PHYSICAL REVIEW B 78, 073301 (2008)

Resonant excitonic emission of a single quantum dot in the Rabi regime
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We report on coherent resonant emission of the fundamental exciton state in a single semiconductor GaAs
quantum dot. A resonant regime with picosecond laser excitation is realized by embedding the quantum dots in
a one-dimensional waveguiding structure. As the pulse intensity is increased, Rabi oscillation is observed up to
three periods. The Rabi regime is achieved owing to an enhanced light-matter coupling in the waveguide but
with different dynamics with respect to usual cavity quantum electrodynamics. The resonant control of the
quantum dot fundamental transition opens new possibilities in quantum state manipulation and quantum optics

experiments in condensed-matter physics.
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Manipulation of quantum bits, which are ideally coher-
ently driven two-level systems, is nowadays the subject of an
important research effort. In condensed matter, the improve-
ment of growth and integration techniques allows us to think
of elementary bricks for quantum computation based on
semiconductor quantum dots (QDs). However, interactions
between the QD and its environment can cause a severe limi-
tation of quantum coherence.! Therefore, in order to take full
advantage of the QD state coherence, it is more interesting to
manipulate the lowest-lying transition since it is the least
interacting with the environment and has the longest coher-
ence time. An important feature of the strong nonlinear in-
teraction between a resonant field and a two-level system is
the oscillation of the excited-state population, known as Rabi
oscillation (RO).? This is a key experiment for addressing
and manipulating a given quantum state. On the other hand,
propagation experiments with ultrashort light pulses at reso-
nance with a two-level system can result in coherent phe-
nomena that modify the group velocity of light traveling in
the medium, leading to pulse reshaping® and self-induced
transparency,* depending on different regimes of the pulse
area. In semiconductor systems, similar coherent effects have
been observed, although the physical processes are more
complicated because of underlying many-body interactions.
RO in quantum wells,’ pulse breakup, and self-induced
transparency® are some examples of these coherent nonlin-
earities.

In a one-dimensional (1D) geometry, which is the specific
geometry used in the present experiments, if a single two-
level atom interacts at resonance with a single confined op-
tical mode, it has been shown’ that the system behaves like a
highly dispersive medium where photons can be transmitted,
reflected, or even stopped. A characteristic feature is the ap-
pearance of a frequency “hole” in the absorption of the sys-
tem. This highly nonlinear behavior depends on the ratio
between the radiative cross section of the dipole and the
transverse size of the optical mode.? This effect can appear
when the light pulses consist of only a few photons or even
a single one.
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Here, we report an experimental configuration which al-
lows us to perform resonant excitation of the fundamental
exciton state in a single QD and an all-optical control in real
time of the driven state. Up to now, RO of an excited exciton
state in a single QD has been performed.’ To our knowledge,
resonant time-resolved emission of a quantum state in a
single QD was not reported because experimentally it is a
real challenge to perform excitation and detection at the
same wavelength.!® Only very recently, Muller et al.'' re-
ported on resonant experiments on a single QD under cw
excitation in a microcavity structure. RO of the fundamental
transition in a single QD has recently been observed by
means of four-wave mixing'? or differential transmission'?
and indirectly by photocurrent measurements.'* Our basic
idea was to combine spatially resolved spectroscopy [micro-
photoluminescence (uPL)] with a 1D waveguiding geometry
(Fig. 1). The QDs of interest are embedded in an optical
waveguide in which light propagates and interacts with the
QDs. The emission of a spatially selected dot is collected in
a perpendicular direction, so the scattered laser intensity is
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FIG. 1. (Color online) Schematic experimental configuration.
The X axis is the free axis of the wire and corresponds to the light
propagation direction. The embedded QDs are elongated along the
X axis. Y is the light polarization direction and Z is the growth axis.
The heart-shaped optical mode and the crescentlike quantum wire
are represented in gray and blue colors, respectively.
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low compared to the QDs luminescence. We evidenced that
in this geometry, the transverse spatial reduction in the opti-
cal mode surface leads to an enhancement of the coupling
field and the resonant excitation-induced nonlinearities of the
excitonic dipole allow RO to occur. The group velocity of
the interacting pulses is modified in this highly dispersive
medium. This is also discussed in Ref. 7 where a slow light
effect is predicted for the case of QDs in a microcavity
coupled to a 1D waveguide.

The sample consists of QDs formed naturally by mono-
layer thickness fluctuations at the interfaces of a GaAs/
GaAlAs quantum wire grown by metal organic vapor-phase
epitaxy on a V-grooved GaAs substrate. These wires have
been extensively studied.!> The QDs are elongated along the
free wire axis with typical lengths from 10 to 100 nm. The
number of dots along the wire is thus about 10 per micron as
observed by scanning-imaging spectroscopy.'® The confine-
ment potential along the free wire axis is of the order of
magnitude of 10 meV leading to one or two discrete states
inside the dots, depending on their size.

In order to form a monomode waveguide, the GaAs quan-
tum wire is embedded in AlGaAs layers with different Al
concentrations to realize the core and the cladding of the
waveguide. Due to the geometry of the structure, the optical
modes have a V shape and the polarization of the two fun-
damental modes is along the Y and Z directions at the center
of the waveguide (Fig. 1).!7 The laser beam propagates along
the free axis X of the wire and is usually polarized along the
Y direction.'8

A specific three optical axis low drift cryostat has been
designed for these experiments. A picosecond Ti:sapphire la-
ser source is focused in front of the waveguide by a micro-
scope objective, providing a diffraction limited spatial reso-
Iution of the order of 1 wm. The QD Iluminescence is
collected in a perpendicular direction, and a confocal geom-
etry allows us to probe locally about 1 wm? The uPL is
analyzed by a spectrometer with a spectral resolution of
40 peV. A liquid nitrogen-cooled charge-coupled device
(CCD) camera or a streak camera with a few picoseconds
time resolution are used for spectroscopy or for time-
resolved measurements, respectively. To achieve the detec-
tion under resonant excitation, the structural quality of the
waveguide interfaces is a crucial parameter. Indeed, the in-
homogeneities can induce leaks of the laser beam that may
completely blur the luminescence signal.'”

The resonant emission of the fundamental exciton state in
a QD (Fig. 2) consists of a single Lorentzian line with a
FWHM of the order of 100 u eV. The spectral width of the
laser pulses is about 500 w eV covering the whole emission
line of the exciton. In fact, the uPL linewidth is not related
directly to the coherence time of the ground exciton state
because the uPL spectrum is the convolution of the spatial
response function of the microscope and the homogeneous
emission line. The latter can be explained by interaction with
acoustic phonons® and eventually by spectral diffusion
effects.?!-??

Time-resolved uPL experiments allow us to measure the
exciton radiative lifetime. As we have shown, the radiative
recombination rate is a linear function of the dot length.”
Then, we find for the studied QD, with 300 ps radiative

PHYSICAL REVIEW B 78, 073301 (2008)

7 = . .
[ @ 8
S |§5 ]
2 |g8
L - 0 200 400 600
2 Time (ps) i
n
[
2
= ]
=l
o
=2
1,633 1,634 1,635 1,636
Energy (eV)

FIG. 2. Resonant emission of a single QD at 10 K and low
pump power. Inset: time-resolved uPL excited at resonance. The
decay time is in this case 7=300 ps.

lifetime, a typical length of 40 nm. The dipole moment of the
ground exciton transition is uy=50 D according to Ref. 24.
The obtained value is in agreement with other estimations in
similar GaAs QDs and stronger than in the case of InAs
self-assembled QDs.!?23

Under strong pulsed laser excitation, resonant with a two-
level system, RO occurs as a function of the input pulse area
(the time-integrated Rabi frequency) @ =% [TE(t")dt’, E(1)
being the pulse envelope.?® Then, the oscillations observed in
the emission intensity scale like \I, where I is the intensity of
the field. Figure 3 indeed shows that the intensity of the
integrated resonant uPL exhibits periodic RO when plotted
as a function of the square root of the laser power. The latter
is proportional to the field intensity in the guide, but its ab-
solute value at the position of the QD is difficult to evaluate.
We can estimate it however, after correcting for the coupling

to the waveguide and other reflection losses. Then /= &,8,
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FIG. 3. (Color online) Rabi oscillations obtained from the inte-
grated resonant luminescence (black dots) as a function of the pulse
area and the square root of the laser power. The blue (dark gray)
solid line and the red (gray) dashed curve represent the calculated
time-integrated population of the level with and without damping
parameter, respectively.
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where P is the mean measured power, S is the surface of the
focused laser spot (1 um?), R is the laser repetition rate (82
MHz), 7 is the pulse width (1.5 ps), and B is the correction
factor taking into account the geometric losses, such as re-
flections on the different optical components of the setup. An
upper bound for S is estimated to be 1072, For a 7 pulse,
P=100 wW, which is similar to other experimental
conditions,”'?!* and the value of the field amplitude at the
position of the dot is Ey=vI/eycn=\PB/SRT, n being the
effective refractive index of the optical mode (n=3.24).
However, the light-matter interaction between the QD and
the optical mode is proportional to the ratio o,/ A, where oy
is the dipole radiative cross section and A is the transverse
area of the 1D optical mode.® It is worthwhile noticing that
this ratio is also the definition of the so-called “filling factor,”
which is introduced in order to explain the global attenuation
of the light beam propagating in the waveguide due to the
presence of the embedded nanostructure.?’” Considering that
the QD is a two-level systg:m, the radiative cross section can
be calculated by? o= %:2 X 1073 um?. A has been nu-
merically calculated for our specific geometry to be
~0.6 um?. Then the filling factor F=0,/A~3 X 1073, Thus
the amplitude of the “effective” field interacting with the QD
is E=Eg\oy/A=Ey\F.

As the pump intensity is increased, the broad background
due to the laser leaks increases linearly and at high intensity
it dominates the resonant uPL spectrum. Therefore, in order
to consider only the excitonic emission, a background has
been subtracted from the wPL spectra. Oscillations up to 57
have been observed in this particular QD corresponding to a
pump power of a few milliwatts. Beyond this value it be-
comes very difficult to distinguish between the QD emission
and the scattered laser which becomes one of the main limi-
tations in the manipulation of the state during the coherence
regime. Using the optical Bloch equations,?® we can fit the
observed RO using a hyperbolic secant pulse. However, this
simple two-level model does not predict the observed damp-
ing with increasing pulse area (red dashed curve in Fig. 3).
Therefore, we introduced a phenomenological intensity de-
pendent damping parameter on the population term to ac-
count for the decrease in the oscillation amplitude. In this
way, the time-integrated population of the excited state fits
quite well the experimental data as shown in Fig. 3 (blue
solid line). The set of parameters used for the fit are the
population decay time T (measured from the time-resolved
luminescence) equal to 300 ps, and the pulse duration of 1.5
ps. Then, two adjustable parameters remain: the intensity-
dependent damping parameter and the coherence time T, (of
the order of 25 ps). This value gives a lower limit for 7,
since the only requirement to fit the data is that the pulse
duration must be much smaller than T’,.

From the optical Bloch equations, the time evolution of
the exciton population can also be simulated. The simula-
tions show that as the laser intensity is increased, the decay
time decreases. For instance, when the pulse area increases
from /2 to r, the decay time is reduced by 15%. This was
confirmed by the resonant time-resolved uPL experiments
where a shortening of the exciton decay time by the same
order of magnitude was observed.?” The physical processes
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FIG. 4. (a) m-pulse shape and occupation probability P(r) of the
excited state. Schematic representation of the frequency dependence
of (b) the transparency window, (c) the refractive index, and (d) the
dispersion dn/dw. (e) Schematic spatial compression of the pulse
during interaction with the dot (black squares).

underlying this phenomenon can be attributed to nonlinear
effects such as two-photon absorption or carrier-carrier
scattering.>® A similar Coulomb exciton-exciton scattering
mechanism has also been proposed in Ref. 13 to account for
the rapid damping of the observed RO.

The value of the dipole moment w is given by the relation
(G} :27’2—‘5. For the set of parameters already used, we find a
value of w about 630 D, which is 13 times higher than the
value of w,. Taking into account the error bars on all the
parameters (P, B, F, S, and 7), we can estimate that the value
of the dipole moment u ranges between 10u, and 300u.
Intuitively, this is unexpected and a possible explanation is
that the dipole interacts with an enhanced coupling field. The
origin of this enhancement is likely due to the strong QD-1D
optical mode nonlinear coupling that occurs at resonance. In
particular, the refractive index varies very strongly at reso-
nance due to a dispersive term dn/dw which modifies the
group velocity of the propagating pulses.’! In the case of
large positive dispersion, the group velocity becomes much
smaller than the velocity of light in the medium. By
Kramers-Kronig relations one finds that when the pulse in-
tensity is increased, a spectral hole emerges in the absorption
spectrum at resonance. All these effects are schematically
depicted in Fig. 4.

The transparency window around the resonance frequency
is the origin for self-induced transparency observed for 2
pulses in atomic gases® or in semiconductor materials.® One
can estimate the value of the group refractive index by as-
suming that the absorption coefficient of the medium is*

a(w)=ay(1 —T)Lz/yz), where «j is the value of the back-
w—w

(
ground absorption, w is the optical frequency, wy is the reso-

nance frequency, and vy is the linewidth of the transparency
window which is of the order of ~1/7, with T being the total
decay time of the two-level system in the 1D waveguide,?®
which has been measured (see inset of Fig. 2). f is a param-
eter describing the transparency window, complete transpar-
ency is achieved for f=1. The refractive index associated to

. . . Ay (0-0)T
this absorption feature is®> n(w)=ng+ f(cf%w)(w—%)T2 and

1+(w—wg)?
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the group index is at resonance
= ao)\wOT/4w=Z—(f%Tw0, where \ is the wavelength in the
medium and L is the interaction length equal, in our case, to
the QD size. Since the absorption probability ayL is given b;/
the ratio oy/A, then the maximum value of n, is ng=;A°;L
=1000. This means that the pulse is delayed (v,=c/n,) and
experiences a spatial compression during interaction with the
dot. This effect is represented schematically in Fig. 4(e).
Since the pulse duration remains the same conserving the
total energy, the energy density is enhanced by a factor n,
and the dot is coupled to a field with an amplitude 7, times
higher. Thus, the strong-coupling regime has been achieved
owing to the large oscillator strength of the excitonic transi-
tion in interface QDs and to the enhanced interaction be-
tween the two-level system and the 1D optical mode.

In summary, resonant luminescence of a coherently driven
QD has been directly observed. The 1D waveguiding geom-

ng=n+wdn/dw
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etry is a different situation with respect to the cavity geom-
etry where the origin of the strong coupling is the small
volume of the discrete cavity modes and the high quality
factor. Here, although the QD-waveguide coupling induces
relaxation through the mode continuum as discussed in Ref.
8, we believe that the appearance at resonance of spectral
filtering in the absorption is the nonlinear effect responsible
for strong coupling. Finally, QDs with high radiative cross
sections are desirable to enhance the light-matter interaction
so that the ratio 0y/A is the closest to unity as possible. This
can be obtained with dots having higher dipole moments or
longer coherence times, for instance, with self-assembled
QDs.

We thank M. Combescot, F. Dubin, and M. Ravaro for
stimulating discussions. This work has been supported by the
Region Ile de France (SESAME Grant No. E1751).

*valia.voliotis @insp.jussieu.fr

1Q. Q. Wang, A. Muller, P. Bianucci, E. Rossi, Q. K. Xue, T.
Takagahara, C. Piermarocchi, A. H. MacDonald, and C. K. Shih,
Phys. Rev. B 72, 035306 (2005).

2C. Cohen Tannoudji, J. Dupont-Roc, and G. Grynberg, Atom-
Photon Interactions: Basic Processes and Applications (Wiley,
New York, 1992).

3R. E. Slusher and H. M. Gibbs, Phys. Rev. A 5, 1634 (1972).

4S. L. McCall and E. L. Hahn, Phys. Rev. 183, 457 (1969).

3S. T. Cundiff ef al., Phys. Rev. Lett. 73, 1178 (1994); A. Schiilz-
gen, R. Binder, M. E. Donovan, M. Lindberg, K. Wundke, H. M.
Gibbs, G. Khitrova, and N. Peyghambarian, ibid. 82, 2346
(1999).

%H. Giessen, A. Knorr, S. Haas, S. W. Koch, S. Linden, J. Kuhl,
M. Hetterich, M. Grun, and C. Klingshirn, Phys. Rev. Lett. 81,
4260 (1998); M. lJiitte et al., J. Opt. Soc. Am. B 13, 1205
(1996); P. C. Ku ef al., Opt. Lett. 29, 2291 (2004).

7A. Auffeves-Garnier, C. Simon, J. M. Gerard, and J. P. Poizat,
Phys. Rev. A 75, 053823 (2007).

8P. Domokos, P. Horak, and H. Ritsch, Phys. Rev. A 65, 033832
(2002).

9H. Kamada, H. Gotoh, J. Temmyo, T. Takagahara, and H. Ando,
Phys. Rev. Lett. 87, 246401 (2001); H. Htoon, T. Takagahara,
D. Kulik, O. Baklenov, A. L. Holmes, and C. K. Shih, ibid. 88,
087401 (2002).

9During the submission of our Brief Report, K. Kuroda et al.,
Appl. Phys. Lett. 90, 051909 (2007), with an oblique incident
geometry, performed resonant time-resolved microphotolumi-
nescence.

I'A. Muller, E. B. Flagg, P. Bianucci, X. Y. Wang, D. G. Deppe,
W. Ma, J. Zhang, G. J. Salamo, M. Xiao, and C. K. Shih, Phys.
Rev. Lett. 99, 187402 (2007).

12B. Patton, U. Woggon, and W. Langbein, Phys. Rev. Lett. 95,

266401 (2005).

13T, H. Stievater, X. Li, D. G. Steel, D. Gammon, D. S. Katzer, D.
Park, C. Piermarocchi, and L. J. Sham, Phys. Rev. Lett. 87,
133603 (2001); X. Xu et al., Science 317, 929 (2007).

145, Stufler, P. Ester, A. Zrenner, and M. Bichler, Phys. Rev. B 72,
121301(R) (2005).

157, Bellessa et al., Appl. Phys. Lett. 71, 2481 (1997); T. Guillet,
R. Grousson, V. Voliotis, X. L. Wang, and M. Ogura, Phys. Rev.
B 68, 045319 (2003).

16T, Guillet ez al., Physica E (Amsterdam) 17, 164 (2003).

17D. Crisinel et al., Opt. Quantum Electron. 31, 797 (1999).

18X, L. Wang et al., J. Cryst. Growth 171, 341 (1997).

19R. Melet et al., Superlattices Microstruct. 43, 4771 (2008).

20X, L. Wang and V. Voliotis, J. Appl. Phys. 99, 121301 (2006).

2IX. Q. Liu et al., Appl. Phys. Lett. 80, 1894 (2002).

22W. W. Chow, H. C. Schneider, and M. C. Phillips, Phys. Rev. A
68, 053802 (2003).

23]. Bellessa, V. Voliotis, R. Grousson, X. L. Wang, M. Ogura, and
H. Matsuhata, Phys. Rev. B 58, 9933 (1998).

241.. C. Andreani, G. Panzarini, and J. M. Gerard, Phys. Rev. B 60,
13276 (1999).

23], R. Guest et al., Phys. Rev. B 65, 241310(R) (2002).

261, Allen and J. H. Eberly, Optical Resonance and Two Level
Atoms (Dover, New York, 1987).

2TR. Grousson ef al., Semicond. Sci. Technol. 8, 1217 (1993).

281. Mandel and E. Wolf, Optical Coherence and Quantum Optics
(Cambridge University Press, Cambridge, 1995).

2R. Melet et al., Phys. Status Solidi B 245, 1098 (2008).

307, Bellessa et al., Eur. Phys. J. B 21, 499 (2001).

3IR. W. Boyd, in Progress in Optics, edited by E. Wolf (Elsevier,
Amsterdam, 2002), Vol. 43.

32R. W. Boyd, D. J. Gauthier, A. L. Gaeta, and A. E. Willner,
Phys. Rev. A 71, 023801 (2005).

073301-4



