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Observation of o-7 coupling and mode selection
in optically trapped artificial polariton molecules
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Abstract: Microcavity exciton-polariton condensates under additional transverse confinement
constitute a flexible optical platform to study the coupling and hybridization between neighboring
nonlinear states of light-and-matter. Driven far from equilibrium, networks of polariton
condensates can display spontaneous synchronization, pattern formation, and instabilities
depending on excitation and material parameters. Here, we investigate this coupling mechanism
between polariton condensates populating the first excited p-state manifold in optical traps and
show a rich structure of patterns based on excitation parameters. Spontaneous symmetry breaking
in the p-orbital manifold upon condensation results in ordered arrangement of dipole-shaped
condensates between coupled traps reminiscent of o and 7 molecular bonding mechanisms but
restricted to the plane. A salient advantage is offered by the optical reconfigurability of the
laser excitation patterns which determine the parameters of polariton trapping potential and
coupling strength with neighboring condensates. Our results underpin the potential role of
polariton condensates in exploring the conditions of spontaneous order in the relative orientation
of anisotropic nonlinear states of light-and-matter.

1. Introduction

Reconfigurable networks of coupled nonlinear oscillators can serve as analogue simulators over
complex dynamics in many-body systems to gain insight into spontaneous behaviors, pattern
formation, phase transitions, frustration, and more [1]. Ideally, such a network should come with
many tunable and rewritable parameters to artificially recreate as many target systems as possible,
while also permitting easy readout of information. Optically driven and addressable systems
such as microdisk lasers [2, 3], microspheres [4], microrings [5], planar microcavities [6—11] and
micropillars [12—15], open organic cavities [16] and optically trapped exciton-polaritons [17-21]
offer a unique pathway to investigate the spatial coupling between high-order artificial photonic
atoms. The high-field-seeking character of pumped lasing systems and polariton condensates
results in phase-locking and synchronization between distinct overlapping degenerate lasing
modes that aim to optimize their gain and mutual amplitude. Adapting this idea to molecular
chemistry, stable lasing configurations of coupled artificial photonic atoms can be associated with
minimizing a cost function (effective losses) similar to stable bonding configurations between
atomic orbitals (s, p, d, etc.) [see schematic Fig. 1].

One of the fundamental limitations of optical simulators is the weak interaction of purely
photonic systems, which greatly limits the possibilities of examining coupled systems and
external control using electric and magnetic fields. Instead, following recent proposals [22],
we demonstrate a reconfigurable platform based on coupled exciton-polariton condensates in
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planar microcavities displaying spontaneous order in their dipole-shaped p-orbital macroscopic
wavefunctions similar to o~ and 7 molecular bonding mechanisms [23]. Cavity exciton-polaritons
are bosonic quasiparticles appearing in the strong coupling regime between quantum well excitons
and Fabry-Pérot photons. Their physics lies at the interface of condensed matter and optics,
making them intriguing candidates to explore the dynamics of quantum fluids optically driven
out of equilibrium [24]. Their (relatively) strong Coulomb interactions and light photonic
effective mass allow them to undergo power-driven condensation into a macroscopically occupied
quantum state referred to as nonequilibrium Bose-Einstein condensates. To date, exciton-polariton
systems have been used to simulate a number of phenomena [25] such as band structures in
artificial lattices [26], the XY [27,28] and Ising spin Hamiltonian [29], topological insulating
materials [30], non-Abelian gauge fields and spin-orbit coupling [31], photon localization [32],
Floquet physics [33], and more. The sensitivity of polaritons to external fields offers many in-situ
tuning possibilities, and the advantage of optically induced potentials in polariton systems is
their flexible reconfigurability through spatial light modulation, meaning they do not require a
time-consuming, costly, and irreversible sample fabrication process. The emitted cavity light
from the polariton molecules allows measurement of amplitude, phase, polarization (pseudospin),
frequency, and momentum degrees of freedom using standard optical techniques.

In this work, we demonstrate the application of exciton-polariton (from here on polariton)
condensates as an optically accessible solid-state platform to explore high-order coupled artificial
atoms. The nature of this optical system allows for efficient engineering of coupling and
exploration of a vast parameter space, which is expected from molecular simulators as well as
optical graphs and applications in topological polaritonics. Polaritons are realized in optically
pump-induced traps, due to their repulsive interactions with the photoexcited incoherent exciton
background. Importantly, polariton condensates can form in high-order transverse modes of
the trap when pumped sufficiently close to threshold [17, 18,34-42] due to an intricate balance
between gain-and-losses [43,44]. Furthermore, a recent theoretical study predicted that polariton
molecules composed of two vortices with identical or opposite winding numbers can be formed
within a single trap under certain pumping conditions. [45]

We investigate the hybridization of condensate wavefunctions of p-orbital type between two
and three traps. Our scheme goes beyond the hybridization of lowest-order (s-orbital) condensate
wavefunctions demonstrated recently in subwavelength polariton gratings [46]. In particular,
we present an optical system of artificial polariton molecules, in which we demonstrate the
possibility of manipulating the strength and type of coupling, creating systems resembling o and
7 bonds of p orbitals in homoatomic molecules and s-s, s-p, s-d in heteroatomic molecules. In
this paper, we focus on the deterministic transition between the o~ and 7 configurations and the
antiferromagnetic and ferromagnetic configurations controlled by the distance between optical
traps, neglecting the stochastic behavior of the system [29], which yields the same emission
pattern. Apart from analogy to binding of artificial atoms, our optical system benefits from
flexible write-in and read-out of information about the “atomic” degrees-of-freedom with highly
reconfigurable strength and type of coupling, enabling switching between different phases and
geometry of interaction as well as symmetric and asymmetric coupling between two optical
objects with discrete energy states.

2. Results

Our system is a high-quality, strain-compensated GaAs-based planar microcavity with multiple
quantum wells containing Wannier-Mott excitons, which couple strongly with confined photons
to form exciton-polaritons [47]. Experiments are performed under continuous-wave, nonresonant
optical pumping at cryogenic temperatures, which support the condensation of polaritons around
~ T K, as observed through photoluminescence (PL) collected via a microscope objective. For
more details on the sample and the experimental procedure, see Methods.
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In order to realize the optical trap for the polariton condensates, we use a spatial light modulator
(SLM) to create an annular-shaped pump profile of zero angular momentum. While an axicon
setup could also be used to create such a beam profile [18] the SLM technique allows us to
easily create two traps at the same time of adjustable separation distance to explore the coupling
mechanism between the condensates within [48,49]. The nonresonant pump photoexcites a
co-localized high-energy charge carrier distribution, which undergoes fast relaxation down in
energy to form an incoherent reservoir of excitons that collect around the polariton bottleneck
region [24]. The reservoir not only provides gain for polaritons but also locally blueshifts the
polariton due to strong exchange interactions between excitons and polaritons, effectively forming
an optical trap [18]. At sufficiently high excitation densities (P > P;;), bosonic stimulation into a
given trap state is triggered with subsequent formation of the nonequilibrium polariton condensate
in the trap center. Under continuous wave excitation, the condensate losses (in the form of cavity
PL) are balanced through the continuous supply of new particles from the reservoir.

The precise control of the confinement and position of the condensates in the plane of the
cavity (x-y plane) allows for the modification and adjustment of the polaritons’ energy levels,
enabling the construction of an optical analogue of a macroscopic 2D molecule and the study of
interactions (spatial coupling) between condensates in two or more optical traps. Due to their
optical nature, polariton condensates can be measured directly through the cavity PL, which
gives direct information on the spatial amplitude and phase of the macroscopic wavefunction.

While polaritons generally condense into the ground state at the bottom of the optical trap,
their nonequilibrium nature permits them to condense into higher-order modes should the balance
between gain and losses become optimal in such states [17, 18,34-40,42]. At relatively low
pumping powers (less than 1.6 P;j), the condensate is found to dominantly occupy the first
excited state (p-state) manifold of the trap as shown in the spectrally resolved PL in Figs. 1(a,b).
At higher powers where energy relaxation of polaritons becomes more efficient, the ground
state (s-state) of the trap dominates [36] as seen from the red curve overtaking the black in
Fig. 1(b). A typical PL coming from the p-state below threshold is shown in Fig. 1(c) and s-state
above threshold in Fig. 1(d). From here on, we will restrict our experiment to pump powers
where the ground state is negligibly populated by the condensate and the physics of two coupled
condensates is determined mainly by states in the p-manifold of the traps.

For a cylindrically symmetric trap, the p-state manifold forms a degenerate two-level quantum
system which can be described in the basis of |px) = |¥x) and |py) = |,) states. These
are dipole-shaped wavefunctions oriented along the x- and y-directions of the trap. Since the
condensate is restricted within the p-manifold, it becomes appropriate to describe the state of the
condensate as a coordinate on the surface of a Bloch sphere shown in Fig. 1(e) with an associated
Bloch vector,

S1
S=|s,|=¥ov. (D
S3

Here, & is the Pauli matrix vector, and the condensate is assigned an order parameter in the
form of a macroscopically coherent wave function i (r, t). Projecting the spatial order parameter
onto the p-manifold we can define an associated condensate spinor ¥ = (¢4, _)T where
ey = (lx) £ilyy))/ V2. Tt is also useful to keep a separate lowercase notation for the
normalized Bloch vector components s = S/Sy = S/(¥W) where Sy = |y |> + [ _|*>. For
example, a |p,) state would have s; = 1, and a |p,) state s; = —1. Condensate dipole states
oriented along the diagonal and the antidiagonal are s, = +1 and counterclockwise and clockwise
vortices are s3 = =1 [see Fig. 1(e)].

While the ladder of polariton condensate energy modes in a single optical trap has already
been well studied [19], only recently was the directional coupling mechanism between two
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Fig. 1. Interaction-induced o - crossover of the bonding configuration in trapped
coupled polariton condensates. (a) Experimentally measured spectra of single, trapped
condensate emission as a function of excitation power. (b) Integrated emission of s- and
p-states. Total real-space photoluminescence (c) < 1.6P;;, (p-state dominant) and (d)
> 1.6P;, (s-state dominant). (e) Bloch sphere representations of the two-level p-state.
(f) Schematic illustration of the investigated phenomena. The ring-shaped optical traps
are used to create two spatially separated and ballistically coupled condensates, each
residing in its own trap. The p-states alignment depends on the separation distance
d between traps. Red and blue spheres schematically represent the phase of each
condensate dipole state illustrating in-phase (pink) o-bonded and (green) m-bonded
configurations between the traps.

p-state polariton condensates investigated as a function of separation distance [22]. The dipole-
shaped structure of the p-state condensates results in a unique interference pattern, as illustrated
schematically in Fig. 1(e), depending on whether the condensate dipole axis is along the axis
connecting the traps or orthogonal to it. Due to their driven-dissipative nature, the condensates
seek to interfere constructively, much like coupled lasers competing over mutual gain [3], and
spontaneously synchronize into extended states or artificial polaritonic molecules [13, 15,46].
Specific to this study, states of the coupled system that have mirror symmetry along the x- and/or
y-axis can be classified into four categories as,

o-bond:  |Yam) = (WL ) [Wr))/V2

)
mbond: ) = (Wry) % [Wry))/V2.

Here, L(R) refers to the left(right) condensate and + denotes whether they are in-phase (+)
or anti-phase (—). States |a) and |c) are shown in pink and green colormaps respectively in
Fig. 1(f). From a molecular chemistry perspective, such configurations can be labelled as a 2D
polariton analogue of o-- and m-bonded orbitals.

Figures 2(a-d) show experimental results of the polariton condensate PL from two optical traps
separated by different distances d = 22.9, 23.8, 26.7 and 27.7 um corresponding respectively to
the states A, B, C, and D given by (2). Applying mean field modeling, the same states can be
found as fixed point solutions to the 2D generalized Gross-Pitaevskii equation at similar distances
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Fig. 2. Four possible coupling configurations of the p-states for a separation distance
(a)d =229 uym, (b) d =23.8 um, (c) d = 26.7 um, (d) d = 27.7 um measured as a
real-space integrated emission. The continuous white line is a cross-section along the
axis of interaction of the trapped condensates. The white dashed circles indicate the
size of the traps. (e-h) Theoretically reproduced emission patterns corresponding to the
configurations shown in panels (a-d). (i-1) Theoretically reproduced phase showing
four possible types of coupling and alignment of dipole p-state condensates.

(see Methods). Figures 2(e-h) show the simulated condensate density |y (r)|* and 2(i-1) the phase
arg [ (r)]. High interference fringe contrast between the condensates evidences that polariton
waves are emitted from each trap as propagating modes that lead to synchronization of the
condensates. Such synchrony can also be found in so-called ballistic polariton condensates [36,50]
and in optically trapped polariton condensates populating the s-state manifold [49]. The general
behavior is that the separation distance d is a crucial parameter in whether a given extended
state will optimally constructively interfere and thus dominate over other possible states (i.e.
take all the gain from the reservoir). We examined the stability of configurations A-D through
extensive mean-field simulations (see section S2.A in Supplementary Information) by observing
whether each configuration changes into another over time. We found that the stability of A
and B o-bonded configurations periodically alternates with distance d with a little overlap,
as expected [22], and is otherwise stable in the lower range of pump powers (P;, < P < 1.25
P;1). The stability of C and D n-bonded configurations, however, is heavily overlapped and
only appears above a certain critical distance d > dit, . The most probable configuration of
coupled condensates for a given distance is determined by the mode of the two-trap system
with the highest gain and/or lowest losses. When stochastically seeded this mode grows fastest
upon condensation and quenches other competing modes in the process. This winning mode is
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determined by a complex balance of gain and losses depending, respectively, on how much the
trapped wavefunction penetrates into the pumped region (walls of the trap) while at the same
time not leaking too much out of the trap (transverse losses) [22].

A noteworthy difference between simulations and the experiment is the “sharpness” of the
dipole structure in simulations. In the experiment, noise and disorder lead to smearing of the PL
and possible triggering of the condensate into circulating currents, which make the condensate
more annular rather than dipole-shaped [51]. We have theoretically studied this behaviour
(see section S2.B in Supplementary Information) and found that the pump power is a crucial
parameter in determining whether the condensate retains a sharp dipole-like form or becomes
smeared into an annulus [43]. The former is dominant for small pump power, whereas the
latter—the vortex state—becomes pronounced when the pump power is increased over a certain
threshold value. It is worth noting that polariton condensates forming single-charge macroscopic
vortices [y ) in optical traps [40] have been realized using chiral static [52, 53], rotating [54,55],
and pulsed [56, 57] pumping schemes and recently explored as coupled elements in optical
lattices [29].

10 pm ) 10 pm

Y-configuration

r
-

o

Fig. 3. Coupling between three equilaterally positioned optical traps containing p-
state polariton condensates for varying separation distance (triangle edge length) (a)
d =15.76 um, (b) 19.23 um, (c) 22.17 um, and (d) 26.85 um. (a) When the traps are
close together, the exciton reservoir creates an additional potential in the middle of the
pattern, resulting in an additional bright emission spot at the center. When the pumps
are further separated, the p-states of the trapped condensates orient themselves in (b)
A- and (c) Y-bonded configurations. (d) Above a critical distance when the interactions
between traps are insufficient to affect the orientation of the p-states, they form in an
annular shape. (e-g) Theoretically reconstructed p-state and (h-j) phase configurations
corresponding to the experimentally observed configurations (b-d).



190

191

192

193

194

195

196

197

198

199

200

201

202

204

205

206

207

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

Figure 3 shows the case of three coupled trapped condensates in an equilateral triangle geometry
for varying edge distances. In this case, a magnetic field of B = 5 T along the cavity growth
direction (Faraday setup) is used to lower the condensation threshold by about ~ 20% [21]. It
allows us to obtain three condensates instead of two, using the same total excitation power, while
keeping the system in the regime of a low probability of vorticity settling in each trap. We stress
that the use of a magnetic field is not a necessary element of the experiment and is used here
due to the unavailability of sufficient pumping power at OT. It does not affect the orientation of
the p-states since any effective spin orbit coupling of the polariton mode is quite weak in our
sample [47]. For short distances shown in Fig. 3(a) a unique scenario happens as the central space
between the pumps effectively becomes a fourth optical trap simply because of the finite size and
proximity of the other three annular beams at the vertices. This results in the formation of a fourth
s-state condensate in the center of the triangle. While this is certainly an expected behavior [17],
we are more concerned with the patterns appearing between the three p-state condensates at the
vertices of the triangle in the absence of this central condensate, which otherwise blocks their
coupling mechanism. We therefore focus our attention on Figs. 3(b-d), which show the three
coupled condensates for increasing edge distance, demonstrating spontaneous alignment in a
Y-bonded setup [Fig. 3(b)] with the poles aligned toward their centroid, and a A-bonded setup
[Fig. 3(d)]. They are aligned perpendicular to the line between their centres and the centroid, and
finally as in-phase vortices represented by an annular condensate density in each trap [Fig. 3(d)].
In the lower panels of Fig. 3(e-f) and 3(h-j), we show the simulated condensate density and phase
from mean field modeling (see Methods) reproducing the experimental patterns. We note that
even a small projection on either pole of the Bloch sphere, implying finite vorticity in the trapped
condensate, results in a spiral-like pattern in the condensate wavefunction phase (see section
S2.B. in Supplementary Information).

In Figure 4, we demonstrate the experimental mode selection by changing the relative size
of the traps in a two-coupled trapped polariton condensate system. In the experiment, we show
emission from spatially separated two trapped polariton condensates in which the size of one of
the traps (77) is changed to achieve a coupling of the s-state of one trap to the selected mode of
the other trap (77), while the distance between the condensates kept constant. We replace the
annular optical traps with hexagonal traps composed of six laser spots placed in the corners of
the hexagons (see section S3 in Supplementary Information). Polygons, similarly to the annular
potential, cause polaritons to be trapped in the geometric centre of the potential created by the
photoexcited excitonic reservoir [17]. The use of hexagons instead of ring potential in this case
has several advantages, including a reduction in the laser power required to create the condensate,
easier control of the size of one of the traps and a cleaner pumping pattern. The use of hexagons
also increases the losses of the trapping potentials, allowing for an increase in visibility of the
interference fringes. Despite many advantages, polygon symmetry defines initial geometrical
conditions that can determine the spatial alignment of p-modes. For this reason, to study subtle
phenomena such as -7 switching, presented in the first part of this letter, we used circular traps,
whereas in this part, we focus only on the spectral selection of the modes, neglecting the spatial
pinning of modes. As before, to lower the condensation threshold, a constant magnetic field of
B =5 T is applied along the direction of cavity growth.

Figure 4(a) presents the energy of emission from s-states of both coupled, trapped polariton
condensates as a function of 7} size, while the size of 7> remains unchanged. Changing the
size of the 71 modifies the energy of the trapped states populated by the condensate and also
the spatial overlap between the condensate and the pumped exciton reservoir, which affects the
pump-induced blueshift (i.e., optical nonlinearity) [19]. By adjusting the size of one of the traps,
one can then controllably match the energy of the fundamental mode (s-state) of one trap to any
mode of the other trap with a fixed size.

Figure 4(b) presents the emission intensity obtained by fitting the Lorentz function to the
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Fig. 4. Two coupled, trapped, mode-selectable polariton condensates. Independent
control of the size of the trapping potential and thus the emission energy of one
condensate relative to the other governs mode selection. (a) Emission energy of the
s-states in each trapped polariton condensates (denoted 77 and 7). The orange triangles
pointing up show the energy from trap 7} with variable size. The blue triangles pointing
down show the energy from trap 7> of constant size. The magenta and red dashed
horizontal lines show the energy of p- and d-states in 7>, respectively. The black vertical
line indicates the situation with equal-sized traps. (b) Emission intensity of s-state of 7}
as a function of its size. When the emission energy is matched to the energy levels of
T5, the emission intensity increases. The letters in brackets refer to panels (c-f) of this
figure, where the energy-resolved spatial distributions of the 7 and 7, trap modes are
shown in the regimes of (c) s-d coupling, (d) s-p coupling, (e) detuned s-s coupling
with simultaneously occurring even and odd parity states, and (f) s-s coupling. The
imbalance in the population of d-states in 71 and 7 is attributed to the presence of
disorder in the sample, which influences the spatial distribution of the emission.
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emission spectra of 77. The increases in intensity of the 7 emission are observed when the energy
of the s-state is tuned to the s, p, d modes of 7> by changing the size of the 7; trapping potential.
The energy matching of modes between traps results in an increased constructive interference
between the individual modes, leading to controlled asymmetric (between traps of different sizes)
or symmetric (between traps of the same size) coupling between the two condensates. This is
demonstrated by another property of the presented trapped artificial polariton molecules, which
enables the optical system to mimic chemical systems where heteroatomic orbitals form bonds
with orbitals of different azimuthal quantum numbers, such as s-p or s-d. The subsequent panels
Figure 4(c-f) represent the spatially separated spectra of cases where the size of the 7 is adjusted
so that the corresponding s-state energy is matched to the selected 7> modes. Figure 4(c) shows
the coupling of s- and d-modes obtained for trap diameters D7, = 11.4 ym and D7, = 14 um,
referring to the left and right trap respectively. Figure 4(d) represents the s-p coupling for traps
of size Dy, = 12.6 um and Dr, = 14 um. The case Figure 4(e) shows that when the traps are
slightly detuned (D, = 13.7 um and D, = 14 um), two modes arise which couple to different
parities - even and odd parity states. The symmetric case (D7, = 14 um and Dr, = 14 um)
Figure 4(f) shows s-s coupling.

3. Conclusion

Coupled polariton condensates have attracted interest as a platform to investigate the onset of
spontaneous order across multiple optically accessible degrees of freedom such as phase [27],
spin angular momentum [58], and orbital angular momentum [29]. To this end, our works
demonstrates a new degree of freedom based on the relative orientation of the dipole-axis between
optically trapped p-manifold condensates. The high level of reconfigurability and tunability in
our all-optical polariton system allows us to investigate different coupling geometries between
two and three traps on the same sample, with variable trap sizes.

While previous studies have mostly focused on trapped condensates in their non-degenerate
center-of-mass ground state, we extend this approach to condensates populating the excited
state manifold of their trap [18,35,36], allowing us to explore more complex pattern formation
and phase-locking between coupled condensates. In particular, condensates found to populate
the p-orbital manifold in each trap display clear dipolar density structure which spontaneously
aligns to form macroscopically coherent extended analogues of o~ or 7 bonding between distant
coupled condensates. Using two polariton condensates, excited and trapped using SLM-generated
patterns, we demonstrate that adjusting the distance between the traps enables the system to
switch from a o to a m configuration. We also showed that in the case of three traps placed at
the same distance from each other in a triangular geometry, a similar switching occurs (from Y-
to A-bond configuration). Moreover, the presented platform offers a reconfigurable geometry
of the optical trap, and consequently, mode selection, which can be applied to control the type
and strength of interaction in a complex optical system with discrete polaritonic states. Effective
p-state fields (splitting) can be engineered by tightening the pump beam along one direction
which “squeezes” the trap [18,36].

Our work demonstrates an approach that provides a high degree of reconfigurability, which may
find applications in various fields, such as optical switches or polariton lattices with intentionally
introduced disorder [59] or for networks of analogue qubits [41]. In the context of complex
dynamics of coupled nonlinear oscillators [1], our platform provides potential opportunities to
explore a variety of phenomena from spontaneous pattern formation and phase transitions in
the p-state order parameter, geometric frustration imprinted by structured pumping resulting
in domain walls and twisted states, coherence collapse and amplitude death triggered by time-
delayed coupling, etc. While our study considers spontaneous pattern formation between weakly
coupled traps, separated by several optical wavelengths, the case of strongly coupled traps opens
exciting perspectives on using polaritons as artificial atoms to emulate bonding in molecular
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4. Materials and Methods

4.1. Experimental details

The sample used in these experiments is a high-quality (Q ~ 12000), strain-compensated 2 A
GaAs microcavity grown with molecular beam epitaxy. [47] It contains three pairs of 6 nm
Ing.08Gag.9oAs QWs placed at the central three antinodes of the electric field and two QWs located
at the two extreme anti-nodes of the microcavity. The front and back mirrors consist of GaAs
and AlAsg.9sPg g2 layers that formed 23 and 26 Bragg pairs, respectively. The experiments are

performed at a negative exciton-cavity mode detuning of approximately —2 meV.

The sample is kept at a temperature of 7K in a continuous-flow liquid helium cryostat operating
as a closed-cycle system and equipped with a superconducting coil that generates a magnetic
field of up to 5 T. The polariton condensation is obtained under non-resonant continuous-wave
pumping conditions using a single-mode circularly polarised Ti:sapphire laser tuned to the Bragg
reflector’s minimum (dexc = 758.8 nm). A spatial light modulator shapes the laser beam into
one of four variants of stimulation: single ring, two identical rings separated spatially, three
identical rings, or two hexagonal polygons of different sizes. The section S3 in Supplementary
Information presents the profile of the optical traps used in this work and the characteristic
features of polariton condensation in a single optical trap, such as the nonlinear input-output
curve, narrowing of the emission line, and the blueshift. For two and three traps, the laser power
is set to 90 mW. To provide sufficient excitation power for three traps, the lasing threshold is
lowered using a 5T magnetic field. To avoid heating effects in the sample, the laser is chopped at

a frequency of 10 kHz with a duty cycle of 5% with an acoustic optical modulator.

4.2. Generalized Gross-Pitaevskii

simulations

The scalar dynamics of the lower branch of an exciton-polariton condensate optically pumped by
a nonresonant CW pump-profile P(r) can be described in the mean field approximation, resulting
in a generalised Gross-Pitaevskii equation for the condensate wave-function, ¥ (r, t), coupled to

an exciton reservoir density, ng(r, ).

n
i = |-—V? +aly|* +G (nR + —) +
2m

nP
r

ding = —(T + Rly[*)ng + P(r)

i(Rng —yLp)

2

Y

3
“4)

Here, m is the effective mass of the lower polariton branch, @ and G are repulsive interaction
strengths between two polaritons in the condensate and a polariton with a reservoir exciton,
respectively. I' is the exciton reservoir decay rate, yr p is the decay rate of the lower polaritons,
R is the rate of stimulated scattering of polaritons into the condensate from the exciton reservoir,
and 7 is a phenomenological constant accounting for additional blueshift due to charge carriers
and high-momentum exciton background.

The parameters used are similar to those in previous studies on this sample [36]: m

0.32meV ps? pm~2, @ = go| X|*/Now = 0.0004 1m? ps~!, G = 2go|X|*/Now = 0.002 im? ps~
IX|> = 0.4, Now = 6,7 =2, T = 0.1ps™!, R = 0.016 ym?ps~!, and y.p = 0.2ps~!. Here,
figo = 10 peV pm? is the 2D exciton-exciton interaction strength, Nqw is the number of quantum
wells in the sample, and |X|*> = 0.4 is the exciton Hopfield fraction of the lower polariton under

slight negative detuning.

The pump profile is of the same form used in [18],

P(r)=P

4
LO
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&)

1
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where Py is the pump strength, r = (x, y), Lo controls width of the pump ridges, r( controls the
size of the trap, and 8 simulates detrimental ellipticity in the pump geometry. The values used
for the parameters are: Lo = 1.9um, ro = 4.4umand 8 = 0.9

The condensate-reservoir system is simulated with a GPU-accelerated split-step Fourier
method.
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