electric field is applied perpendicular to the plane
of the wells, the electrons and holes move into adjacent
wells and form spatially indirect excitons. Since the car-
riers need to tunnel through a barrier to recombine, they
have an extremely long lifetime, in our case around 10 ws.
This allows us to use a standard time-gated, intensified
CCD camera with 5 ns time resolution to record the exciton
luminescence long after the excitons have been created by
a laser and have equilibrated to the lattice temperature. The
spatial separation between the carriers also means that the
interaction is completely repulsive [15]. This means that
there are no other nearby spectral lines corresponding to
other states such as biexcitons, trions, or electron-hole
liquid. This simplifies the analysis tremendously, since in
single quantum wells or bulk GaAs it is difficult to isolate
the purely excitonic luminescence from that of other states
at high density, while in our experiments there is a single
line. The indirect exciton binding energy in these structures
is approximately 4.5 meV [16].

The basic experiment is to create indirect excitons and
allow them to come to equilibrium with the lattice and to
measure the blueshift and broadening of the exciton spec-
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trum over a wide range of densities. The shift and the
broadening both depend on the same exciton-exciton in-
teraction potential. Since both are linear with density, the
ratio of the two will be independent of density. This ratio
can be measured as a function of temperature and the result
compared to theories of the exciton-exciton interaction.
Figure 1(a) shows typical spatially resolved spectra at
low density and high density, both taken at times long after
a quasi-cw laser pulse (chopped diode laser) with photon
energy tuned to the direct (single quantum well) absorption
resonance. The near-resonant excitation prevents any
charge-separation effects which are observed when the
excited carriers have high excess energy [17]. The excitons
have been confined in an in-plane harmonic potential, as
described in Ref. [18], to prevent diffusion out of the
observation region. Figure 1(b) shows spectra extracted
from the center of a similar trap, with 20 um spatial
resolution. These spectra were taken at different times,
as the density decreased due to exciton recombination.
Since the tunneling of carriers through the outer barriers
of the wells was very slow compared to the repetition
period of the laser pulses, the voltage across the wells
and the leakage current through the sample were essen-
tially constant in time and the same for all exciton den-
sities. It is important to use this method for varying density,
in which the time-averaged laser power remains constant,
because varying the laser power can change the tunneling
current, which in turn changes the effective voltage across
the wells, which in turn can give a shift of the exciton line
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FIG. 1 (color online). (a) Spatially resolved luminescence
spectra from indirect excitons in coupled quantum wells at 7 =
5 K, confined in a two-dimensional trap. (b) High-resolution
spectra of the indirect excitons at the center of a similar trap, for
three times after the laser excitation pulse, corresponding to
different densities. There is an overall energy shift of the late-
time spectral energy position relative to that of (a) because a
slightly lower applied voltage was used. The integration window
is 300 ns in all cases, much shorter than the exciton lifetime,
5000 ns in this case. All three spectra are normalized to unity.

unrelated to the exciton interactions. In these experiments,
the leakage current was very low, about 0.1 wA/cm?.

As seen in Fig. 1, there is a distinct spectral shift and
broadening with increased density. The shift is entirely to
the blue, as expected for repulsive exciton-exciton inter-
actions. The spectral linewidth and maximum can be found
by the best fit of a simple peak function to the data. In
Fig. 2, we plot the blueshift as a function of the total
spectrally integrated intensity at the center of the trap.
The shifts are measured relative to the t — oo value, that
is, the zero-density limit reached at times long after the
laser pulse. At long times after the laser pulse, the lumi-
nescence intensity can be taken as simply proportional to
the exciton density, because the radiative decay rate of the
excitons is constant. This is because the temperature of the
exciton gas does not change in time once the excitons have
reached equilibrium with the lattice [18].

In Fig. 2, the half width at half maximum of the spectral
line is plotted as a function of the blueshift, for two
temperatures. (Because the lifetime of the excitons de-
pends on temperature, the applied electric field was ad-
justed to keep the lifetime the same at all temperatures. The
electric field was still large enough in all cases, however, to
keep the lowest exciton state strongly in the spatially
indirect limit.) At late times, the linewidth becomes con-
stant. This zero-density limit is determined by the inho-
mogeneous broadening due to disorder and charged
impurities in the sample, as well as the homogeneous
broadening due to exciton-phonon interaction [19,20],
which depends on the temperature but not the exciton
density. Our values of the low-density linewidth of the
order of 0.5 meV are extremely low for a narrow quantum
well sample and correspond to high carrier mobility [21].
As density increases, one theory [22] predicts that the line
should narrow slightly due to filling of potential minima in
the disorder landscape by the excitons, but we have not
seen this effect under any conditions.
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FIG. 2 (color online). Half width at half maximum of the
exciton luminescence line as a function of the spectral shift at
two temperatures. The solid lines are fits of the theory discussed
in the text to the experimental values.
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The data in Fig. 2 are fit to the formula I' =

\/I%(T) + [a(T)AT, based on the assumption that the ho-

mogeneous broadening is convolved with the zero-density
linewidth I'y(7’) and that the homogeneous broadening and
the blueshift A are both linear with the density, and there-
fore the homogeneous broadening is proportional to the
shift with some constant of proportionality a(T). As seen in
this figure, at high density the increase of linewidth is
consistent with a linear dependence on the blueshift.
Note that to get the unitless constant of proportionality
a(T), we do not need to make any assumptions about the
absolute exciton density. In Fig. 3, we plot this constant as
a function of temperature. This unitless function is a gen-
eral result which should provides a test for many-body
theory of the interactions.

A straightforward, second-order theory of the interac-
tion can be written using an interaction of the form

_1 C — P Dat ot
Hin = 57 > Uk, — kiag ay ag ag, (1)

where we use boson operators a;g and aj for the excitons

[23]. Because the trap used in the experiments is macro-
scopic (~100 pwm compared to the exciton Bohr radius of
around 150 A), a local density approximation can be used.
The self-energy, to second order in U, is given by [24]
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where Z is the partition function. Using the Dirac
theorem 1/(E — in) = P(1/E) + iw8(E), the imaginary
second-order term becomes simply I' = h/27, where
1/7 is the out-scattering rate (27/h) Y. \U(lk, — K]) +
U(lk, — K5 )Pn(Ey)8(E, + E, — E|, — E}), with n(E) =
ne E/*sT /7 and n = N/A. The two real terms lead to an
energy shift of the exciton luminescence line, while the
imaginary term results in Lorentzian line broadening of the
form I(AE) = 2I'/[(AE)?> + T"?]. This second-order ap-
proach has been used successfully before to fit the line
shift and broadening in semiconductors due to interaction
with phonons [25,26]. Reference [20] found the contribu-
tion of exciton-phonon interaction in GaAs quantum wells
to the line broadening to be much less than 1 meV, con-
sistent with our zero-density data. The line shapes in our
experiments are not perfectly Lorentzian and have a slight
asymmetry at high density, as seen in Fig. 1(b). When
quantum statistics at high density come into play, this
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FIG. 3 (color online). The unitless slope of the spectral broad-
ening vs blueshift, from data fits like those of Fig. 2, as a
function of temperature. The green line is the best fit to a straight
line, which yields a = (0.029 * 0.008)7/K + (0.33 = 0.10).
The dashed blue line is the prediction of Ref. [11].

second-order approximation breaks down, as discussed
by Zimmermann [27]. In the experiments reported here,
the exciton density (for which we have an experimental
upper bound based on the total photon absorption) was
kept well below the density range where quantum statistics
should come into play.

A natural assumption is to take U as constant over the
range of k’s occupied by the excitons, since the average
thermal k at low temperature is smaller than 77/ay, where
ap is the exciton Bohr radius. In this case the second-order
real term vanishes, and the shift and broadening become
simply

A, =2Un, I' = 47|U|*nD(E), 3)

where D(E) is the density of states per unit area at the
average thermal energy. In these two-dimensional struc-
tures, the density of states is constant and equal to
gm/2mh?, where g is the spin degeneracy.

This straightforward approach, which works well for
exciton-phonon scattering, gives results which are strongly
out of accord with our exciton-exciton scattering data. If
the mean-field, first-order term A, is taken as responsible
for the observed blueshift of the data of the order of 1 meV
at densities around 10'° cm™2, the implied value of the
constant U gives a broadening of greater than 10 meV,
much more than the observed values. It also implies that
both A and I" are independent of 7, in disagreement with
the dependence seen in Fig. 3.

An improvement can be made by using a 7T-matrix
approach to take into account many-body correlations of
the excitons [11]. This approach gives the broadening and
blueshift of the luminescence comparable to each other for
realistic calculations of the coupled quantum well exciton
interaction, in agreement with experiment. However, this
theory also predicts that the ratio of the broadening to the
blueshift should be a decreasing function of temperature,
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while our experiments show that the ratio of the broad-
ening to the blueshift increases with temperature. Part of
the reason for the discrepancy may be a numerical error in
taking the ratios of two calculations. Both the blueshift and
the broadening (real and imaginary self-energy) in
Ref. [11] increase with temperature, but, according to those
calculations, the blueshift increases faster with tempera-
ture than the broadening. A change of the numerics at low
temperature might give a different ratio between the two.

Another recent theory [28], which uses a similar ap-
proach to Ref. [11], implies that the blueshift should be
proportional to nT'/? in the low-density limit and that
broadening due to fluctuations should be proportional to
n'/2T%3_ This gives the temperature dependence of the
ratio of the broadening to the shift proportional to 7'/3,
which is consistent with the increase seen in Fig. 3, but the
n~1/2 density dependence of the ratio is not consistent with
our observations.

In conclusion, these experiments, made possible by the
extremely low inhomogeneous broadening and disorder in
these samples as well as the extremely long exciton life-
time due to the coupled quantum well design, give a clean
set of data to compare to theories of the exciton-exciton
interaction, independent of any ambiguities of exciton
density calibration. Understanding the exciton-exciton in-
teraction is crucial for many nonlinear optical effects and
many-body theories of exciton behavior. Although basic
second-order theory of the self-energy of the excitons
implies the effects of blueshift and broadening for excitons
with repulsive interactions, a quantitative calculation of
these effects requires a fairly sophisticated many-body
theory. However, such a theory is not a multiparameter
theory, because we have a single, isolated spectral line
which has shape and position, i.e., spectral function, which
depend entirely on the interaction potential U(k), which in
turn depends only on known values of the electron and hole
mass. The recent 7-matrix theory [11] correctly gives the
real and imaginary self-energy as comparable but gives an
incorrect prediction for the temperature dependence.
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