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Second-order time correlations of polaritons have been measured across the condensation threshold in a
CdTe microcavity. The onset of Bose-Einstein condensation is marked by the disappearance of photon
bunching, demonstrating the transition from a thermal-like state to a coherent state. Coherence is,
however, degraded with increasing polariton density, most probably as a result of self-interaction within
the condensate and scatterings with noncondensed excitons and polaritons. Such behavior clearly differ-
entiates polariton Bose condensation from photon lasing.
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Bose-Einstein condensation (BEC) is a thermodynamic
phase transition occurring upon increasing the density of
bosons, leading to the massive occupation of the lowest
quantum state and the onset of a long range order parame-
ter [1,2]. These two BEC defining features were clearly
observed in dilute atomic gases when lowering their tem-
perature down to about 107° K [3-6]. Further supports of
condensation were provided by second and third order
correlation studies of atom condensates [7—10]. For solid
state systems, BEC has been claimed for excitons in Cu,O
[11-13], coupled semiconductor quantum wells (QWs)
[14,15], and quantum Hall bilayers [16], as well as for
magnons [17], and for exciton polaritons in semiconductor
microcavities [18,19]. However, it is only in the polariton
system that both BEC signatures, namely, the massive
occupation of the ground state and the onset of long range
spatial coherence, have been demonstrated [19]. Exciton
polaritons are two-dimensional quasi particles, which re-
sult from the strong coupling between excitons confined in
the QWs and photon modes confined in the microcavity
[20,21]. Of particular interest for BEC is the extremely
light polariton effective mass, around 10~* the free elec-
tron mass, which should allow condensation at the bottom
of the lower dispersion branch up to 300 K in wide-band-
gap semiconductor and organic microcavities [21].

Polariton condensation in CdTe is far from the ideal
BEC case since polaritons have a short lifetime (1-2 ps)
and show strong interactions between them and their en-
vironment through the excitonic part of the polariton.
Thus, decoherence could be expected in the condensed
phase due to Coulomb scattering of polaritons within the
condensate and with noncondensed excitons and polar-
itons. Indeed phase diffusion is predicted to dominate in
the condensed phase, so that the linewidth of the conden-
sate emission would increase rapidly with increasing con-
densed polaritons [22]. Such degradation of coherence,
which would be absent in a standard photon laser, has
been recently reported in a CdTe microcavity [19]. On
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the other hand, polaritons in GaAs microcavity display a
quite different behavior [18]. Second-order time correla-
tion measurements showed that fluctuations in the polar-
iton system steadily decrease when increasing the density
up to 17 times the condensation threshold density. The
purpose of this Letter is to probe second-order time corre-
lations in the same CdTe microcavity as recently used to
demonstrate BEC [19]. This measurement provides a direct
insight into the quantum fluctuations of the condensate,
which we compare with the measurements reported in [18],
and with the well-known fluctuations of a photon laser.

In this work, we have measured the second-order time
correlations of the microcavity emission, under both cw
and pulsed excitations, using a Hanbury Brown and Twiss
(HBT) setup [23]. In cw experiments, we observe photon
bunching for excitation below the condensation threshold,
indicating the thermal character of the polariton system.
Photon bunching is suppressed for excitation just above
threshold, demonstrating the formation of a coherent state
and confirming the recent BEC claim [19]. With further
increase of the excitation intensity, photon bunching occurs
again. In pulsed experiments, for excitation far above
threshold, we measure a strong increase of fluctuations,
which confirms the phase induced decoherence already
observed in cw experiments.

The experimental conditions of this work are similar to
those described in [19]. We use the same 22 microcavity
containing 16 CdTe/CdMgTe 50 A QWs, which exhibits a
Rabi splitting of 26 meV [24]. Experiments are carried out
at a sample temperature of 5 K and for photon-exciton
detuning of +2 meV. We excite the microcavity with a
linearly polarized light at 1.77 eV provided by a
Ti:sapphire laser, approximately 100 meV above the lower
polariton ground state. The excitation spot has a homoge-
nous ‘“‘top hat” intensity profile of around 30 pm diameter.
The exciton density at the condensation threshold per QW
is about 50 times below the exciton saturation density in
CdTe (~5 X 10" cm™2). Polaritons distributed along the
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dispersion curve are monitored by imaging the far field
emission of the microcavity on the entrance slit of a
monochromator [19,25,26]. Emission from the lower po-
lariton ground state at kj = 0O is selected with an angular
resolution of about 1° by closing the entrance slit verti-
cally, and sent into the photon autocorrelator. Our auto-
correlator is a HBT setup, which consists of a 50:50 non-
polarizing beam splitter and two single photon counters.
The photon counters are avalanche photodiodes that have a
time resolution as short as 70 ps and a dark count rate of
30 Hz. The time resolution of the photon autocorrelator is
tac = 120 ps for counting rates lower than 8 X 10° s~ !. In
all experiments discussed below, the photon counting rate
has been kept below 5 X 10° s~1.

We have used this autocorrelator to analyze the polariton
emission as a function of the excitation intensity. The
second-order time correlation function g?(7) is defined as

g2(r) = (1(t + DI /[IOXI(t + 7))

where I(r) is the polariton emission intensity at time #, and
(...) is time averaged. In a classical Bose gas at thermal
equilibrium, such as a photon gas within a black body
cavity, the intensity fluctuations are caused by the occu-
pancy fluctuation of a given quantum state which follows a
Boltzmann distribution. This distribution leads to g (0) =
2. In our case the situation is more complicated: the polar-
iton gas does not have the time to reach thermal equilib-
rium because it is leaking very efficiently outside of the
microcavity (on a 2 ps time scale). In the low density limit,
the statistics of the polariton occupancy is determined by
the thermal phonon bath which is responsible for their
relaxation. The corresponding value for g (0) thus will
reflect that of the phonon bath, modified by the polariton-
phonon coupling constant [27]. Then, it will range between
>1 and 2. Another fact should be taken into account when
discussing our measurements: the fluctuations of the polar-
iton field are related to those of the photon field in a
nontrivial manner [27,28]. Actually only the coherent state
would show the same fluctuations on both the photon and
polariton fields, corresponding to g (0) = 1. On the other
hand, if the photon field shows an excess of fluctuations
with respect to the fluctuations of a coherent state, we can
conclude that the polariton field should show also an excess
of fluctuations [but with different value of g®(0)].

We present first correlation measurements in the cw
excitation mode. For low excitations P = Py,, a correla-
tion peak of about 3% height is visible [Fig. 1(a)].
Although low, this correlation peak cannot be mixed up
with noise, as it lies 3 times (i.e. with 99% of confidence
level) above the mean noise level measured on the uncor-
related long delay data. This small bunching value must
then be corrected to take into account the time resolution of
the setup f54c ~ 120 ps, much longer than the polariton
coherence time f7- ~ 2 ps (as independently measured
with a Michelson interferometer). In this case, the actual
zero delay peak g®(0) can be estimated from the measured
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FIG. 1. Second-order time correlations measured for polariton
photoluminescence at k| = 0, for four different pump intensities.
Suppression of the photon bunching is seen as the condensation
threshold is passed, demonstrating transition from thermal to-
wards coherent state. Far above threshold (d) the coherence is
degraded (photon bunching reappears) due to interactions within
the polariton condensate and scatterings with noncondensed
excitons and polaritons.

zero delay peak g2(0) by: g2(0) =1+ (g?(0) —
1)tc/tac. This correction leads to g (0) = 2.8 + 1, which
indicates fluctuations significantly higher than those of a
coherent state.

At condensation threshold, a significant excess of fluc-
tuations is still present [Fig. 1(b)]. This is not surprising
considering the fact that BEC is a phase transition, and it is
common that fluctuations in the photon number of a laser
strongly increase at threshold [29]. For excitation P =
1.5Py,,, the zero delay fluctuations remain within the noise
level of the measurement showing that photon bunching is
suppressed [Fig. 1(c)]. This clearly shows that the polariton
system is now in a coherent state, and confirms the for-
mation of a Bose condensate as reported in [19]. However,
photon bunching reappears at zero time delay with further
increase of the excitation [Fig. 1(d)], indicating that coher-
ence in the condensate is degraded at high density. In fact,
it is theoretically shown that Coulomb scattering of polar-
itons within the condensate and with noncondensed polar-
itons and excitons should rapidly induce phase diffusion in
the condensate [22]. Consequently, the condensate emis-
sion should be spectrally broadened, which has been in-
deed observed in the CdTe condensate [19]. In that sense
the polariton condensate strongly differs from the photon
laser whose coherence increases with the number of pho-
tons in the lasing mode.

We turn now to the pulsed excitation measurements. The
use of pulsed excitation has some benefits when g@(7) is
to be measured. First, the time resolution of the detectors is
no longer an issue, unless it is longer than the excitation
pulse period (~13.1 ns). Second, photons are emitted
within a finite time interval after each excitation pulse.
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As a result, for a given counting rate, the number of
coincidences is significantly higher than for cw measure-
ments (by a factor of 20 in our case), making data acquis-
ition times shorter and thus permitting to obtain better
signal-to-noise ratio. Finally, it is highly instructive to
have a comparison with a previous study of second-order
time correlations in a GaAs microcavity which was per-
formed under pulsed excitation [18].

As for the cw study, we use the excitation laser to check
the HBT setup in the pulsed mode. The data have been
corrected for the “pile-up” effect, which appears when the
time delay becomes comparable to the inverse count rate
[30]. The error bars in Fig. 2 represent the photon noise
N~'/2, N being the number of coincidences.

For weak excitation, a small but reproducible photon
bunching (about 0.5%) is visible at zero time delay
[Fig. 2(b)]. This small peak value is due to the fact that
photon bunching only occurs during the coherence time 7,
of polaritons, which is much shorter than their decay
dynamics. Although the polariton lifetime is very short
the relaxation dynamics could be very slow due to the
strong dispersion of the lower polariton branch at wave
vectors kj ~ 0, which inhibits acoustic phonon exchange
with the lattice. This results in the formation of a reservoir
of excitons at large k) (bottleneck effect), which could take
several hundreds of picoseconds to relax down to the
polariton ground state [18,31-33]. This is directly reflected
in the linewidth of the correlation peaks as shown in Fig. 4:
At low excitation, the peak is broadened, not by the time
resolution of the setup #5,c = 120 ps, but by the polariton
relaxation dynamics f.(P) = 300 ps. In that case, the
measured zero delay peak can be approximated by

gﬁf)(O) ~ 1+ (g@(0) — 1)t¢/t,4(P). This correction leads
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FIG. 2. (a) gf,f)(r) measured for the excitation laser. The pho-
ton bunching at zero time delay is not observed showing second-
order coherence of the laser field. (b)—(d) gff)(f) measured for
the polariton photoluminescence at k; = 0. The photon bunch-
ing of the order 0.5% is measured below the condensation
threshold. Its value gradually increases with the excitation den-
sity (c),(d), and see Fig. 3. The error bars correspond to N~ 1/2.

to g?(0) = 1.8 + 0.4, which is qualitatively in line with
the cw result. When approaching the threshold, the corre-
lation value seems to remain steady, however f.(P) is
decreasing strongly at the same time. This is visible on
the line width decreasing of the zero delay correlation peak
(Fig. 4). This accelerated relaxation dynamics has been
reported in a detailed time resolved-analysis presented in
[31]. This means that the excess of fluctuations is actually
dropping while approaching the condensation threshold,
consistent with the build up of a coherent state. The decay
of the polariton ground state for above threshold excitation
always consists of two components: A fast decay corre-
sponding to the condensed phase, and a much slower decay
typical of the low excitation regime [18,31-33]. This
mixture of coherent and incoherent polaritons explains
why, by contrast to the cw case, photon bunching does
not disappear for excitation P = 1.32Py,, [Fig. 2(c)].

Photon bunching increases again with increasing exci-
tation [Fig. 2(d)]. In Fig. 3, we compare gf,zl)(O) and the
emission linewidth of the polariton ground state as a func-
tion of the excitation intensity. A general tendency of
decoherence deep in the condensed phase is observed
[22], consistent with cw results shown in Fig. 1(d).

The loss of coherence with increasing density in the
condensed phase has been observed in both cw and pulsed
experiments in our sample, showing that the general be-
havior of the polariton condensate does not correspond to
the standard photon laser. According to [22], this is a direct
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FIG. 3 (color online). gfy%)(r = 0), for the polariton photolu-
minescence at k; = 0 as a function of the normalized excitation
intensity (blue triangles). The g%)(O) gradually increases with
the pump intensity. In order to interpret this behavior the inter-
play between the coherence time and the relaxation time should
be taken into consideration (see main text). Far above threshold
the decoherence is manifested by increase of the linewidth (open
brown circles) and by increase of the g,(,z,) (0). The orange circle is
the gﬁf)(O) of the excitation laser. Green squares are average
values of gﬁ,%)(r # 0) correlation peaks. Inset: The number of
coincidences as a function of 7 measured for the polariton
photoluminescence at k; = 0 in the pulsed excitation regime;
far above threshold (up) a significant photon bunching at 7 = 0

is measured.
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FIG. 4. Acceleration of the polariton relaxation towards the
ground state with increasing the pump intensity measured in the
intensity correlation experiment. The narrowing of the correla-
tion peaks due to the reduction of the decay time is shown (Inset:
below threshold: dashed-dot line and at threshold: solid line).
Above condensation threshold the width of the correlation peaks
is limited by the ¢ and not by the ..

consequence of the excitonic nature of polaritons. On the
other hand, a previous study of second-order time correla-
tions in a GaAs microcavity [18] showed that the polariton
fluctuations exhibit a slow decrease upon increasing the
excitation intensity, from g®(0) = 1.77 at 1.1Py,,, to about
g?(0) = 1.48 for intensity ~15 times higher. A possible
lead for this discrepancy could stem from the different
polariton-polariton interaction strength in GaAs and
CdTe. This interaction is proportional to Ay/e , where
Ay is the two-dimensional exciton Bohr radius in QWs,
and e the dielectric constant [34]. Whereas the dielectric
constant is about the same in GaAs apd CdTe, the exciton
Bohr radius in GaAs is typically 150 A, 3 times larger than
in CdTe. Thus the polariton-polariton interaction is ex-
pected to be 3 times stronger in GaAs, which could prevent
the existence of a coherent regime in the condensed phase.

In summary, we have investigated the second-order time
correlations of polaritons in a CdTe-based microcavity by a
HBT experiment. Results obtained in the cw excitation
mode provide additional support to the BEC recently ob-
served in the same microcavity [19]. Below the condensa-
tion threshold, polaritons are in a thermal-like state,
yielding photon bunching for zero time delay. As the
condensation threshold is passed, photon bunching is sup-
pressed, supporting evidence for the onset of coherence.
Increasing further the number of polaritons in the con-
densed phase results in a loss of coherence, revealed by
the appearance of photon bunching and the spectral broad-
ening of the condensate emission. Polaritons are interact-
ing bosons, and phase diffusion is predicted in the polariton
condensate at high density due to self interaction [22]. One
should also keep in mind the large number of excitons in
the reservoir: At threshold, the exciton density in each QW

is about 10'° cm™2, i.e., 2 orders of magnitude higher than
that of polaritons. Therefore interaction with excitons
could be a significant source of decoherence and a severe
limitation for a practical use of the “polariton laser.”
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