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Coherent nonlinear optical spectroscopy of individual excitons in GaAs quantum dots is demonstrated
and shows strong similarities with atoms in their coherent optical interaction, unlike higher dimensional
heterostructures. The nonlinear response is dominated by an incoherent contribution (saturation) and
a coherent contribution (population pulsations) of the single dot and compares well with present
theory. The data shows that energy relaxation and dephasing rates are comparable, reflecting the
absence of significant pure dephasing, and also demonstrate the presence of interdot energy transfer.
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Recent studies of electron-hole excitation in quantum
dots (QD) show the consequences of three-dimensional
confinement including atomiclike d-function density of
states and increased exciton binding energy and oscillator strength. Using photoluminescence (PL) and various microprobing methods to eliminate spectral blurring,
numerous groups have now reported sharp line spectra
and excited states of individual QD’s similar to atoms
[1–4]. In this paper, we combine the breakthrough of
single QD probing with the power of nonlinear optical
spectroscopy in semiconductors [5] to observe the coherent nonlinear optical response of a single exciton confined
in a QD potential. The measurements show the coherent nonlinear interaction with light is atomiclike in nature
revealing that the dominant nonlinearity is state filling as
predicted in earlier theoretical studies [6]. The work opens
up a new direction of research for direct measurements of
exciton dynamics in QD’s (e.g., dephasing, energy relaxation, interdot coupling, etc.) and optical nonlinearities as
well as taking the first step in the direction of demonstrating coherent control and fast switching for novel applications [7]. The data provide a measure of the energy
relaxation rates and the dephasing rate and show the absence of significant pure dephasing processes at low temperature. The data also show the contribution to energy
relaxation in some dots due to interdot energy transfer.
Probing a single exciton demonstrates coherent optical
coupling leading to population pulsations of single dots at
frequencies above 15 GHz. The measurements show the
profound effects of the complete discretization of the energy spectra to the resonant nonlinear response [6] demonstrating the similarity of these dots with atomic systems
beyond linear response.
Measurements are made at T  6 K on a narrow s42 Åd
single molecular-beam epitaxy (MBE) grown GaAs quantum well with 250 Å Al0.3 Ga0.7 As barriers. Growth interrupts at the interfaces lead to the formation of large
monolayer-high islands [8] which localize excitons in QD
0031-9007y98y81(13)y2759(4)$15.00

potentials that are 15 monolayers thick with lateral dimensions on the order of 40 nm [3]. Excitons in isolated QD’s
are probed by exciting through a 0.2–2.5 mm aperture in
a 100-nm-thick Al mask deposited directly on the sample
surface [3]. The sample is attached to a sapphire disk
(c-axis normal) and the substrate removed with a liquid
etch. Earlier PL and PLE studies of these structures have
shown well-defined optical resonances of single quantum
confined excitons characterized by an atomiclike spectrum
of excited states determined by the details of the confinement potential [3].
The experimental approach to high resolution frequency
domain coherent nonlinear laser spectroscopy in semiconductors has been discussed in numerous measurements
(see, for example, [9]). Similar measurements in this system are challenging because of the low signal level from
a single exciton and the relatively large background noise
due to scattering from the metalized aperture. There is
also a nonresonant background contribution to the nonlinear response, possibly arising from excitation outside
the quantum well region (e.g., such as in the GaAs support layer.) Hence, a more sophisticated experimental
approach was developed for these measurements and is discussed in detail elsewhere [10]. Briefly, the measurements
are based on the use of two independently tunable optical fields, E1 sv1 d and E2 sv2 d, supplied by two cw single
frequency dye lasers which simultaneously excite the aperture. The lasers are frequency locked to separate temperature stabilized Fabre-Perot reference cavities and have a
bandwidth of less than 1 MHz (4 neV) and a mutual bandwidth of 3 MHz. The fields are linearly polarized and
parallel to a 110 axis to avoid complications due to fine
structure splitting [3,11]. The relatively slow nonresonant
background nonlinear response is suppressed by the use of
high frequency amplitude modulation of the optical fields
at 100 MHz and 100 1 d MHz, respectively. The signal
field, generated by the third order induced optical polars3d
ization, PNL  z x s3d E1 E1p E2 where x s3d is the nonlinear
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susceptibility and z is a constant, is then homodyne detected with the transmitted E2 sv2 d field and provides a
nearly background free signal. Physically, this measurement is similar to traditional differential transmission measurements when v1 , v0 (where E1 is the pump and E2
is the probe) except, as discussed below, for the important limit jv1 2 v2 j & Grel , where Grel is the energy relaxation rate; here, the effects of coherent coupling in the
spectral response become important showing atomiclike
behavior with new physical information.
The fully degenerate (i.e., v1  v2 ) nonlinear response
as a function of frequency, which reports on the spectrum
of the nonlinear excitation, is shown in the top curve
in Fig. 1(b). For comparison, Fig. 1(a) shows the PL
spectrum excited at 1.633 eV. In many cases, resonances
seen in the PL (as extensively discussed in [1–3]) are also
seen in the nonlinear spectrum. However, we note that, as
in the comparison between PL and PLE spectra [3], there

FIG. 1. (a) The PL spectrum through a 0.5 mm aperture at
low resolution s,50 meVd. ( b) Top curve: the fully degenerate
nonlinear spectrum (i.e., v1  v2 ). Bottom curves: The
nonlinear response as a function of v2 when v1 remains fixed
at the position indicated by the arrow. (See test for discussion
of resonance at vg ). (Right inset) The power dependence
of the signal. (Left inset) A Lorentzian squared fit to a high
resolution degenerate nonlinear response.
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are differences between the spectra which reflect important
details of the electronic excitation. Indeed, the relative
magnitude of the nonlinear spectral response depends not
only on the dipole coupling and linewidth as in the linear
response (absorption), it also depends on the inverse of
the energy relaxation rate, as the analysis below shows.
Resonances in the degenerate NL spectra can be well fit
to a Lorentzian squared [Fig. 1(b); left inset] as expected
from the analysis for isolated homogeneously broadened
excitons.
For a simple resonant system, the signal strength of the
nonlinear response goes linearly with intensity I1 because
the homodyne-detected lowest order contribution to the
nonlinear response corresponds to the third order susceptibility [right inset of Fig. 1(b)]. At higher powers the
response saturates and leads to power dependent spectral
linewidths. All spectral data were obtained in the low
power linear region. From the slope of the linear region,
the imaginary part of the third order susceptibility is determined to be Im x s3d , 0.03 esu, assuming a localization
length of order 40 nm [3].
One of the particularly powerful features of coherent
nonlinear spectroscopy is that it probes the existence and
nature of interactions; for example, in higher dimensional
systems, this spectroscopy method shows the presence of
strong exciton-exciton interactions due to Coulomb coupling (see, for example, [12]). In QD systems, we see that
the strong confinement leads to profoundly different behavior. The three lower spectra shown in Fig. 1(b) are
obtained by fixing the frequency of E1 sv1 d at the resonances vA , vB , and vC located by the open arrows
corresponding to resonances in the degenerate nonlinear
response and scanning the frequency of E2 sv2 d. The experiments, which report on the response at v2 induced by
the excitation at v1 , show that in general only the directly
excited dots have a strong response indicating the lack of
interactions between excitons formed in different QD’s.
Tuning v1 off the QD resonance reduces the signal to the
background level. It also shows (described in detail in
Fig. 2) that the dominant nonlinearity is state filling, which
results in a saturation of the effective oscillator strength.
We do not observe contributions from line broadening or
frequency shift characteristic of other many-body effects
seen in higher dimensional systems [12]. The data, in addition, are profoundly different from studies in wide quantum wells where exciton localization is weak and phonon
assisted migration leads to spectral diffusion and excitation of a broad energy distribution of localized excitons at
lower energy [13]. We note that measurements with orthogonal polarizations (discussed in detail elsewhere [10]),
while leading to complications due to fine structure splitting [3,11], do not show the changes in intensity or dephasing rate seen in quantum wells [14].
Further information regarding the interaction with coherent radiation and the nature of the electronic excitation is obtained by measuring with high resolution
the line shape of the response as a function of v2 for
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jv2 2 v2 j & Grel and v1 , v0 where h̄v0 corresponds
to the transition energy of a specific resonance. Under
these conditions, the effects of coherent optical coupling
become important and lead to new physical measurements. Figure 2 shows the spectra obtained as a function
of v2 for detunings of v1 relative to the peak of the resonance sv0 d. Interestingly, the data show that the peak
tracks v1 but occurs between the peak of the degenerate
s3d
P̃NL

22jmj4 i Ẽ1 Ẽ1p Ẽ2

s8h̄3 d sg 1 iD2 d
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nonlinear response and v1 . In addition, a strong asymmetry develops as the detuning from resonance increases.
To provide physical insight we examine the nonlinear
polarization to third order in the optical fields. As
previously reported [6], the expression is very similar to
that for a two-level system in the limit of fully resonant
excitation in which nonresonant contributions can be
ignored (e.g., the biexciton [1,15]):

!
!#
√
21
Grec
1
1
1
,
1 c.c. 1
1
g 1 iD1
Grel 1 isD2 2 D1 d g 2 iD1
g 1 iD2

where sẼi d represents the amplitude of the field i, m
is the dipole moment, and Di is the detuning of the
field i from the resonance v0 . Grel corresponds to the
recombination rate due to spontaneous emission and other
decay processes such as energy transfer, etc.; T221 ;
g  Grel y2 1 gph is the dephasing rate of the optically
induced coherence (in analogy with the inverse of the T2
time scale in spin systems [16]). gph is the so-called pure
dephasing due to processes that affect only the relative
phases of the eigenstates of the transition (elastic phonon
scattering, etc.) without resulting in energy relaxation.
The homodyne detected response reports on the imaginary
contribution to Eq. (1).
The first term in the above expression is the usual term
in standard pump-and-probe experiments where the field,
E1 sv1 d, excites the system leading to a change in the
absorption and dispersion reflecting the saturation of the
resonance. The change, proportional to E1 sv1 dE1p sv1 d,
is sensed by the field E2 sv2 d. As can be seen from

FIG. 2. High resolution spectrum of the degenerate (upper
curve) and nearly degenerate nonlinear response of a single QD
resonance as a function of D2  v2 2 v0 for fixed detunings
of D1  v1 2 v0 (located by the arrow). The data show a
clear tracking of the peak of the response, though lagging, with
the position of v1 . (Solid lines are a guide to the eye.)

(1)

the denominators of Eq. (1), the peak of the response
as a function of v2 occurs at v0 and does not track
with the pump frequency. The second term corresponds
to a coherent interaction in the sample and arises from
the optical response induced by the coherent coupling
between the two fields. This contribution, proportional
to E1p sv1 dE2 sv2 d, leads to a temporal modulation of the
excitation (population pulsations [16]), at the difference
frequency v2 2 v1 .
Figure 3 shows the calculated spectrum for the degenerate and nearly degenerate response for two limiting cases.
In both cases, the degenerate response is given by the
square of a Lorentzian whose width is given by g. In
the absence of pure dephasing sgph  0d, Fig. 3(a) shows
the nearly degenerate response is Lorentzian squared when
v1  v0 , but develops into an interference line shape with
the peak of the response following but lagging v1 . A similar result is obtained when gph is comparable to the energy

FIG. 3. The nonlinear response obtained from the imaginary
part of Eq. (1) for both the degenerate case (top curves), and
various nondegenerate cases. The response is plotted as a
function of D2  v2 2 v0 for fixed detunings of D1  v1 2
v0 (located by the arrow) for two limiting cases: (a) gph  0
and ( b) gph  10 Grec . The shading in ( b) differentiates
between the two resonant contributions.
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relaxation rate. However, when gph ¿ Grel y2, we find
that the nearly degenerate response develops a sharp resonance on top of a much broader resonance. The width
of the narrow resonance is given by the energy relaxation
rate, while the width of the broad resonance is given by
g. Moreover, the broad resonance is centered at v2  v0
while the sharp resonance occurs at v2  v1 .
A comparison between Figs. 2 and 3 shows that the
response is similar to the case of Fig. 3(a), hence we
conclude that gph & Grec . Furthermore, the peak of the
nearly degenerate response tracks v1 but occurs between
v0 and v1 . This is different from the spectral hole burning
that is observed in inhomogeneously broadened systems
[13]. The behavior in Fig. 2 confirms that the system is
homogeneously broadened as expected for an isolated dot
and that in the limit of resonant excitation it behaves as a
two-level system as anticipated by the theory [6].
More interesting is the development of a strong interference effect in the v2 -spectral profile as v1 is tuned
away from v0 . This is the first such report of this line
shape in a semiconductor heterostructure and is a classic
line shape seen in atomic systems that is the direct result
of coherent coupling between the two optical fields when
jv1 2 v2 j & Grel . This coupling leads to population
pulsations at the difference frequency jv1 2 v2 j which
interfere with scattering from the ordinary incoherent
differential transmission type behavior given by the first
term in Eq. [1]. This interference effect is the onset of twobeam coupling which, in the limit of IyIsat $ 1 and
jv1 2 v0 j ¿ T221 leads to energy transfer between the
fields [16]. The population pulsations are in excess of
15 GHz.
A quantitative analysis of the line shapes based on
Eq. (1) allows us to estimate both the dephasing time
for the excitation and the energy relaxation time. A
Lorentzian squared fit to the degenerate response in Fig. 2
gives a dephasing time of 32 6 1 psec sh̄g ø 20 meV d.
Using this result, we fit the complete nonlinear response
to obtain a first measurement of the energy relaxation
21
 19 6 3 psec. While there
time in a single QD: Grel
is significant variation between dots, we can conclude
that the role of extra dephasing mechanisms in these
systems at low temperature is comparable at most to the
dephasing created by energy relaxation in sharp contrast
with what is found in bulk and wide quantum well
semiconductors.
Finally, we describe results shown in the last curve of
Fig. 1(b) in which the pump is tuned to one resonance and
the scanner probe reveals a secondary resonance (at vg ).
These secondary resonances, often observed, can be due
to excited states of the same QD. However, in a few cases
including the peak at vg in Fig. 1(b), these secondary
resonances arise from energy transfer to a different QD.
Separate measurements with excitation field sv1 d located
at vg show no response at vC , confirming that the
coupling is due to energy transfer from the state at vC
2762
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to the state at vg . Based on the measurements of the
total energy relaxation time and the relative strengths of
the response, a straightforward calculation of the transfer
rate for this case gives an estimate of ,1.4 3 1010 sec21 .
The capability to coherently pump and probe single
excitonic states either in the same QD or in different
QD’s is unique and will be important for further studies
to determine the mechanisms of various energy relaxation
and transfer processes.
In summary, this work reports the coherent nonlinear
optical response of a single QD. The results demonstrate
major differences between the coherent nonlinear optical
interactions in these systems compared to those observed
in higher dimensional systems and extend the similarity
to atomic systems beyond the atomiclike energy level
spectrum. The measurements serve as the first step in
more complex studies such as demonstrating coherent
optical control of a single QD and related physical
phenomena such as Rabi flopping.
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