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The importance of interaction effects in determining the temporal coherence of spectrally and spatially
isolated single modes of the microcavity optical parametric oscillator (OPO) is demonstrated. As a
function of macroscopic occupancy, the coherence time (7.) first increases linearly and then exhibits
saturation behavior, reaching maximum values of up to 500 ps. Good agreement is found with a model
including fluctuations in polariton number and polariton-polariton interactions between the OPO states. 7.
is a property of the coupled OPO system, a result confirmed by the finding of equal coherence times for
signal and idler, even though the idler is subject to strong additional scattering.
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Temporal and spatial coherence are fundamental prop-
erties which characterize systems that undergo a transition
into a high density, macroscopically occupied state. Such
macroscopic occupations can be achieved in semiconduc-
tor microcavities (MCs) [1], where optical parametric os-
cillator (OPO) behavior is observed under resonant
excitation of the lower polariton (LP) branch [2]. The
thresholdlike behavior of the OPO, where signal and idler
states [see Fig. 1(a)] are formed in a dynamical equilibrium
between the driving pump field and the cavity losses, has
similarities to that seen in a photon laser. However, the
exciton content in the polariton gives rise to interparticle
interactions, which we show here influence strongly the
properties of the coherent emission and, hence, of the high
density phase.

Up to the present, most studies of the microcavity OPO
have investigated basic properties such as angular distri-
bution [2], polarization [3], power [2,4], and temperature
[5] dependence. Quantum phenomena such as squeezing
[6] and complementarity of idler polaritons [7] were also
reported. The theoretical work of Ref. [8] predicts the
formation of macroscopic spatial coherence of the OPO
signal driven by a laterally uniform laser field. Experi-
mental evidence for coherence of degenerate parametric
scattering was shown in quantum noise measurements [9].

We show, using a single frequency laser for excitation,
that the signal consists of a number of narrow, spatially
and spectrally distinct modes with a localization size of
~10 pwm. Using spatial and spectral filtering to isolate
individual modes, we study the coherence of the OPO
emission. The coherence times exhibit saturation behavior
with increasing state occupancy and achieve maximum
values of ~500 ps. The effect is explained by polariton-
polariton interactions between macroscopically occupied
signal, idler, and pump states. The resultant blueshift of the
OPO states, together with fluctuations of the polariton
population, leads to a reduction of the coherence time
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with occupancy. In the coupled OPO system, energy and
phase conservation for the scattered particles require en-
ergy and phase fluctuations of the signal and idler to be
anticorrelated, explaining the finding that the coherence
times of the signal and idler are very similar over the whole
range of excitation powers.
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FIG. 1 (color online). (a) Polariton dispersion curve showing
scattering into signal and idler states. (b) Schematic diagram of
the experimental setup. The positions of mirrors P and D in the
Mach-Zehnder interferometer determines the course delay time
and the phase shift between beams A and B, respectively.
(c) Spectra corresponding to stimulated polariton emission from
the bottom of the LP branch at excitation power P = 31 mW,
recorded from two spatially separated slices of 5 X 40 um
dimension across the excitation spot. (d)—(h) Spatial images of
the polariton emission for (d) P = 1.5 mW and (e)—(h) P =
31 mW. The detection energies Ey—E3 for images (e)—(h) are
given on the images and are marked on the spectra. The center of
the pump is indicated by the black solid circle in (e)—(h).
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The structure of the MC studied is very similar to that of
Ref. [2]. Several positions on the sample were investigated
with Rabi splitting ) ~ 6 meV and near zero detuning
between exciton and cavity modes. The beam from a single
frequency diode laser (FWHM ~ 10 MHz) was focused to
~40 wm on the sample at an angle of incidence of ©, =
~12°-15° to achieve resonant excitation of the LP branch.
Spatially and spectrally resolved images of the LP emis-
sion (collected in a solid angle 0 = 5°) were recorded [see
Fig. 1(b)]. First order correlation functions were measured
using a Mach-Zehnder interferometer.

Figure 1(c) shows spectra from the bottom of the LP
branch (the signal emission at ®¢= ~0°) at excitation
powers P =31 mW well above the threshold (Py, ~3 mW)
for stimulated polariton-polariton scattering. The spectra
are recorded from two spatially separated sections of ~5 X
40 pum dimension across the 40 pwm excitation spot. The
emission consists of a number of narrow features with an
energy separation and linewidth of 0.05-0.06 meV
(FWHM, resolution limited). As seen in Fig. 1(c), differ-
ent peaks dominate depending on the detection area across
the spot.

Spatially resolved images (5 pm resolution) of the sig-
nal are presented in Figs. 1(d)—1(h). Each individual image
in Figs. 1(e)—1(h) is recorded at a specific emission energy
[Ey—E5 for Figs. 1(e)—1(h) on the spectra of Fig. 1(c)].
Below threshold in Fig. 1(d) at a power P = 1.5 mW, the
LP emission has a near-Gaussian distribution, determined
by the excitation beam. By contrast, at P = 31 mW above
threshold [Figs. 1(e)—1(h)] the signal consists of a number
of spatially separated modes [spectrally resolved in
Fig. 1(c)] with a localization size of ~10 wm and with
emission at different energies. The energy of the mode
decreases with an increase of the localization distance
from the excitation spot [the solid black circle in
Figs. 1(e)—1(h)]. The use of the single mode pump laser
results in narrowing of the signal spectra and allows the
spectral resolution of the mode structure. By contrast, the
spectral structure was not resolved in previous studies
[2,3,5] where a multimode Ti:sapphire laser with a line-
width of ~0.05 meV was used.

Spatial resolution allows us to isolate one mode and to
study its evolution with power. Figure 2(a) shows normal-
ized signal spectra versus P for a ~5 um region within the
images of Figs. 1(d)—1(h). Below threshold, the LP emis-
sion is broad (FWHM ~ 0.25 meV) corresponding to inco-
herent population of states close to k = 0. Above threshold
(Py ~ 3 mW), standard microcavity OPO behavior is ob-
served [2]: The emission transforms into a single narrow
peak, which grows superlinearly [Fig. 2(b)] and exhibits
the characteristic blueshift in the range from 5 to ~30 mW
[10]. The blueshift arises from the repulsive polariton-
polariton interactions [11,12] between signal, pump, and
idler states.

A full discussion of the origin of the spatial structure is
given elsewhere [13] within the quasiclassical formalism

of the microcavity OPO; we restrict ourselves here to a
summary of the points needed for the present discussion.
Two main mechanisms give rise to the spatial nonuniform-
ity of the signal. First, the pump field has a Gaussian pro-
file, and so the blueshift of the signal is maximum at the
center of the spot and decreases towards the edge. Second,
there are fluctuations in the photonic potential of
~0.1 meV possibly due to misfit dislocations in the
Bragg mirrors [14], which contribute to a spatial variation
of the signal energy. These effects inhibit the formation of
macroscopic spatial coherence of the signal [8], which
breaks up into localized modes with different energies
[Figs. 1(e)-1(h)].

Having achieved spectral and spatial resolution of indi-
vidual signal modes, we are able to investigate the coher-
ence properties of the OPO. Since the linewidth Av (or
coherence time 7., ~ 1/Av) of the spatially resolved
signal modes was below the resolution of typical grating
spectrometers, we employed a Mach-Zehnder interferome-
ter to study the coherence properties. As seen in Fig. 1(b),
the spatially selected signal was directed through the in-
terferometer and the intensity at the output of the spec-
trometer recorded as a function of phase shift for different
course delay times 7,. Typical interference patterns for the
signal and idler (open and solid squares), at a power of
23 mW well above threshold, are shown in Fig. 3(a) at
7, = 180 ps. The first order correlation function g'(7,) of
the signal is given by the visibility g!(7,) =(E*(1)E(t +
Td)>/<E*(t)E(Z)> = (Imax - Imin)/(lmax + Imin) of the inter-
ference fringes versus delay time (E is the electric field,
and [, min are maximum and minimum intensities of the
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FIG. 2. Signal spectra from the spatially filtered area of radius
~5 um versus excitation power P. (b) Intensity of the signal
emission versus pump power P.
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interference fringes). Figure 3(b) shows a typical depen-
dence of g!(7,) for the signal above threshold, decaying
exponentially within a coherence time 7, of ~230 ps. As
a control, the visibility of the fringes for the laser was mea-
sured and found to be 0.95 at 7, ~ 120 ps [Fig. 3(a)],
indicating the coherence time of the pump to be more
than 1 order of magnitude longer than that of the signal.

To provide information on the factors determining the
OPO coherence, 7., Was studied as a function of excita-
tion power [15] for both the signal and idler at detection
angles ®; ~ 0 and ©; ~ 24°[Fig. 1(a)], respectively. From
the ratio of the signal to idler intensities, the signal popu-
lation N is deduced to be a factor of 5—10 larger than that
of the idler N;. The idler depletion mainly arises due to
“idler-idler”” and ‘‘idler-pump” scattering towards high &
exciton states [12].

Surprisingly, despite the extra scattering channel out of
the idler state, both the signal and idler have very similar
coherence times, as seen from comparison of their inter-
ference patterns which have very similar visibilities
[Fig. 3(a), the solid and open squares]. Moreover, as shown
in Fig. 3(c), very similar coherence times for the signal and
idler are observed over the whole range of pump powers
[16]. Coherence times (7..,) of ~100 ps are observed at
powers just above threshold. As a function of signal inten-
sity (I o« Ny), a linear increase is then seen, followed by
saturation behavior at values of ~500 ps.

In a noninteracting stimulated system such as a laser
[17,18], the coherence time is proportional to the ratio of
the number of stimulated to noise photons, due to spon-
taneous emission into the lasing mode. In the OPO, spon-
taneous scattering occurs within a time 7y, ~ 1/,/y,y; ~
5 ps, determined by the polariton losses, where vy, and vy;
are polariton linewidths below threshold. Therefore, mak-
ing the analogy with the laser and assuming the limitation
of the OPO coherence only by spontaneous scattering, the
coherence time of the signal and idler is expected to vary
linearly with polariton population (N, + N;) = N, (N, >
N;) and is given by 7, = (N,)7y,. The predicted linear
behavior is in contrast to the saturation in the variation of
T.on With N found in Fig. 3(c). We note that, despite the
strong depletion of the idler population, the coherence
times of signal and idler are expected to be the same within
this picture, since an equal polariton flux into these states
due to polariton-polariton scattering implies the same frac-
tional contribution of spontaneous noise polaritons for the
signal and idler.

The observed variation of the temporal coherence with
N, finds a natural explanation if polariton-polariton inter-
actions are included [19]: The interactions affect not only
the spatial patterning of the OPO as discussed above, and
hence spatial coherence, but also the temporal coherence.
The repulsive interaction leads to the blueshift in energy
mentioned above, determined by the total polariton popu-
lation in the system [11,12]. Following Ref. [12], for a
fixed energy of the pump, the energy shift of the signal with
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FIG. 3. (a) Interference fringes as a function of phase shift
between the beams in the two arms of the Mach-Zehnder
interferometer for the pump laser, the signal (open squares)
and the idler (solid squares). (b) A typical variation of the g!
function versus delay time for an isolated signal mode above
threshold. (c) Coherence times 7, of the individual signal (open
squares) and corresponding idler (solid squares) modes versus
signal intensity /. (d) Calculation of the signal coherence time
versus signal polariton population N,.

respect to the energy of the lower polariton branch below
threshold, determined by the polariton-polariton inter-
actions between pump, signal, and idler states, is given by

X |*y; X |4 21% |2
AESNX:;[w(NS_Ni’YSl 1|4>+ | pl
(vi + ) il Xl (vi +vs)
X (yilX,I2 = yslx,»lz)N,,} (1)

Ny , i is the mean number of polaritons in the signal, pump,
and idler, respectively, y, ~ 0.3 meV, y; ~ 1 meV are the
polariton linewidths below threshold, |X,|* ~ 0.5, |X,|* ~
0.7, and |X;|> ~0.95 are the excitonic contents of the
signal, pump, and idler states, respectively, and y? is pro-
portional to the third order nonlinearity coefficient which
determines the strengths of the scattering processes. The
energy of the idler is given by energy conservation by E; =
2E, — E;.

In macroscopically occupied states, there are always
fluctuations in the number of particles. For coherent states,
the minimum amplitude of the fluctuations is determined
by Poissonian statistics with SN, = N%3, SN; = N93,
8N, = Ny* [17]. These fluctuations will result in equal
energy fluctuations for the signal and idler 6E, = —9JE;
(and thus reduction of the coherence time) due to the
population-dependent blueshift and, hence, equal coher-
ence times in agreement with experiment. The coherence
is, thus, a property of the whole OPO system rather than of
either the signal or idler separately. The scattering out at
the idler is stronger than at the signal due to its higher
excitonic content and proximity in energy to uncoupled
exciton states. Such scattering affects not only the coher-
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ence of the idler state but also that of the signal, which is coupled to the idler and the pump by polariton-polariton pair

scattering [11,12].

Taking into account the broadening of the OPO emission due to spontaneous processes discussed above, and the broad-
ening due to fluctuations in polariton number, derived from Eq. (1), the coherence times of the signal and idler are given by

X|*
Yity

1 N

1/Tcoh = 1/(TspNs) + X3\/<L>ZNS

In the formula, we omit the N; term from Eq. (1), since
N; < N, N, and assume the fluctuations in the signal and
idler are independent. Above threshold, the number of
polaritons in the pump is almost independent of the exci-
tation power and is given by the threshold value, since with
increasing power the additional polaritons are transferred
efficiently to the signal and idler [12]. Therefore, the
variation of 7., with occupation is governed mainly by
N,. N, is estimated to be ~6000 = 3000 at threshold pump
powers of ~3-7 mW. We measure the power of the total
emission in the signal beam to be ~200 uW for P =
30 mW. This enables us to deduce the average polariton
number in a single signal mode [Fig. 2(a)] to be ~1000 =
300 at P = 30 mW. x? is deduced from the energy shift of
the signal of ~0.25 meV at P = 30 mW.

Equation (2) was then used to fit the observed variation
of 7., with N. The result is shown in Fig. 3(d). At powers
close to threshold, N; is small and the first term in Eq. (1)
dominates, resulting in a fast increase of 7.y, with I as
seen experimentally in Fig. 3(c). With increasing N, the
second term in Eq. (1) increases and eventually dominates,
resulting in quasisaturation of 7., again as in Fig. 3(c)
[20]. The overall similarity between the experimental and
theoretical variations provides clear evidence for the role
of interaction effects in limiting the temporal coherence.
The best fit is obtained for Ny, = 2000 at P = 30 mW and
N, = 3000, close to the values deduced from experiment.
Both the onset of saturation at N, ~ 500 and the maximum
value of 7, of ~450 ps (corresponding to a linewidth of
~2 wneV) found experimentally are reproduced well, pro-
viding further support to the model.

The decrease of the experimental 7., to 200—300 ps at
the highest power of 30 mW may arise from the onset of
OPO instabilities [12], when the OPO tends to switch off
due to the blueshift: This effect may play an additional role
in determining the amplitude of the polariton fluctuations
and explain the saturation behavior of the signal intensity
in Fig. 2(b) at P > 20 mW.

In conclusion, we have shown that polariton-polariton
interactions play a dominant role in limiting the temporal
coherence of the stimulated emission from microcavity
OPOs. The factors limiting the coherence are in marked
contrast to those in a noninteracting system such as a laser.
Coherence times of individual signal and idler modes have
been observed to be similar over the whole excitation range
of powers even though the idler is subject to strong addi-
tional scattering. This shows that the temporal coherence
of stimulated polariton emission is a property of the inter-

41x,|*
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acting OPO system rather than of the signal and idler
separately. The spatially and spectrally resolved images
show that interaction effects coupled with spatial nonun-
iformity also limit the spatial coherence to distances of
order 5-10 pum.
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