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Observation of exciton-polariton oscillating emission in a single-quantum-well
semiconductor microcavity
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We have observed direct time domain exciton-polariton oscillating emission from a single-
quantum-well GaAs microcavity. Observed oscillation periods of 21.7 ps were in good agreement
with the spectral splitting of 0.12 nm. Such observations are consistent with the view that recently
observed thresholdless coherent emission is not resonant Rayleigh scattering but rather exciton-
polariton emission.

PACS number(s): 42.50.—p, 71.35.+z, 73.20.Dx, 78.47.+p

Over the past several years there has been great inter-
est in atom-cavity coupled systems [1]. Recently these ex-
periments have been extended to semiconductor systems
in the form of semiconductor quantum-well microcavi-
ties [2]. Weisbuch et aL have observed a key signature
of "atom-cavity" strong coupling, namely, normal mode
splitting, in multiple-quantum-well systems. Such ob-
servations were made through modified cavity resonance
[3]. This experimental technique may be termed "cavity
spectroscopy" in which the reHectance or transmittance
of a probe beam is measured and for which the natural
physical interpretation is given in terms of a modified
cavity resonance due to atomic dispersion. [4]. We note
that in the experiments to date the phase between the
exciton and the photon modes has not been measured.

In this work we have observed direct time do-
main exciton-polariton oscillating emission in a single-
quantum-well microcavity. In a quantum-well microcav-
ity, the exciton-polariton is the normal mode of the sys-
tem. By employing a zero of time marker we have made
a measurement of the phase between the exciton and the
photon modes which constitute the polariton. We employ
a complimentary experimental technique which may be
called "emission spectroscopy, " in which an initial ensem-
ble of atoms is prepared in a well defined quantum state
and the emission &om the coupled atom-cavity system is
observed directly. The natural physical interpretation is
given in terms of a modified atom resonance due to its
strong coupling to a cavity vacuum field (dressed atom
picture) [5]. In addition to representing a direct measure-
ment of the cavity emission this technique has the advan-
tage that a zero of time marker pulse reHected &om the
surface of the microcavity carries a temporal width tag
making it clearly differentiable &om the cavity emission.

Finally, we con6rm that we are in the weak excitation
regime by observing that the turn-on delay time between
creation of the exciton ensemble and the emission peak of
photons (corresponding to one-half the oscillation period)
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is invariant over a three order of magnitude variation in
the pump intensity.

Figure l(a) shows a typical exciton-polariton oscillat-
ing emission in the case of resonant excitation. The ob-
served dynamics are independent of the pump intensity
in the regime of weak excitation. Oscillations occur due
to strong coupling which comes about by means of an
enhanced dipole moment due to the spatial coherence of
the resonantly excited excitons [6].

In contrast, Fig. 1(b) shows the cavity emission when
excited nonresonantly with higher pump intensities. In
this process the quantum well is excited above the
band gap creating hot carriers which are thermalized by
phonon emission to form k 0 electron-hole pairs. The
delay between the pump pulse (narrow peak) and the
emission is determined by the thermalization time and
the turn-on delay time of the laser. As may be seen, the
decay time of the eInission is now intensity dependent, as
expected in normal lasing governed by stimulated emis-
sion processes. The system now also has a considerably
longer decay time (weakly coupled regime) due to the
lack of spatial exciton coherence.

Just prior to the present experiments, thresholdless co-
herent emission was reported in an identical structure
to the one used here [7]. Such thresholdless behavior
requires coherent emission times which are faster than
the relevant exciton dephasing times independent of the
pump intensity. As discussed above, the generation of
spatial exciton coherence as a result of resonant pump-
ing leads to just such a fast emission process. Further,
a measurement of the time delay between state prepa-
ration and emission (e.g. , a measurement of the phase
between the exciton and photon modes; see peaks a and
b in Fig. 2 and text below) indicates a delay of approx-
imately one-half a Rabi oscillation period. This delay
distinguishes the present process &om resonant Rayleigh
scattering and makes such thresholdless coherent emis-
sion observations consistent with the picture that they
are not resonant Rayleigh scattering (as has been con-
tended) but rather exciton-polariton emission.

The GaAs quantum-well microcavity system may be
modeled by coupled harmonic oscillators damped by their
respective reservoirs. The microscopic Hamiltonian of a
Wannier exciton coupled to the radiation field is given
in Ref. [8]. Neglecting two-photon processes and adding
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I FIG. 1. (a) Typical exciton-polariton os-
cillating emission as a function of time from
the resonantly excited quantum-well micro-
cavity. The 6rst peak corresponds to the re-
Sected pump. (b) Emission from the inicro-
cavity when excited above the band for three
ditferent pump intensities: 50 mW (solid
line), 100 mW (dotted line), 330 mW (dashed
line). The first peak corresponds to the re-
Qected pump.

reservoir damping yields the total system Hamiltonian

H = her, „(BtB+2) + Ru„(ata+ z) + h0(atB+ aBt)

+ ) rue. „,i, (B~tBI, + —,') + ) bur„~ (at„,ag + —,')
k

+ ) hgg(BI B + BtBI ) + ) hip~(a&~, a+ atar i)

where u „and u„are the angular &equencies of the ex-
citon and photon modes, respectively. We have used
the rotating-wave approximation. The last four terms
in the Hamiltonian correspond to the coupling and the
self-energy of the reservoirs. At low densities the GaAs
Wannier exciton obeys the boson commutation relations.
Introducing the Markov approximation for the damping
terms we may derive the Heisenberg equations of mo-
tion for the photon and exciton Geld operators a and B
respectively. Solving the equations with the initial con-
ditions (B) = Bo and (a) = 0 yields the intensity of the
photon field

Bo (Z*tl
I„(t) = (at(t)a(t)) = 0 4exp[ —(p „+p&)t/2]sin (

~

sin
~k2) (, 2 J

(2)

where 4 = ~+ —u is the diBerence between the two normal mode &equencies and

—[(u,„+u)„—i(p„+ p,„)/2] + Q[(u„—~,„—i,(p„—p,„)/2]' + 40'
2

(3)

As mentioned previously the coupling factor 0 includes
a cooperative enhancement similar to superradiance [6]
due to the spatial coherence of resonantly excited exci-
tons. Inhomogeneous broadening is incorporated by a
suitable averaging of Eq. (2) with respect to u,„using a
Gaussian distribution of width LA centered at the pho-
ton wavelength A„= 2irco/ur„.

The sample is that of Ref. [9]. It consists of a sin-
gle 200-A. GaAs quantum well embedded in a distributed
Bragg reBector A microcavity. The device was cooled to
4 K and excited on resonance (813 nm) with a 200-fs
mode-locked Ti:sapphire laser at an angle of 4 &om the
normal. The zero of time was set by means of the scat-
tered reQection of the pump pulse &om the front surface
of the microcavity.

Figure 2 shows the emission output into the normal
direction as a function of time as seen on a streak cam-
era. The pump power was 380 pW. Peak a is the reBected
pump pulse giving the resolution of the instrument which
is 1.6 ps and acting as the zero of time marker correspond-
ing to the initial creation of excitons. The turn-on delay
time for the first photon emission, peak b, corresponds to
one-half an exciton-polariton oscillation period and was
measured to be 8.3 ps. The next photon emission, peak
c, occurred 21.7 ps later. The fact that the oscillation pe-

riod is greater than a simple factor of 2 times the turn-on
delay is due to the finite decay of the coherent exciton
dipole and photon field and to inhomogeneous broaden-
ing in the sample. The solid line is the theoretical curve
of photon emission using 0 = 0.13 ps i (0.086 meV),
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FIG. 2. Exciton-polariton microcavity emission as a func-

tion of time. The dots are data connected by a dashed line
to guide the eye. Peak a is the re6ected pump which sets
the zero of time (time of exciton ensemble creation). Peaks 5
and c are the peaks of the photon emission. The solid line is
the theoretical curve of photon emission using 0 = 0.13 ps
p „=0.02 ps, and p„= 0.10 ps and the inhomogeneous
line width is AA = 2 nm.
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FIG. 3. Exciton-polariton microcavity emission as a func-

tion of wavelength. The broken line is experimental data and
the solid line is the Fourier transform of the theoretical curve
shown in Fig. 2.

= 0.02 ps (0.013 meV), p„= 0.10 ps (0.066
meV) [10], and an inhomogeneous linewidth of AA = 2
nm. As is evident, the theoretical 6t is quite good. The
6t yields an oscillator strength per unit area per quan-
tum well of f = 2.1 x 10 s A. 2. This is about a factor
of 20 smaller than that reported in Ref. [3]. The discrep-
ancy is partly attributable to the difference in quantum-
well thickness in the two cases and partly due to sample
growth variability.

Figure 3 shows the corresponding simultaneously mea-
sured emission spectrum. The observed splitting is 0.12
nm, in close agreement with the temporal data. The solid
line is the Fourier transform of the theoretical curve of
Fig. 2.

Figures 4(a) and 4(b) show the turn-an delay (exciton-
polariton oscillation half period) and the normal mode
splitting as a function of pump intensity. The solid line
corresponds to the theoretical delay for 0 = 0.1 ps
[Fig. 4(a)] and to a splitting of 0.12 nm in [Fig. 4(b)].
The turn-on delay and the normal mode splitting are
nearly constant over a three order of magnitude variation
in the pump intensity. At the highest pump intensities
the Wannier exciton is expected to deviate from a purely
bosonic particle (in its internal degree of freedom) due to
Coulomb-Coulomb interaction. The decrease in turn-on
delay time and the increase in normal mode splitting at
higher pump intensities may be due to this efFect. Note
that the data in Fig. 4(a) were taken at a slightly dif-
ferent position on the microcavity from that of Figs. 2
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FIG. 4. (a) Turn-on delay (exciton-polariton oscillation
half period) and (b) normal mode splitting as a function of
pump power.

and 3, giving the slight difFerence in turn-on delay time
as compared to those 6gures.

In conclusion we have directly observed exciton-
polariton oscillating emission in a single-quantum-well
system. These 6ndings support the view that recently
observed thresholdless coherent emission [7] is not res-
onant Rayleigh scattering but rather exciton-polariton
emission. %'e expect that these experiments will find an
interesting application to novel coherent light sources.
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