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Observation of Long-Lived Polariton States in Semiconductor Microcavities
across the Parametric Threshold

D. Ba]larini,1 D. Sanvitto,1 A. Amo,1 L. Viﬁa,1 M. Wouters,2 I. Carusotto,3 A. Lemaitre,4 and J. Bloch®

1Departamento Fisica de Materiales, Universidad Autonoma de Madrid, 28049 Madrid, Spain
*Institute of Theoretical Physics, Ecole Polytechnique Fédérale de Lausanne EPFL, CH-1015 Lausanne, Switzerland
SBEC-CNR-INFM and Dipartimento di Fisica, Universita di Trento, I-38050 Povo, Italy
*LPN/CNRS, Route de Nozay, 91460, Marcoussis, France
(Received 21 July 2008; revised manuscript received 20 December 2008; published 2 February 2009)

The excitation spectrum around the pump-only stationary state of a polariton optical parametric
oscillator in semiconductor microcavities is investigated by time-resolved photoluminescence. The
response to a weak pulsed perturbation in the vicinity of the idler mode is directly related to the lifetime
of the elementary excitations. A dramatic increase of the lifetime is observed for a pump intensity
approaching and exceeding the optical parametric oscillator threshold. The observations can be explained
in terms of a critical slowing down of the dynamics upon approaching the threshold and the following
appearance of a soft Goldstone mode in the spectrum.
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One of the most striking consequences of the quantum
nature of matter is Bose-Einstein condensation (BEC), a
phase transition that does not depend on interactions be-
tween the microscopic constituents but only on their indis-
tinguishability. So far, BEC has been investigated mostly in
equilibrium or quasiequilibrium systems such as liquid
helium and trapped ultracold atomic gases [1], but recent
developments in solid state physics [2,3] are opening the
way towards the study of BEC in nonequilibrium contexts
where the state of the many particle systems is no longer
determined by a thermodynamical equilibrium condition,
but rather by a balance between the external driving and
dissipation [4].

Here, we consider the case of exciton-polaritons in
semiconductor microstructures: the mixed excitonic and
photonic nature of polaritons allows in fact for a number of
remarkable properties, e.g., a very light mass, significant
interactions, and the possibility of all-optical manipulation
and diagnostics [5]. Several groups have reported the ob-
servation of spontaneous coherence of polaritons with
mechanisms that can be interpreted as nonequilibrium
analogs of BEC [2]. In spite of the different pumping
schemes (resonant for the optical parametric oscillator—
OPO——case [6,7], nonresonant for the so-called polariton
BEC case [8]), a U(1) symmetry is spontaneously broken
in all cases, and coherence is not simply inherited from the
pump beam. Away from the bistability regime [9], the OPO
transition is smooth and shows a critical behavior that
closely resembles the one of a second-order-like phase
transition [10]. As a continuous symmetry is spontaneously
broken above the transition point, the lifetime of elemen-
tary excitations remains divergent in the long wavelength
limit in agreement with the Goldstone theorem of statisti-
cal mechanics [11,12].

In the present Letter, we experimentally investigate and
theoretically model the lifetime of the elementary excita-
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tions of a quantum fluid of polaritons as the pump intensity
is spanned across the threshold in the OPO configuration.
The steady state of the system is probed by injecting extra
polaritons by means of a weak pulsed beam, and the decay
time of the response is measured as a function of the pump
intensity. A dramatic slowing down of the dynamics is
observed as the threshold is approached from below: close
to the threshold, the decay time can become orders of
magnitude longer than the typical lifetime of polaritons,
and it remains very long even well above the threshold.
Good agreement between the experimental observations
and the theoretical model based on the generalized polar-
iton Gross-Pitaevskii equation is found. Our observation
suggests the possibility of investigating the polariton dy-
namics beyond the limits imposed by the intrinsic polariton
lifetime [13].

The experiments are performed at 10 K on a microcavity
sample [14] with Rabi splitting of 2Q); = 4.4 meV and at
zero detuning between cavity mode and exciton state. In
the OPO configuration, polaritons are coherently injected
by a pump beam, which resonantly populates a polariton
mode with a defined momentum and energy (pump state).
Our pump beam is a continuous-wave laser (Ti:Al,O3),
which excites the sample with an incident angle of 10° and
has a45 um spot diameter. Its frequency is chosen close to
resonance with the lower polariton branch (LPB) to inject
polaritons with a given wave vector k, and energy hw,.
Polariton-polariton collisions are responsible for the para-
metric scattering of pump polaritons into a pair of signal
and idler modes. The efficiency of the scattering was
optimized by tuning the pump at a frequency hwp =
1.5273 eV, slightly above the linear-regime LP dispersion
[9,15], erpg(kp), ho, - eLps(kp) ~ '}’(kp)~ Here Y(kp) ~
0.4 meV is the LPB linewidth at k,, while the laser line-
width is ~0.1 meV. An additional 2-ps-long probe pulse is
incident on the sample with a tunable angle and is focused
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within the pump spot with a smaller, 25 pm, spot diameter.
The power of the probe is kept low enough to be in the
linear-response regime. Photoluminescence (PL) is col-
lected and analyzed by a spectrograph coupled either to a
streak- or a conventional CCD camera.

First, we have investigated the stationary-state polariton
emission in the absence of the probe. Typical energy-
momentum emission patterns are shown in Fig. 1 for two
different values of the cw pump power /,,. Although k), lies
well outside the k-space region imaged in Fig. 1, a small
polariton occupation of the LPB bottom still appears as a
consequence of incoherent relaxation processes even in the
linear regime (at low pump powers, lower panel). At higher
pump intensities, polariton-polariton interactions are able
to significantly modify the emission pattern and, in par-
ticular, are responsible for parametric processes, where two
pump polaritons at k,, are transformed into a pair of signal
and idler polaritons of wave vectors k; ;, respectively. The
onset of parametric oscillation is clearly visible in the
emission for pump intensities above the threshold Ig“ =
12.5 mW [Fig. 1(a)]: the occupation of the signal at k;, = 0
becomes very large and the linewidth of the emission in
energy is substantially reduced as compared to the bare
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FIG. 1 (color online). Direct experimental observation with the
CCD camera of a two-dimensional section (k,; E), with k, = 0,
of the lower polariton dispersion for pump powers /, (a) just
above (13) and (b) below (12 mW) the OPO threshold I}ﬁ‘ =
12.5 mW. Energy spectra at k, = 0 (dashed line in the figure)
are depicted on the right, with a magnification of factor 3 for the
lower panel of the figure. The PL emission is normalized to 1 and
plotted in a linear color scale.

LPB linewidth shown in Fig. 1(b). The spectral narrowing
in energy is accompanied by a significant broadening in k
space. The flat shape of the coherent OPO emission in the
(k,; E) plane is, however, more likely to be a consequence
of the peculiar shape of finite-size nonequilibrium conden-
sates discussed in [16] rather than evidence of the diffusive
nature of the Goldstone mode [17].

To clearly identify the threshold, we have studied the
energy of the signal emission as a function of pump power
(triangles in Fig. 2). A smooth and almost linear blueshift
of the signal energy is visible at low powers, while a
sudden jump appears for 7, just above 12 mW due to the
onset of parametric oscillation. Such a discontinuous be-
havior around the threshold was predicted in Refs. [9,15].
Far above threshold, the blueshift saturates.

The main object of our study is the response of the
system in its stationary state to an additional weak
(=0.2 mW) probe pulse that impinges on the sample at a
large angle of around 20°, i.e., in the vicinity of the idler.
The system response to the probe pulse is monitored by
investigating the time- and momentum-resolved signal
emission and, in particular, its decay time. As an example,
we have traced in the inset of Fig. 2 the time evolution of
the difference AI; = I,(pump + probe) — I,(pump) be-
tween the signal emission intensity with and without probe,
respectively, for three different pump intensities.

Right after the arrival of the probe pulse, parametric
scattering of pump polaritons into k, is stimulated by the
small population of the new idler polaritons injected by the
probe (see the fast switch-on of A/ in the inset in Fig. 2).
The fast decay on a 30 ps scale is followed by a much
slower exponential decay on a time scale in the 100 ps
range, i.e., orders of magnitude longer than the empty
cavity decay time (2 ps) and the polariton-polariton scat-
tering time [18], but still significantly shorter than the
probe repetition time of ~12 ns.
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FIG. 2 (color online). Energy (triangles) and decay time (open
circles) of the signal versus pump power. The red dashed line
indicates the pump threshold. Inset: time evolution of the energy-
integrated signal emission A/, for three pump powers (I mW,
7.5 mW, 12.5 mW).

056402-2



PRL 102, 056402 (2009)

PHYSICAL REVIEW LETTERS

week ending
6 FEBRUARY 2009

The response of the system strongly depends on /,,. This
dependence of the long decay time is summarized by the
circles in Fig. 2. The decay time shows a divergent behav-
ior [19] approaching I, = 12.5mW; for higher powers, it
exceeds the time window of our setup. The parametric
nature of the enhanced lifetime is confirmed by the coin-
cidence of the divergence with the signal energy jump and
the PL frequency narrowing (see Fig. 1).

The role of the parametric processes is further evidenced
by the momentum-resolved data shown in Fig. 3. The
considered wave vector range is centered around the value
k, where signal emission would appear if the pump inten-
sity was above threshold. While the decay time is a smooth
function of k, for I, well below the parametric oscillation
threshold (open circles), a marked peak is apparent in the
vicinity of k; (k, = 0) for pump intensities around and
above the threshold (filled circles).

A convenient and physically meaningful way to interpret
the slowing down of the response to the probe is to use the
coherent polariton model based on a pair of coupled Gross-
Pitaevskii-like nonlinear wave equations for the photon
and exciton fields ¢ x(r, 1) [20,21],
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FIG. 3 (color online). k, dependence of the signal decay time
for two different pump powers, 11.5 mW (open circles) and
12.5 mW (filled circles). The high values of the decay time
(>500 ps) far from k, = 0 are due to the integration over all the
spot area and over all the emitted energies: the intensity profile
(not shown) for both 11.5 mW and 12.5 mW is strongly peaked in
the parametric scattering region around the signal state at k, = 0,
while a much weaker and slower incoherent emission coming
from higher energy states (e.g,. residual excitons) and from the

border of the spot is responsible for the tails at |k, | > 0.5 um™'.

We follow the dynamics of the system starting from the
Y. c(r, 1) = 0 vacuum state. wc(k) is the photon disper-
sion, while the exciton dispersion is assumed to be flat at
wx. Ycx are the decay rates of the cavity photon and the
exciton, respectively. The exciton-exciton interactions are
characterized by the nonlinear coupling coefficient g, and
Qp is the exciton-photon Rabi coupling. The driving
F(r, 1) is proportional to the incident electromagnetic field
and has to include both the cw pump and the pulse probe:
once the system has attained its stationary state under the
cw pump only, an additional short probe pulse is applied
close to resonance with the idler. The following response of
the system is monitored on the most relevant observables,
in particular, the polariton distribution in k space. For the
sake of simplicity, we have limited ourselves to the case of
a plane-wave pump with a well-defined wave vector k,, and
periodic boundary conditions, while the finite spatial size
of the probe beam is fully taken into account.

As discussed in Refs. [9,21], the approach to the OPO
threshold from below is signaled by the decay rate of
some mode tending to zero. As a function of k, the decay
time results then strongly peaked around the point where
the decay rate is the smallest: the closer to threshold,
the higher the peak value. These general claims are per-
fectly visible in the numerical result plotted in Fig. 4. For
pump intensities just below Ig‘, the evolution of the inte-

T

~
o

~

L1

Signal APL

Ty
|

Decay time [ps]
S

T
FRTIT |

0 0.5 1
/1"
P P
10° T :
. . . . d
L T T P @ g g
— 10'F RN 0WE i
Z - N o7 Y5y
o F @ o hvad L L !
E r e oo B oo 10T 02 o4
> 10°F St TE E
2 E LT o o 3 E
A [ o © i '8”-:_\ ]
L o @ q
10" a=" | | L | L | L | L
-0.4 -0.2 0 0.2 0.4
K, [um]

FIG. 4 (color online). Results of numerical calculations.
(a) Decay time of Al as a function of cw pump intensity.
Inset (b): Time dependence of k-integrated signal emission
Al for different values of 1,/I" =5 X 10~* (solid line), 0.57
(dotted line), 0.95 (dashed line), 0.99 (dash-dotted line); integra-
tion is performed over the k-space region surrounding k;. (c) k
dependence of the decay time for different values of 7, /IE1 =
0.57, 0.95, 0.99 below threshold. Inset (d): k dependence of the
decay time for I, /Ig1 = 1.15, above threshold; the vertical
dotted line indicates the coherent signal emission wave vector
kg, at which the decay time is infinite by definition of sponta-
neous symmetry breaking.
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grated signal emission A/, (z) after the arrival of the probe
pulse is characterized by a short transient followed by
a much slower exponential decay, with a time constant
that dramatically increases as the threshold is approached
[inset (b)]. By comparing the overall decay time of the
integrated Al,(¢) [panel (a)] with the k-dependent decay
time [panel (c)], it can immediately be seen that the former
is determined by the decay time of the longest-lived mode,
a quantity that increases in magnitude and becomes pro-
gressively more peaked as the threshold is approached.

This theoretical result is in good agreement with the
experimental observations for pump intensities in the vi-
cinity of the threshold, but some specific attention has to be
paid to the experimental data for very low pump power. In
this regime, the theoretical calculations predict that the
decay time should go back to the bare polariton lifetime,
while a quite long decay time is observed in the experi-
ment. To explain this behavior, one can mention the spatial
inhomogeneity of the system as well as the presence of
residual excitons in long-lived states that relax down on a
long time scale. These incoherent scattering processes are
most important for low powers, while coherent parametric
processes take it over as the threshold is approached.

The decay time above threshold is too long to be quan-
titatively measured with our setup. Numerical simulations
do not suffer from such a difficulty, and we summarize here
the main features that one expects for this regime. As a
consequence of the spontaneous breaking of the U(1)
symmetry corresponding to simultaneous rotations of the
signal/idler phases, the spectrum of the elementary excita-
tions is characterized by the presence of a soft Goldstone
mode corresponding to slow twists in space of the signal/
idler phases: as the wave vector ¢ = k — k; of the excita-
tion tends to zero, both its frequency and decay rate tend to
zero [17]. This prediction is confirmed by the numerical
results for the k-dependent decay rate shown in Fig. 4(d):
the peaked structure of the decay rate as a function of k —
k, is apparent.

In conclusion, we have investigated the response of a
continuously pumped OPO to an additional weak pulse in
the vicinity of the idler. The emission from the signal is
resolved in time and its momentum distribution is analyzed
as a function of the pump intensity: when the pump inten-
sity is close or above the parametric oscillation threshold, a
lifetime orders of magnitude longer than the intrinsic po-
lariton lifetime is observed for polariton modes in the
vicinity of the signal emission. The experiments are ex-
plained in terms of a critical slowing down of the elemen-
tary excitation dynamics as the threshold is approached.
The use of a long living coherent polariton state is of
fundamental interest to study, for instance, quantum dy-
namics of nonequilibrium condensates as shown in
Ref. [13].
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