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The spectral autocorrelation for a set of over 400 near-field photoluminescence spectra of a narrow quantum well has been evaluated. It is compared with a microscopic model of an exciton in a
disorder potential. The analysis provides strong evidence for quantum mechanical level repulsion
and allows a quantitative estimate of the microscopic disorder features. The concept of participation ratio is invoked to quantify the exciton center-of-mass localization lengths. These turn out to
be broadly distributed and increase rapidly with energy.

The connection between the spectral broadening of an exciton line in a quantum well
(QW) and the presence of structural disorder has been known for two decades [1]. The
center of mass (COM) of the exciton is subject to energy fluctuations originating from
interface and alloy disorder present in the heterostructure. Consequently, exciton states
are randomly localized with an inhomogeneous distribution of eigenenergies. Within
certain approximations, the inhomogeneous exciton can be mapped onto the more general problem of a quantum mechanical particle in a disordered potential [2]. Despite
this connection and the accurate existing experimental characterizations [3–5], however,
the interpretation of experiments is mostly of qualitative and empirical nature, often
involving the concept of potential wells of typical lateral extension where the exciton
COM gets trapped.
Recent spatially-resolved techniques [6], such as micro-PL and near-field scanning
optical microscopy (NSOM) [7], have allowed to study the exciton spectrum on very
small areas of the sample, with a size of the order of 200 nm. They allow to resolve the
sharp emission lines originating from the few localized excitons present in such small
regions. By performing a statistical correlation analysis of many such spectra it should
be possible, as we have suggested [8], to extract very precise quantitative information
on the disordered system, namely the quantum mechanical level repulsion. Level repulsion arises from the quantum mechanical nature of the system which prevents spatially
overlapping localized eigenstates of the system from being close in energy.
In this work, we combine state-of-the-art near-field spectral data obtained from a
single QW with a detailed theoretical analysis based on the numerical solution of the
Schrödinger equation for the exciton COM in a disordered, spatially correlated poten1
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tial. The evaluation of the average autocorrelation function of spatially resolved spectra
and the comparison with the corresponding simulated quantity provide the first quantitative evidence of level repulsion for a QW exciton. The theoretical model allows then
to study the distribution of exciton sizes as a function of energy.
In our experiments, NSOM with a combined spatial and spectral resolution of
150 nm and 100 meV is used to obtain spatially resolved photoluminescence (PL) spectra. The excitation energy and excitation power coupled into the fiber probe had values
of 1.96 eV and 800 nW, respectively. As a model system, we investigated a 3 nm thick
GaAs/Al0:5 Ga0:5 As quantum well grown on a GaAs (311)A substrate [9] at a sample
temperature of 20 K. In Fig. 1 results from the PL experiments are summarized. The
near-field PL spectra recorded with high spatial and spectral resolution are dominated

Fig. 1. a) Exciton PL spectrum obtained averaging the 432 near-field spectra. b) Typical near-field
spectrum measured at various excitation intensities
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by a set of spectrally sharp and intense emission lines. In contrast, the spatially averaged
PL spectrum is characterized by a 15 meV broad structureless emission band (Fig. 1a).
Panel b) shows one typical near-field spectrum measured for different excitation intensities coupled into the fiber. The spectral structures are practically unchanged within this
intensity range. This rules out biexcitonic effects in the spectral autocorrelation.
A QW exciton, subject to in-plane energy fluctuations smaller than the exciton binding energy, can be described as a point particle moving in an effective potential with
finite spatial correlation [2]. Thus, the eigenstates of the corresponding two-dimensional
Schrödinger equation are localized. As a consequence of quantum mechanics, two spatially overlapping eigenstates are unlikely to have a very small energy separation, in the
same way as for the well known avoided level crossing. On the contrary, states which lie
spatially far apart are allowed to be quasi-degenerate. It is possible to quantify this
feature by introducing the spectra autocorrelation function Rc ðDEÞ ¼ RðDEÞ  R0 ðDEÞ,
where
Ð

ð1Þ
RðDEÞ ¼ dE In ðEÞIn ðE  DEÞ ;
Ð
R0 ðDEÞ ¼ dEhIn ðEÞihIn ðE  DEÞi :
ð2Þ
Here, the notation h  i denotes the average over the measured spots in the experiment
or over an ensemble of disorder realizations in the simulation. The quantity In ðEÞ represents the n-th optical spectrum of the ensemble under consideration. In our theory,
we simulate the optical density spectrum, which under the present conditions is expected to provide the same information as the PL spectrum [10]. The quantity RðDEÞ
represents the average distribution of energy-level distances weighted by the optical
strengths, while R0 ðDEÞ is its uncorrelated counterpart. By subtracting the two quantities, the contribution from pairs of uncorrelated levels cancels out and only those pairs
of states whose relative distance is below their localization length contribute.
We would like to stress at this point that level repulsion does not imply the existence
of a characteristic repulsion energy, as sometimes believed. This is true only in the
strong localization case, in which most of the eigenstates are localized in a single valley
of the potential. Assuming that the various potential minima have similar shape and
size (e.g. in self-organized quantum dot samples), a typical energy separation is likely to
arise in such a scenario and Rc ðDEÞ might be peaked at this energy value. However, if
the system displays weak localization and the localized states span many potential fluctuations, the random shapes and positions of the states prevent the system from displaying a preferential energy splitting and level repulsion will result in a broad negative
feature of Rc ðDEÞ at DE ! 0 [11].
Our simulations are based on the one-particle Schrödinger equation with a disorder
potential having an average amplitude s and a spatial correlation length x [10]. The
equation has been solved numerically over a square domain with 130 nm lateral size for
many different realizations of the random potential. The autocorrelation function has
been evaluated using Eqs. (1) and (2) and introducing a Lorentz broadening of the
spectra which account for the homogeneous exciton linewidth and for the finite energy
resolution of the experiment. The same equations have been used for the analysis of
the experimental data. The parameters s and x have been adjusted to fit the experimental autocorrelation curve, obtaining s ¼ 5:3 meV and x ¼ 17 nm. The results are
shown in Fig. 2. The agreement between theory and experiment is striking. The thin
curve shows the theoretical result without introducing a Lorentz broadening. Here, the
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Fig. 2. Spectral autocorrelation function
Rc ðDEÞ. The arrow on the vertical axis denotes a Dirac delta function, which is part
of the simulated autocorrelation without
line broadening (thin line)

level repulsion appears as a dip for
DE ! 0. In addition, a delta-function is
present denoting the contribution from
the self-correlation of each exciton level. By introducing a Lorentz broadening, the delta function and the level repulsion dip are smeared out, and only
a shoulder remains in the autocorrelation function. The broadening used for
the theoretical curve is consistent with
the linewidth of the spikes as measured
in the individual near-field spectra. In
absence of quantum mechanical level
repulsion, we would expect a classical
result in which Rc ðDEÞ is determined
by the correlations in the potential only. This result is shown in Fig. 2 as a dotted line
for comparison. The marked difference with the experiment supports our interpretation
in terms of quantum mechanical level repulsion.
The magnitude of the level repulsion dip is related to the spatial extension of the
relevant COM wave functions. However, with the present model, and knowing the values of the parameters s and x, it is possible to extract more detailed wave function
information. As an example, we evaluate the exciton localization length La via the
participation ratio [12]
Ð 4
L2
ð3Þ
a ¼ ya ðRÞ dR ;
where ya ðRÞ is the a-th eigenstate of the exciton COM motion. Figure 3 shows the
computed La as a function of the energy across the exciton spectrum. The dots are
computed over 10 potential realizations, while the line is an optically weighted average.
Two important features emerge from this plot. First, the exciton localization length is
much larger than the potential correlation length x ¼ 17 nm, proving that the wave
functions are localized over several minima of the disorder potential. In particular, this
is inconsistent with an interpretation of level repulsion as being related to a single characteristic exciton size. Second, the localization length varies strongly as a function of
energy and even for a given energy it is broadly distributed. This suggests that the idea
of a unique exciton localization length for a given system, often claimed in the exciton
literature, is highly inappropriate.
In conclusion, we have studied the autocorrelation function of many near-field exciton PL spectra obtained from a single QW by means of a microscopic theory of an
exciton in a disordered QW. Our result is the first quantitative characterization of quan-
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Fig. 3. Exciton localization length La (circles). The full line is the optically-weighted average of La
as a function of energy. The histogram is the corresponding averaged exciton optical density as
obtained from the simulation

tum-mechanical level repulsion. This phenomenon is generally predicted to occur in all
low-dimensional disordered systems. Our analysis could therefore be the starting point
for a systematic spectroscopic approach to the properties of disordered systems.
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