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“Dressed Excitons”’ in a Multiple-Quantum-Well Structure: Evidence for an
Optical Stark Effect with Femtosecond Response Time
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A very large high-energy shift of exciton resonances in GaAs multiple-quantum-well structures is
observed during irradiation of the sample with femtosecond nonresonant radiation. This effect is
discussed in terms of excitons ‘‘dressed’’ by photons.

PACS numbers: 71.35.+z, 42.50.Hz, 42.65.Re, 73.40.Lq

It is well known that the physical properties of atoms
can be modified by their interaction with electromag-
netic radiation.! For instance, the virtual emission and
reabsorption of nonresonant photons leads to a shift of
the atomic energy levels. This effect occurs either
spontaneously (in the absence of a light source) lead-
ing to the Lamb shift or it can be induced by external
light, in which case it corresponds to the ‘‘light shift”
or optical Stark effect.?

The light shift of atoms has been observed and dis-
cussed in great detail in the radiofrequency, mi-
crowave, and optical domains.>** Its physical descrip-
tion is particularly transparent in the formalism of the
“dressed atom,’”® which incorporates in a natural
manner other effects occurring for photons nearly at
resonance with a transition of the system, such as an
optically induced splitting of atomic lines (Autler-
Townes effect)® or the appearance of optical gain in
the absence of population inversion.’

In principle, a similar situation should also be en-
countered in solids, for intrinsic transitions like exci-
tons. Unfortunately, experimental verification in
these systems is not easily achieved because the mag-
nitude of the effects is usually small compared with
the linewidth of typical excitonic transitions. In fact,
except for a recent report by Frohlich, Nohte, and
Reimann?® of an optically induced mixing of 1S and 2P
excitons in Cu,0 accompanied by a small shift, there
has been so far no evidence of light-induced exciton
shifts in the literature.

In this Letter we present experimental evidence for
a light shift of the lowest excitons in a GaAs-AlGaAs
multiple-quantum-well structure (MQWS) induced by
a light source falling in the transparency region of the
medium. The use of an intense femtosecond laser
source allows one to induce very large displacements
of these excitons. By time resolution of the process,
the virtual nature of the optical transitions involved is
clearly revealed. To interpret the results, we apply the
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picture of the dressed atom to the case of excitons.
Despite its drastic assumptions, this model explains in
a simple manner many of the principal results. The
occurrence of large shifts with instantaneous response
times may have practical relevance for the construc-
tion of ultrafast all-optical devices such as bistable or
logic elements with on and off switching times in the
picosecond or even subpicosecond domain.?

In our experiment, two tunable optical pulses of
femtosecond duration are used. The intense pump
pulse is obtained by selection with an interference
filter of a narrow frequency range from a subpi-
cosecond white continuum. The white continuum is
generated in a cell of water by focusing of the ampli-
fied output of a 150-fs colliding-pulse mode-locked
laser. Typical intensities of the pump pulse at the sam-
ple surface after further amplification in a one-stage
dye amplifier are in the range 10°-101° W/cm?2. The
much weaker probe pulse is given by the broad-band
emission generated in a different water cell. The spec-
trum of the probe pulse transmitted through the
pump-irradiated sample is recorded at different delays
between pump and probe pulses, yielding a sub-
picosecond time-resolved picture of the absorption of
the sample. The polarization vector of the probe has
been set either parallel or perpendicular to that of the
pump, with identical results in both cases. We have
studied several MQWS samples held at 15 K having
different well and barrier sizes. Qualitatively similar
results have been observed in all samples.

Absorption spectra representative of the pump-pulse
photon energy tuned well below the lowest heavy-hole
exciton are shown in Fig. 1 for a MQWS having 100 A
well and barrier sizes. As can be seen, a very large
blue shift of the exciton is observed during the pres-
ence of the pump optical pulse. The fact that the sam-
ple returns to its original state after the end of the ex-
citation shows that no substantial population of exci-
tons or free carriers has been generated by the pump
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FIG. 1. Subpicosecond time-resolved absorption spec-

trum of a GaAs-AlGaAs MQWS sample with well and bar-
rier thickness of 100 A, recorded at different delays from a
nonresonant intense optical pump pulse. The spectral posi-
tion of the pump pulse is also shown in the figure. Sample
temperature is 15 K.

pulse, as expected from energy conservation.' In Fig.
2, the modifications of the absorption spectrum of a
different MQWS (100-A-thick well, 25-A-thick bar-
rier) are shown as a function of the pump intensity for
a fixed time delay set at the maximum of the pump
pulse. A very large blue shift is visible both for the
heavy-hole and light-hole excitons (heavy hole at 802
nm, light hole at 798 nm) but is more pronounced for
the heavy-hole exciton. In fact, the field-induced ef-
fect on the heavy-hole exciton is so large that it results
in an almost complete disappearance of the exciton os-
cillator strength at the largest pump intensity. Here
again, the system recovers to its unperturbed state
after the end of the pump pulse. Note that in Fig. 2
the pump wavelength is far away from the resonance,
lying outside the wavelength scale of the figure.

In Fig. 3, a quasiresonant situation is shown
(MQWS of 40-A-wide well, 100-A-wide barrier), with
the pump pulse now tuned inside the low-energy tail
of the inhomogeneous exciton line. The time delay of
0 psec corresponds to the maximum of the pump
pulse. Note the strongly distorted exciton absorption,
with an absorption peak shifted to higher energies, and
the appearance of optical gain at lower energies from
the pump pulse. The spectral position of the narrow
peak in the optical gain does not correspond to a re-
ported exciton decay mechanism. At later times, the
narrow gain evolves rapidly towards a broader struc-
ture located in a region of luminescence. Note also
that, in contrast to the cases shown in Figs. 1 and 2,
changes in the absorption spectrum subsist after the
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FIG. 2. Subpicosecond time-resolved absorption of a
MQWS (GaAs well thickness 100 &; AlGaAs barrier 25 A)
at 15 K, for different pump-pulse intensities. The pump-
pulse wavelength is 812 nm. Absorption spectra have been
recorded at the time of maximum of the pump pulse.

end of the pump. These long-lasting changes, associ-
ated with a real population of excitons generated by
the pump pulse, have been discussed in previous pub-
lications.!1-13

In order to explain these results, we apply the
dressed-atom picture to excitons. Consider the crystal
ground state in the presence of n photons. The corre-
sponding state |0,n) is energetically nearly degenerate
with the state |x,n — 1) where one photon is removed
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FIG. 3. Time-resolved absorption spectrum of a MQWS
(GaAs well=40 A; AlGaAs barrier =100 &) at 15 K record-
ed during and 30 ps after a quasiresonant pump pulse at
7502 A. Cross-hatched regions correspond to optical gain.
Maximum of short-lived gain is at 7515 A.
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and one exciton is created. A similar situation holds
for states |0,n+1) and |x,n), and so on. Applying
the exciton-radiation-field interaction between these
nearly degenerate states leads (see Fig. 4) to new
mixed eigenstates a,, B,; o, +1, Ba+1; €tc., which are
split by the quantity

A =F[(w—wy)?+ Q212 (1)

where w —wyq is the detuning of the pump laser fre-
quency o from the exciton resonance at wg, and £} is
the Rabi precession frequency

)‘Z—Q=p0x|E‘, (2)

with E?/8m = nkw/c and py, the effective matrix ele-
ment between ground and exciton. It can be shown
that for negative detuning (w—wy < 0;lw—wol > T,
where T is the exciton linewidth), essentially only the
lower-lying levels «; are occupied. Corresponding op-
tical transitions, probed by a weaker beam, are shown
in Fig. 4.

This picture of excitons dressed by the pump pho-
tons explains well the results of Fig. 1. The blue-
shifted ‘‘exciton’’ absorption corresponds then to tran-
sitions a,— B,+1. The magnitude of the observed
exciton shift is compatible with that derived from ex-
pression (1) although a precise comparison is not pos-
sible in view of the large uncertainty in the estimate of
the pump field strength E. We have verified that in
our experimental conditions, the term Q in (1) is im-
portant even for large detuning, by measuring a weakly
dependent exciton blue shift as a function of detuning
at constant driving field strength.

We can apply the same model to the resonant situa-
tion, in order to interpret the observed short-lived am-
plification as well as the blue-shifted absorption. Ac-
cording to Ref. 7, a down-cascading process o; — B;_
leads to optical gain which has a peak efficiency of a
few percent for #(w—wg) =3I and which becomes
negligible at larger detunings. We suggest that the
short-lived amplification observed in the early times in
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FIG. 4. Schematic representation of relevant energy lev-
els without (left) and with exciton photon interaction
(right). Upwards (downwards) arrows correspond to blue-
shifted exciton absorption (red-shifted gain).
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a narrow spectral region lying almost symmetrically to
the upshifted exciton with respect to the pump beam
frequency corresponds to this process (see Fig. 3).!4
As mentioned above, this narrow amplification rapidly
evolves towards a broader gain in the region of
luminescence. A more detailed study of this evolution
which could bring useful information upon the loss of
coherence of the excited system is in progress.

Of course, in view of its drastic assumptions, our
simplified model cannot provide a detailed interpreta-
tion of all observed phenomena. For instance, it
predicts complete bleaching at exact resonance, as a
result of equal populations in levels «; and 8;, which
results in a complete balance between absorption and
emission processes. Experimentally, only partial
bleaching of the absorption is observed. But the tacit
assumption of a homogeneously broadened line is un-
realistic and becomes certainly inadequate in a
resonant situation. Also, a red shift of the exciton
should be observed, for a pump laser tuned to the
high-energy side of the resonance, a behavior which is
not observed experimentally. However, the restriction
of the discussion to a two-level system is then in-
correct. Higher-energy-lying excitons as well as the
ionization continuum should be taken into account in
that case.

As a last brief comment, we wish to point out that
the ‘‘exciton light shift’’ reported here does not appear
to be sensitive to the size of the well, in contrast to the
long-lasting exciton blue shift associated with a real
population of excitons at high densities.!? Indeed, we
have also observed an optical Stark effect of excitons
in a 0.7-um-thick GaAs sample. This suggests that a
similar effect may be expected in a wide variety of
semiconductors.

To summarize, we have reported the first evidence
of very large displacements of excitonic resonances in
MQWS induced by nonresonant radiation. This effect
has been interpreted within the framework of the
‘“‘dressed exciton’” model. The same model can be ap-
plied to a simple explanation of a short-lived optical
gain observed under near-resonant pumping. We
anticipate future applications of this effect in ultrafast
all-optical switching.
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Spectroscopie hertzienne de [’Ecole Normale Su-
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