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Optically pumping high-quality semiconductor microcavities allows the spontaneous formation of polariton
condensates, which can propagate over distances of many microns. Tightly focused pump spots here are found
to produce expanding incoherent bottleneck polaritons, which coherently amplify the ballistic polaritons and
lead to the formation of unusual ring condensates in space. This quantum liquid is found to form a remarkable
sunflowerlike spatial ripple pattern, which arises from self-interference with Rayleigh-scattered coherent polariton
waves in the Čerenkov regime.
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I. INTRODUCTION

II. EXPERIMENT AND SAMPLE DESCRIPTION

Condensing solid state bosonic quasiparticles brings
prospects for macroscopic quantum-coherent integrated devices. Although still cryogenic, advances in coherent atom
matter-wave optics1,2 shows what might be possible with
room temperature condensation, as sought for years with
superconductors. In the last decade it has become apparent
that polaritons formed from coupling semiconductor excitons
with cavity photons produce bosonic quasiparticles that
can condense,3,4 even at room temperature,5 with superfluid transport and a number of unusual vortex states now
discussed.6–8
Polariton condensation requires high-Q optical cavities,
large light-matter Rabi coupling exceeding thermal energies
(h̄ > kB T ), and efficient relaxation into bosonic quasiparticles from the high-energy injected fermionic carriers.
Successful condensation in microcavities made of III-V
arsenides,3 II-VI tellurides,4 III-V nitrides,5,9 and anthracene10
have relied on natural spatial traps produced by the disordered
energy landscape to confine polaritons sufficiently to initiate
condensation, as well as artificially created ones. This is
largely due to the existence of a “bottleneck”11 in the
relaxation pathway where polaritons collect, thus forming a
high-energy reservoir from which they cannot relax further.
Condensation requires an additional localized concentration
of the bosons. However such disorder-induced localization
severely hampers development of chip-based condensate
circuits.
Here we demonstrate an efficient scheme to pump such
nonequilibrium quantum liquids that produces unusual coherent spatial ring states. These macroscopic condensate rings experience spatially-localized stimulated scattering as the bosons
expand ballistically. Despite their outwards acceleration the
quantum liquid remains phase coherent. We show that spatial
ripples appearing as interferometric sunflowers arise from
elastic scattering in the superfluid.

The microcavities consist of a 5λ/2 AlGaAs cavity containing four sets of three GaAs quantum wells placed at
the antinodes of the cavity electric field, surrounded by
two AlGaAs/AlAs Bragg mirrors of 35 (bottom) and 32
(top) pairs. The cavity quality factor is measured to exceed
Q > 16000, with cavity photon lifetime τc = 9 ps. Strong
coupling is obtained with a Rabi splitting between lower and
upper polariton energies of 9 meV. All data presented here
use a negative cavity detuning of −5 meV, although other
negative detunings give similar results. Excitation is provided
by a single-mode narrow-linewidth CW laser focused to a
1-μm-diameter spot and tuned to the first spectral dip at
energies above the high-reflectivity mirror stopband at 750 nm.
To prevent unwanted sample heating the pump laser is chopped
at 100 Hz with an on:off ratio of 1:30. Both real and k-space
images of the low temperature (7 K) photoluminescence
(filtering out the pump laser) can be imaged, either on the
entrance slits of a spectrometer/CCD combination, or directly
on a CCD.
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III. RESULTS

We observe that the micron-scale polariton reservoir resulting from the tight pump spot efficiently feeds a macroscopic
quantum state in the form of a spatial ring which appears
above the threshold pump power for condensation [Fig. 1(a)].
While spatial images below threshold show maximum incoherent emission from the central pumped spot [Fig. 1(b)],
above threshold the coherent condensate emission develops
in a ring surrounding the pump 10 μm across [Fig. 1(c)]
independent of precise position on the semiconductor wafer,
which becomes more pronounced at high powers [Fig. 1(d)].
The entire condensate is spatially coherent (as observed also
with interferometry,4 not shown). The smooth emission profile
observed below threshold acquires a peculiar “sunflower”
pattern of interference ripples above threshold, which are
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FIG. 1. (Color online) (a) Integrated polariton emission vs pump power; insets are real space emission images. Black lines are guide to the
eye above/below the threshold at 9 mW. Gray region corresponds to the polariton condensate. (b)–(d) Real space images (log grayscale) of
emission for the powers corresponding to points marked 1–3 in (a) at Ip = 0.3, 1.1, and 3.0 Ith . (e)–(g) Corresponding emission intensities for
1–3 on energy vs position maps (log scale). Horizontal dashed line is the nonblueshifted k = 0 energy.

always observed [Figs. 1(c) and 1(d)] and stable for many
minutes. We confirm all data is in the strong coupling regime,
with a second transition to weak coupling seen at higher pump
powers (see supplemental material) .12–14
The origin of these ring states lies in the spatially-dependent
energy shifts (r), which create an optically-controlled potential landscape. Polaritons are highly nonlinear quasiparticles,
and they experience strong mutual repulsion resulting in
energy blueshifts with increasing density.4,15 This effect can
be clearly seen in the blueshifts of the condensate energy
ωc = (0) = 0 with increasing laser power [Figs. 1(e)–1(g)]
which show the spectra emitted at different distances from the
pump spot. Near the pump spots, above threshold emission is
suppressed around the condensate energy, and only at larger
distances do polariton states below the condensate become
available.
The condensate is created at in-plane k = 0 at the bottom
of the blueshifted polariton dispersion in the middle of the
pump spot, and gains momentum as it accelerates outwards
[Fig. 2(a)]. This is confirmed by resolving the emission from
the dispersion relation E(k) at each position [Fig. 2(b)]. These
(a)

observations form the 2D counterpart to that observed in 1D
polariton wires,16 leading to the formation of condensates with
circular symmetry extended over > 100 μm2 . However, in
complete contrast to Ref. 16, our experiments for the first time
show a clear ring emission profile, with minimum intensity in
the center.17
The mechanism leading to this spatial ring is revealed by
the weak uncondensed hot background polariton luminescence
in the same spectra [Figs. 1(e)–1(g)] above the condensate
energy. The -shaped emission observed originates 5 meV
above the k = 0 polariton and drops in energy with distance
from the center (dashed) until it meets the ring condensate
exactly at its intensity maximum at r = rc . Suprisingly, shaped emission is also observed below threshold. These hot
polaritons possess a large momentum and come from the high
momentum polariton reservoir close to the bottleneck. Despite
ballistically expanding from the pump spot, they decelerate,
thus dropping down the polariton dispersion [see sequence in
Fig. 2(a)]. Whilst condensed polaritons cannot inelastically
scatter, the incoherent polaritons decelerate in a systematic
way. Eventually this incoherent reservoir meets the energy of
the condensate and amplifies it strongly, leading to a ringshaped condensate.

IV. DISCUSSION

The ring condensate cannot be described as independently
accelerating polaritons in each radial direction because of the
varying kc (r) = K[ωc − (r)] set by the position dependent
blueshifts. Instead the condensate wave function is a superposition of different k states at different radial positions,

(b)

ψ(r,t) = ei{K[ωc −(r)].r−ωc t} g(r)e−t/τc (r) ,
FIG. 2. (Color online) (a) Schematic showing dispersion relations at increasing radial position, together with (b) corresponding
measured emission from dispersion relations at each position.

(1)

where τc is the polariton
decay time, and the dispersion
√
relation K(ω) = k ≈ 2m∗ ω/h̄ for small k. As the condensate
expands, its velocity changes so that the distance L is reached
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FIG. 3. (Color online) (a) Averaged radial intensity for increasing
excitation powers (black lines), with excitation profile (red line). (b)
Energy of the bottom of the lower polariton branch at the excitation
spot (circles) and energy of the  tip (squares) vs excitation power.
(c) Distance of the ring condensate from excitation spot vs power.
Lines are guide to the eye. (d),(e) Energy position and intensity of
the incoherent reservoir polaritons vs distance for increasing powers.
White circles mark condensate energies (different dataset).

after a time τ ,


L

τ=
0

(c)


dK 
dr.
dω ωc

(2)

The amplitude g(r) is strongly amplified at the critical
radius rc [Fig. 3(a)] when stimulated scattering converts
incoherent polaritons from the reservoir into the coherent
expanding condensate of Eq. (1). This unusual condensate
thus has a wave vector that varies with radial position, and
is a macroscopic object so that individual local scattering
events are suppressed. Below threshold, incoherent polaritons
building up at k = r = 0 are accelerated outwards with a decay
length of 2.1 μm. However they experience no amplification
at rc since there is no large population in any one state (they
are not Bose condensed) and stimulated scattering is thus
slow. At threshold, the ring immediately forms at rc = 5.6
μm [Fig. 3(c)], and the intensity there increases by almost
tenfold [Fig. 3(a)]. The subsequent ballistic propagation of
the condensate is increased (to 4.4 μm) due to the blueshifts
which move ωc further up the dispersion giving larger outward
velocities. As the excitation power increases the ring shrinks
in diameter linearly with the blueshift [Fig. 3(c)], and the ring
intensity increases linearly [as in Fig. 1(a)].

FIG. 4. (Color online) (a) Real space image of the emission (log
scale), together with (b) Fourier transform and (c) k-space image
spatial filtered within the rectangle marked. (d) Simulated interference
of the condensate with Rayleigh scattered waves. (e) Simulation of
the spatial polariton density using the cGL equation (see text).

This shrinking ring tracks the position at which the  reservoir intersects with the increasingly blueshifted condensate
emerging from the pumped spot [Fig. 3(d)]. These extracted
energies of the incoherent reservoir polaritons at increasing
radial distance [-shaped in Fig. 1(e)–1(g)] change little in
shape with power. They are rigidly blueshifted, but less than
the condensate mode itself [Fig. 3(b)]. Hence the reservoir
polaritons are not injected at a fixed energy above the polariton
dispersion, but experience thermally-induced energy changes
at the pump spot (believed to be due to local heating at the
very center of the pump spot which redshifts the exciton
locally18 ). A second feature is the constant deceleration rate
of the expanding reservoir polariton cloud [note the lack of
polariton emission from inside the  line in Figs. 1(e)–1(g)
implies that this expansion is not diffusive but ballistic]. Since
h̄k̇ = −F this implies a constant opposing force F on the
polaritons (as in Bloch oscillators21 ). This force seems to arise
from interactions of the incoherent reservoir polaritons with
excitons near the pump spot. Such interactions cannot occur
with the coherent polaritons because the condensate, being
a single wave function, cannot decelerate simultaneously all
around the ring through single local scattering events (as these
cannot conserve energy and momentum). The preservation
of incoherent polaritons throughout this deceleration process
[Fig. 3(e)] supports this scenario.
The characteristic sunflower self-interference ripples
[Fig. 4(a)] clearly demonstrate that a component of the
quantum liquid propagates in nonradial (spiral) directions. The
patterns are persistent and regular, and can be decomposed
by local 2D Fourier transforms within different regions of
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the image. This analysis reveals that at every point the k
corresponding to the fringe periods and directions (formed
by interference between the outwards-moving condensate and
accompanying scattered waves) lies on a circle touching the
origin and of radius kc = K(ωc ) [Fig. 4(b)]. This is exactly
the pattern expected for isotropic Rayleigh scattering of the
outwards-traveling condensate and is experimentally observed
[Fig. 4(c)].22
Confirmation of this analysis is provided firstly by simulations that interfere a circular wave (the condensate) with
weaker (Rayleigh-scattered) plane waves in random directions
and with random phases [Fig. 4(d)]. The resulting image
from this simple model reproduces impressively well the
experimental observations, with 6% of the total energy in the
Rayleigh component. A more accurate theoretical description
of the system starts from the mean field equation23–25 in the
form of the cubic Ginsburg-Landau (cGL) equation,

 2 2
∂ψ
h̄ ∇
2
ih̄
= −
+ U0 |ψ| + Vext (r) + iP (r,ψ) − iκ ψ,
∂t
2m
(3)

solitons. Such Cherenkov emission of sound waves is clearly
seen in Fig. 4(e). Observation of this pattern implies the
breakdown of superfluidity in the polariton condensate. A
simple estimate shows that away from the pump spot the flow
velocity, u = h̄∇φ/m where φ is the phase of ψ,√becomes
much greater than the local sound velocity, cs = U0 ρ/m
where the density ρ = |ψ|2 . The Mach number M, which is
the ratio of the
√ flow velocity to the local speed of sound, is of
the order of μ/U0 ρ, where μ is the chemical potential of
the system. Neglecting the quantum pressure term it follows
from (3) that μ = U0 (γ − κ)/(ηU
0 + ), ρ(0) = μ/U0 , and
√
ρ < ρ(0) exp[−2κ(r − R)/h̄ μ/m]/(r − R) away from the
pumping
√ spot. It follows that M  1 as soon as exp{2κ(r −
R)/h̄ μ/m}(r − R)  1, which takes place within a couple
of healing lengths away from the boundary of the pump spot.
Comparing to experiments of Amo and coworkers8 where the
superfluid is at subsonic flow velocities, here the flow velocity
is supersonic, which places the system in the Čerenkov regime
where scattering is allowed.

where U0 is the strength of the interaction, and the details of
pumping are included in P (r,ψ) = γ − ηih̄∂t − |ψ|2 (inside
the pump spot only). We take the polariton decay rate κ = 0.1
meV, radius of pump spot R = 10 μm, and consider pumping
at three times the threshold so γ = 3κ, with /U0 = 0.3
where is the rate of nonlinear dissipation leading to gain
saturation.25 The dimensionless parameter η = 0.1 describes
the energy relaxation due to interactions with the reservoir
particles. To demonstrate the Rayleigh scattering we assume
that the external potential Vext contains disorder and is modeled
by a random distribution of Fourier modes of maximum
amplitude 0.1 meV with wavelengths between 2and 50 μm.
The healing length in our model is given by 0 = h̄2 /2mκ =
1.95 μm for m = 10−4 me . The random potential therefore
creates obstacles of size on the order of the healing length
for the polariton flow. It is well known26 that linear sound
waves are emitted as a result of supersonic flow around such
small impurities whereas for larger obstacles the emitted waves
are not linear but are dispersive shocks consisting of oblique

The expanding ring condensates are thus clearly nonequilibrium quantum liquids, which can be efficiently excited and
locally amplified using incoherent reservoirs. However they
also suffer Rayleigh scattering, which leads to condensate
fragmentation once the random potential exceeds a certain amplitude (thus demanding high-quality microcavity samples).
Our methods finally allow the generation of 2D condensates
in arbitrary locations, which can be spatially manipulated for
use in coherent solid state devices, and open up the possibility
for electrically-pumped condensate chips.

*
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