
Nature Physics | Volume 20 | January 2024 | 61–67 61

nature physics

https://doi.org/10.1038/s41567-023-02281-3Article

Reconfigurable quantum fluid molecules of 
bound states in the continuum

Antonio Gianfrate1, Helgi Sigurðsson    2,3  , Vincenzo Ardizzone1, 
Hai Chau Nguyen    4, Fabrizio Riminucci    5, Maria Efthymiou-Tsironi    1, 
Kirk W. Baldwin6, Loren N. Pfeiffer6, Dimitrios Trypogeorgos    1, 
Milena De Giorgi    1, Dario Ballarini    1  , Hai Son Nguyen    7,8 & 
Daniele Sanvitto    1

Topological bound states in the continuum are confined wave-mechanical 
objects that offer advantageous ways to enhance light–matter interactions 
in compact photonic devices. In particular, their large quality factor in 
the strong-coupling regime has recently enabled the demonstration of 
Bose–Einstein condensation of bound-state-in-the-continuum polaritons. 
Here we show that polariton condensation into a negative-mass bound 
state in the continuum exhibits interaction-induced state confinement, 
opening opportunities for optically reprogrammable molecular arrays 
of quantum fluids of light. We exploit this optical-trapping mechanism to 
demonstrate that such artificial molecular complexes show hybridization 
into macroscopic modes with unusual topological charge multiplicity. 
Additionally, we demonstrate the scalability of our technique by constructing 
extended mono- and diatomic chains of bound-state-in-the-continuum 
polariton fluids that display non-Hermitian band formation and the opening 
of a minigap. Our findings offer insights into large-scale, reprogrammable, 
driven, dissipative many-body systems in the strong-coupling regime.

Development of artificially structured materials at the nanoscale in 
solid-state technologies and photonics has opened opportunities to 
explore the coupling between matter and confined light. In recent years, 
confined photonic modes—known as symmetry-protected bound states 
in the continuum (BICs)—have emerged in full force through precise 
parameter tuning in synthetic lattices across various wave-mechanical 
and quantum systems1. In optical systems2, these extremely high 
Q-factor BIC resonances cannot radiate energy despite residing 
within the light cone, opening perspectives on ultralow-threshold 
lasing devices emitting coherent vectorial light3,4 associated with the 
inherent momentum-space topological charge of BICs5,6. Aside from 
low-threshold lasing devices, photonic BICs have a wide-reaching 

application from plasmonics to photonic waveguides and crystals 
including sensing7, filtering8 and enhancing light–matter interactions9. 
Other interesting optical effects like multistability10 and solitons11 have 
been predicted for BICs when nonlinearity is introduced to the system.

Quite recently, BICs operating in the strong light–matter coupling 
regime in subwavelength-grated semiconductor heterostructures were 
proposed12 and demonstrated13,14. In these structures, emergent light–
matter bosonic quasiparticles known as exciton-polaritons (hereafter 
polaritons) can undergo nonequilibrium Bose–Einstein condensation15 
in a low-loss BIC mode16.

Polaritons are formed due to the strong coupling of light  
(photons) and matter (excitons) in semiconductor cavities with 
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Here, we empower this new paradigm by using negative-mass 
BIC polaritons in subwavelength quantum-well waveguide gratings16. 
Until now, the negative-mass scheme has primarily been explored in 
polaritonics using micropillar arrays37,38 with several fundamental dif-
ferences to our BIC platform. First, our waveguide approach overcomes 
a geometric limitation of the micropillars, enabling submicrometre 
patterning without the exciton quenching issues. Second, the diffract-
ing coupling and the loss exchange mechanism can be both engineered 
giving control over the polariton branches topology and on to their 
coupling with the continuum leading the appearance of BIC states.

In this work we demonstrate how BIC polariton condensates allow 
us to optically and reversibly structure macroscopically coherent 
nonlinear fluids of light to simulate molecular bonding between dif-
ferent optical traps. We provide experimental realization of coherent 
quantum mode hybridization in a BIC condensate dyad (two pump 
spots) similar to a bosonic Josephson junction, Bloch band formation 
in an artificial mono-atomic quasi-one-dimensional (1D) chain (10 
spots), and subband formation with celebrated minigap opening in 
staggered chains analogous to the Su–Schrieffer–Heeger (SSH) model. 
Our results are, to our knowledge, the first evidence of using nonlin-
early spatially localized BICs to design extended evanescently coupled 
many-body systems that preserve the vectorial momentum-space 
topological textures. Interestingly, our results can be approximately 
described with a massive non-Hermitian Dirac model due to the linear 
dispersion of waveguided photons opening a new pathway in exploring 
synthetic many-body Dirac Hamiltonians in the strong light–matter 
coupling regime. Furthermore, adding nonlinearities to BICs, we show 
that it leads to surprisingly effective spatial confinement of these very 
long-lived states. This is in sharp contrast with the conventional BICs 
in photonic lattices, which are delocalized states at least along one 
dimension1.

Results
Single trapped BIC condensate
Our sample consists of a planar semiconductor waveguide with a 
grating along the x direction and embedded GaAs-based quantum 
wells (Fig. 1a and Methods). The presence of the grating folds the 

embedded quantum wells17. The photonic component gives polari-
tons extremely small effective mass, whereas the exciton component 
makes them highly interactive18. Upon condensation, the macroscopic 
polariton wavefunction is explicitly encoded in the spontaneous coher-
ent emission of photons from the cavity, giving direct access to all of 
its degrees of freedom through standard optical techniques. Various 
phenomena associated with other branches of physics have now been 
demonstrated in polariton condensates including topological insula-
tors19, quantized vorticity and superfluidity20, spontaneous phase-21,22 
as well as pseudospin-pattern formation23, and much more.

Considerable effort in contemporary photonics has been dedi-
cated to designing tailored polariton potential landscapes24 for simula-
tion of exotic Hamiltonians25 and possibly unconventional computing 
purposes26. The engineered potential typically stems from irreversible 
techniques, requiring new samples for different tasks, based on for 
example, etching27, patterning mesas28 or polymer layers29, or metal-
lic deposition30 on the microcavity surface. Alternatively, structured 
nonresonant excitation beams acting on the exciton component of the 
polariton have the advantage of being fully reversible, giving also the 
possibility of dynamical fast modification of the potential landscape. 
The nonresonant beam photoexcites a colocalized reservoir of hot 
excitons that locally amplify and blueshift polaritons31, underpinning 
the phenomena of ballistically coupled polariton Bose–Einstein con-
densates32, optical trapping33,34 and all-optical polariton lattices32,35,36. 
When the beam is removed, the reservoir rapidly decays and, subse-
quently, so does the pump-induced polariton potential, underlining 
the reprogrammable feature of the system.

For conventional cavity polaritons with positive effective mass, 
the pump-induced localized blueshift means that outside of the pump 
region, condensate polaritons can convert elastically into states with 
high k-vectors with subsequent fast expansion velocities. This means 
that polaritons are always repelled from their gain region, increasing 
the condensate threshold power and lowering its coherence time. The 
contrary, an excitation profile which provides effective local redshift, 
would form an attractive potential in the gain region. This implies 
that polaritons can be optically confined while still being efficiently 
pumped, a scheme that has not been explored properly up to date.
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Fig. 1 | The exciton-polariton BIC condensate in a quantum-well grating 
waveguide. a, Schematic of the experimental setup. In the excitation line, the 
surface of the spatial light modulator (SLM) is recreated in the Fourier plane of 
the excitation objective, the half-waveplate (λ/2) in to the path is used to tune 
the SLM diffraction efficiency. According to the requirements of the particular 
experiment, the sample’s luminescence is captured by a 2f detection line, 
and either the real or Fourier plane is reconstructed on the monochromator 
entrance coupled with a charge-coupled device (CCD). The inset is an 

artistic representation of the grated waveguide sample. b,c, Experimental 
energy-momentum dispersion crosscut along ky = 0 below (b) and above (c) 
condensation threshold. d,e, Corresponding calculated dispersions using a non-
Hermitian Dirac equation in the abence (e) and presence (d) of a pump inducted 
potential (equation (1) and Methods). Energy scales are shifted with respect 
to the energy of the gap state in c. f,g, Measured real-space distribution of the 
emission, corresponding to (b) and (c), respectively.
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guided photonic modes lying outside the light cone across kx = 0 
(ref. 12). An anticrossing occurs due to finite non-Hermitian coupling 
between counter-propagating modes through the radiative contin-
uum with a gap opening at the Γ point, directly tunable through the 
grating filling factor and etching depth39. By tuning the phase of this 
complex-valued coupling, it is possible to entirely suppress the losses 
for one of the photonic eigenstates at the Γ point, corresponding to a 
symmetry-protected BIC. In our case, the BIC is located in the lower 
energy branch (Fig. 1b). Namely, the two counter-propagating polariton 
guided modes are coupled via the grating (that is diffractive coupling) 
and also via the radiative continuum (that is radiative coupling). The 
effects of these couplings are twofold: (1) gap opening with two polari-
tonic branches, and (2) destructive interference of radiative losses for 
the lower polariton branch at the normal incidence, leading to a nodal 
line in the far-field emission of the lower branch at k = 0.

As the quantum-well excitons become strongly coupled with the 
guided photons, the resultant polaritons inherit the BIC state from 
the photons and strong interparticle Coulomb interactions from the 
excitons. The unique combination of these properties has recently ena-
bled ultralow-threshold polariton condensation under nonresonant 
excitation16. We demonstrate this effect in Fig. 1 for a single Gaussian 
pump spot (see Methods for details on the experiment). Fig. 1b,d show, 
respectively, the measured and modelled far-field photoluminescence 
(PL) having in-plane wavevector along the corrugation direction. This 
scheme excites polaritons nearly uniformly across the two dispersion 
branches below the exciton energy. (Note that two other polariton 
branches exist above the exciton energy12 but are weakly populated and 
not relevant to this study.) The BIC at the Γ point of the lower branch 
does not radiate into the continuum, as expected, which manifests as 
a dark notch.

When the pump is increased above condensation threshold, the 
emission changes dramatically (Fig. 1c,e)16. The long-lifetime BIC results 
in enhanced amalgamation polaritons at the lower branch extremum 
through spontaneous scattering. At high enough powers, stimulated 

scattering is triggered into the BIC state where a negative effective 
mass polariton condensate forms. The pump-induced blueshift then 
attracts polaritons to the spot, effectively confining the condensate. 
This is in contrast to ballistic polariton condensates in planar cavities 
where most of the condensate converts into large momentum outflow-
ing polaritons32. The fundamental mode of the pump-induced trap is 
shifted into the bandgap and is visibly occupied by polaritons as seen 
in Fig. 1c,e. The corresponding PL measured in real space is shown in 
Fig. 1g. Notice that the fundamental trap mode emits light with an 
odd-parity (that is, a dark nodal line at kx = 0) and that the incoherent 
PL in the upper branch suffers a slight depletion around kx ≈ 0 because 
of the localized pumping.

At low momentum, and for sufficiently negative exciton-photon 
detuning, roughly exceeding half the light–matter Rabi coupling 
strength, the polariton dispersion can be approximated by a simplistic 
single-particle model. A non-Hermitian 1D Dirac Hamiltonian describes 
the coupling between massless forward and backward propagating 
polariton modes ψF,B with velocity v along the waveguide12,16,40,

̂H = (
−iℏv∂x − iγ + V(x) U + iγ

U + iγ iℏv∂x − iγ + V(x)
) . (1)

Here, ℏ is the Planck constant, i is the imaginary unit, and the 
pump-induced exciton reservoir is taken as a static potential V(x) 
because of the exciton’s much heavier mass. A more detailed descrip-
tion of the mean field condensation dynamics of BIC polaritons is found 
in ref. 41.

The counter-propagating polaritons are coupled through the  
real parameter U coming from the periodic corrugation of the wave-
guide (i.e. diffractive coupling) and—being folded above the light 
line—each of them leak to the radiate continuum with the same cou-
pling strength γ (ref. 12) (note, we have neglected non-radiative exciton 
losses which are not essential in our results). The radiative channel 
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Fig. 2 | BIC molecule condensate characterization. a,b, Energy-resolved 
real-space PL crosscut at y = 0 showing the double-trap case for a pump spot 
separation distance of 39 μm (a) and 22 μm (b). The red lines are a scaled 
schematic representation showing the pump profile. c–f, Experimental 
(markers) and theoretical (solid lines) mode profiles of the hybridized trapped 
condensates showing the bonded (a,b) and antibonded (e,f) states at separation 
distance of 39 μm (c,e) and 22 μm (d,f), respectively. g, Energies of the hybridized 

modes as a function of pump spot separation distance for constant power. 
Dashed line refers to the isolated condensate energy E0 (shifted to zero for 
brevity E = ̄E− E0 with E0 = 1,520.2 meV). Blue and red markers represent the 
upper (bonding) and lower (antibonding) mode energies, and corresponding 
solid lines represent the energies from the Dirac model. The green marker 
indicates the measured energy for single trapped condensate.
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makes it possible for a loss exchange mechanism of the same strength 
γ. Such an interference via radiating waves dictates the far-field  
emission of polariton modes and is the origin of the polariton  
BIC formation40. In absence of the potential V(x), the eigenmodes of 
the Hamiltonian (equation (1)) in k-space give rise to two polaritonic 
bands with opposite curvature ±v2/2U. These bands are separated  
by a gap of 2U. The loss exchange, on the other hand, affects the mode 
losses, resulting in a mode with a vanishing linewidth, that is the  
BIC state, and a mode that absorbs all the radiative losses16. The blueshift-
ing potential is taken to be Gaussian V(x) = V0e−x

2/2w2  of width w.  
When the pump is weak then V0 ≈ 0 and we recover the non-trapped 
polariton dispersion shown in Fig. 1b,d (see Methods for details on cal-
culations). When the pump is strong (V0 > 0) we see a clear mode within 
the bandgap in agreement with experiment corresponding to the fun-
damental mode of the effective confining potential V(x) (Fig. 1c,e).

BIC polariton molecules
To demonstrate the concept of our trapped condensates, we structure 
our excitation beam into two spatially separated spots, thus creating 
a double-trap potential or alternatively a driven-dissipative bosonic 
Josephson junction. This forms a very simple setting to study funda-
mental quantum mechanical effects such as mode hybridization but 
now with added BIC topological charge structure in k-space. This is in 
contrast to conventional double-trap studies (that is, no BIC) using 
ultracold atomic gases42, other polariton systems27,43,44 and photonic 
condensates45.

The condensate energy-resolved real-space PL in the double trap 
is shown in Fig. 2a,b for trap separation distance of D = 39 and 22 μm, 
respectively. Mode hybridization can be clearly observed for both 
cases, as the condensate starts populating the new bonding and anti-
bonding BIC states characterized by clear normal-mode splitting. The 
corresponding spatial line-profile envelopes of the bonding and anti-
bonding modes are shown in Fig. 2c,d,e,f with overlaid analytical modes 
obtained from solving the bound states of the equation (1) with V(x) 
having the form of a double Gaussian potential, given by 

V(x) = V0e−(x−D/2)
2/2w2 + V0e−(x+D/2)

2/2w2  (Methods). Because of the 
characteristic of BIC, light emitted from the waveguide depicts an 
unconventional arrangement of nodes (corresponding to π phase 
jumps) in the total condensate wavefunction that are captured  
by our model. Differently from previous polariton schemes, we can 
continuously tune the evanescent intercondensate coupling and, 
consequently, the energy splitting between the bonding and antibond-
ing states by simply adjusting the spot separation distance D as  
shown in Fig 2g. As expected, decreasing the distance between the two 
spots enhances the overlap between the trapped condensates, expo-
nentially splitting the bonding and antibonding states. Interestingly, 
the blueshift of the bonding state increases much faster than the red-
shift of the antibonding one when decreasing the distance D. In par-
ticular, when D < 16 μm, trap contains only the antibonding state (see 
Supplementary Fig. 1 for details). Indeed, for small distance D, the 
blueshift of the bonding state is so strong that it falls into the energy 
band of the structure outside the trap. These available states allow 
polaritons to tunnel out of the traps via the Klein tunnelling mecha-
nism46. The bound-state energies computed from the theoretical  
model (equation (1)), despite its simplicity, reproduces the measure-
ment data to a fairly good accuracy with a single fit parameter 
V0 = 3.5 meV; all other parameters are fixed from experiments  
carried out below the condensation threshold. The far-field profiles in 
Fig. 2c–f were then computed without any further fitting (Methods).

To fully characterize the BIC molecules, we studied their topologi-
cal structure by investigating the condensate momentum-space polari-
zation. BICs are characterized by topological charges5 corresponding 
to polarization vortices in momentum space (Supplementary Fig. 2).  
It was recently confirmed that a single polariton BIC condensate could 
indeed inherit this topological structure16. However, there has been no 
investigation into the topological structure of extended BIC conden-
sates, or BIC molecules. Figure 3a shows the energy-resolved cross 
section of the momentum-space PL showing the molecule bonding 
and antibonding states above threshold. The corresponding compari-
son between the experimental and theoretical reciprocal-space line 
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pumps separated by 31 μm. The two arrows mark the energies of the bonding 
and antibonding states above threshold. Here the condensates are pumped at 
slightly higher power resulting in greater blueshift with respect to Fig. 2 and no 

residual PL from the non-condensed states can be observed. b,c, Corresponding 
experimental (markers) and calculated (solid curves) PL line profiles of the 
bonding (b) and antibonding (c) states. Calculated (d,e) and measured (f,g,) 
momentum-space distribution of the condensate polarization vector ϕ for the 
bonding (d,f) and antibonding (e,g) state.
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profiles are depicted in Fig. 3b,c showing good agreement. We attribute 
the small discrepancy in Fig. 3b to the transient blueshift of the state 
because the experiment is performed under femtosecond-pulsed 
excitation (Methods and Supplementary Video 1). Here again the 
phase jumps can be clearly distinguished as dark nodes. Performing 
an energy and polarization resolved tomography we retrieved the 
momentum-space maps of the polarization direction φ (that is, orien-
tation of the polarization ellipse). The polarization textures were also 
theoretically calculated from the eigenvectors of Dirac equation (1) 
(Methods). The resulting theoretical and experimental polarization 
maps for the bonded and anti-bonded state are shown in Fig. 3d–f,g, 
respectively. These maps show the presence of a single polarization vor-
tex in the bonded state and a pair of vortices in the anti-bonded state. 
This finding underlines that each node in the hybridized double-trap 
system corresponds to a polarization vortex having the same topo-
logical charge of the original photonic BIC. Therefore, the topological 
charge of the hybridized state has increased with respect to the modes 
of the uncoupled traps, a finding unreported to date.

By further increasing the complexity of the potential landscape 
(by increasing the number of traps), it is possible to add more and more 
states within the gap with alternating parity. This is clearly illustrated in 
Supplementary Fig. 3, which compares single-, double- and triple-trap 
configurations.

BIC condensate chains
Lastly, we studied the feasibility of simulating large-scale systems by 
coupling 10 condensates together arranged in a finite 1D chain with a 
lattice constant a. Figure 4a,b shows experimental and calculated 
energy-resolved PL in momentum space for a regular (that is effectively 
mono-atomic) 10-spot chain extracted along the x direction. Polaritons, 
within their lifetime, experience the discrete translational symmetry 
in the bulk of the chain, giving rise to Bloch modes and associated crys-
talline bands, the hallmark of solid-state physics. Approximating the 
polaritons as deeply confined in their pump-induced traps, we can fit 
the observed Bloch band with the standard expression for mono-atomic 

(s-orbital) dispersion from tight-binding theory, E = 2J cos(kxa)   
where J is the coupling (hopping) energy between sites (red curve in 
Fig. 4a with a = 28 μm and J = 0.2 meV). The goodness of the fit under-
lines that the optically trapped polaritons here can be accurately 
described using tight-binding theory in contrast to coupled ballistic 
condensates35 (please refer to Supplementary Fig. 4 for a direct com-
parison between the two mechanisms).

Another notable information that can be extracted from this 
experiment is related to the Bloch band topology. At kx = 0 the Bloch 
modes inherit the same topology of the BIC mode as demonstrated by 
the lack of emission at the Γ point. However for the off Γ Brillouin zones 
the notch is absent, as also confirmed by the numerical simulations 
presented in Supplementary Fig. 5.

To further demonstrate the advantage of our reconfigurable 
all-optical lattice we show in Fig. 4c,d the dispersion for a stag-
gered lattice with a contrast a/b = 1.75. Here we observe the opening  
of a minigap as two distinct Bloch bands form, as expected  
from tight-binding considerations. The green and red curves in  
Fig. 4c represent the classical dispersion for a dimer lattice 

E1,2 = ±√J 2a + J 2b + 2Ja Jb cos[(a + b)kx] , with Ja and Jb the hopping 

coefficients and a and b the site distances. This type of a staggered 
system is a polariton analogue of the SSH Hamiltonian, which is per-
haps one of the simplest models to possess topological non-trivial gap 
opening and associated protected edge states. The full characteriza-
tion of these artificial polariton lattice systems is beyond the scope 
of the current study. We however predict that a wealth of nonlinear 
phenomena such as solitons and persistent Bloch oscillations can be 
studied in our evanescently coupled optical lattices offering a con-
trasting viewpoint with respect to ballistic lattices35 and adding an 
extra control knob on the non-Hermitian character of each ‘monomer’.

Discussion
We have shown that it is possible to optically construct macroscopi-
cally coherent artificial molecules and atomic chains using polariton 
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Fig. 4 | 10-BIC condensate chain. a, Experimental energy-momentum crosscut 
showing the additional band for a uniform 10-spot chain. Here the PL 
contribution of the exciton has been subtracted to better highlight the 
dispersion. Red curve shows the tight-binding approximation for the s band, 
E = 2J cos(kxa). b, Corresponding calculated dispersion using the lossy Dirac 
model equation (1). c, Measured energy-momentum PL crosscut for a staggered 
lattice with a staggering contrast a/b = 1.75. The red and green lines depict the 

fitting of the SSH dispersion E1,2 = ±√J 2a + J 2b + 2Ja Jb cos[(a+ b)kx]. The inset 
show the resulting curves overlapped with the extracted experimental data. The 
fit parameters are Ja = 0.33 meV, Jb = 0.11 meV, a = 20 μm, b = 36 μm. d, Calculated 
dispersion of a staggered lattice using the parameters extracted from the 
measure in panel c. In this panel the energy is re-scaled to the energy of the not 
blueshifted BIC state as E = ̄E− E0 with E0 = 1,524.8 meV.
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condensates in an extreme nonequilibrium setting protected from 
the continuum. For this purpose we have used a subwavelength grated 
waveguide with embedded quantum wells possessing a photonic BIC 
which, through strong light–matter coupling, enhances the lifetime 
of emergent polaritons and allows them to condense at the extremum 
of a negative-mass dispersion around kx ≈ 0, opening a path to explore 
driven nonequilibrium negative-mass hydrodynamics47. This is in stark 
contrast to the ∣k∥∣ > 0 extrema in the so-called anomalous lower polari-
ton dispersion which cannot display condensation48. Because of their 
strong interactions, the negative-mass polaritons become self-trapped 
leading to efficient condensation colocalized with the pump spot.

As a result, a structured light source can reconfigurably write-in 
various potential landscapes that are accurately described through 
evanescently coupled trapped in-plane waves and tight-binding 
models reminiscent of optical lattice for cold atoms49. This technique 
overcomes a severe challenge in realizing reprogrammable macro-
scopic many-body systems with continuously tunable parameters 
in the strong light–matter coupling regime24 with exciting pros-
pects for many-body polariton simulation26 such as driven mac-
roscopic quantum self-trapping and Josephson oscillations44 and 
quantum-dissipative phase transitions in optically reconfigurable 
non-Hermitian tight-binding lattices50. Indeed, the self-trapping 
of our waveguided polaritons is in strong contrast to the ballistic 
non-trapped condensate polaritons in conventional and fabri-
cation costly planar Bragg reflector cavities32,35. Here, no sample 
postprocessing to create potential landscapes51 is required, and 
our reprogrammable optical-trapping technique efficiently stimu-
lates polaritons in the trap (that is, the optical gain is inside the trap) 
in contrast to other methods where the gain is outside the trap36. 
This constitutes a substantial novelty in the solid-state condensa-
tion panorama opening new possibilities in investigating complex 
many-body Hamiltonians in a continuously reconfigurable system 
like demonstrated in Fig. 2.

A remarkable observation is the increase of momentum-space 
topological charges when two or more BIC condensates are brought 
together to hybridize into extended modes as shown in Fig. 3. As more 
condensates are added, the number of accessible topological charges 
in principle increases but at the cost of becoming more spread out in 
momentum space due to the decreasing contrast between antinodal 
lines in real space. This finding could lead to controllable generation of 
polarization vortices, complementing the surging interest in utilizing 
optical vortices and vectorial coherent light sources for communica-
tion and information processing technologies52.

When multiple pump spots are brought together (Fig. 4) our sys-
tem becomes described by Bloch’s theorem and we gain access into 
non-Hermitian lattice Hamiltonians. This is particularly exciting from 
the perspective of being able to simulate many fundamental crystal-
line systems by exploiting the strong polariton interactions while at 
the same time being able to optically read out all the relevant dynam-
ics. For this purpose we have demonstrated tunable transition from a 
mono-atomic 1D chain to the Su–Schrieffer–Heeger chain53 in Fig. 4 
with clear minigap opening and subband formation.

We have also shown that our results can be reasonably repro-
duced using a 1D Dirac Hamiltonian with a mass term. The Dirac Ham-
iltonian appears in many low-dimensional systems such as graphene, 
transition-metal dichalcogenides, and around the crossing of spin 
bands in a Rashba Hamiltonian. It describes intriguing electron trans-
port effects around corresponding Dirac cones giving rise to quantum 
Hall physics, topological phases and Weyl semimetals. Its appearance 
in BIC polariton condensates holds promises for further exploration 
into nonlinear driven-dissipative Dirac dynamics. Recently, Dirac 
cones have gained a great deal of interest in photonic54–56 and polari-
ton systems57,58 to bring associative topological electron concepts 
into the field of topological photonics. An interesting perspective 
of this Dirac Hamiltonian, for a future study, is that the grating filling 

factor can be adjusted to change the sign of the mass parameter U12. 
This implies that an interface between two gratings with different 
sign of U is described by the Jackiw–Rebbi model59–61 possessing a 
zero-energy midgap state.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41567-023-02281-3.
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Methods
Sample and experiment
A 500-nm-thick Al0.4Ga0.6As planar waveguide embedded with 12 GaAs 
quantum wells, 20 nm thick and spaced apart by 20 nm, serves as the 
sample for our experiments16,39,62. The resulting exciton transitions are 
investigated in Supplementary Fig. 6. The waveguide heterostructure is 
etched over a 300 × 50 μm area along the x and y direction, respectively, 
such to possess a 1D grating along the x direction. Several replicas of 
the grating are etched on the sample with slightly different periods 
and filling factors, in order to finely tune the dispersion properties39; 
refer to Supplementary Fig. 7 for the effect of the grating pitch on to 
the polariton dispersion.

It is important to note that an ideal BIC state can only exist in infi-
nite structures. However, the finite size of the grating and the strong 
coupling with the excitonic transition impose an upper limit on the 
BIC lifetime, effectively resulting in the polariton BIC being a quasi-BIC 
state. A quantitative estimation of the quality factor can be found in 
Supplementary Information Sections 8 and 9.

To prevent exciton dissociation and maintain strong light–mat-
ter coupling, the sample is cooled to 4 K during the experiment 
using a closed loop helium cryostat. The excitation is performed 
non-resonantly using an 80 MHz, fs-pulsed laser at 770 nm wave-
length. The laser profile focused on the sample is precisely shaped 
with a spatial light modulator. A feedback method on the collected 
PL from the sample is employed to ensure uniformity across multiple 
spots63. The spot size for all the results displayed in this manuscript 
is set to 6.5 μm full-width at half-maximum (FWHM). All results in 
the study are extracted along the centre of the waveguide (that is, 
along kx at ky = 0).

We note that despite the effective attractive pull of the pump 
spot onto the polaritons the real-space PL in Fig. 1e extends much 
further, ~20 μm, than the 6.5 μm FWHM of the excitation spot (Sup-
plementary Fig. 10). This is due to the enhanced diffusion of excitons 
sustaining the condensate which obtain a larger group velocity in the 
strong-coupling regime.

Modelling
Polaritons in our systems are dictated by the non-Hermitian Dirac 
Hamiltonian equation (1) in the basis of counter-propagating polaritons 
of group velocity ± v. The Hamiltonian includes the diffractive coupling 
of strength U, the radiative loss/coupling of strength γ and the potential 
V(x) from the excitonic reservoir that is induced by the structured 
optical pump. For multispot excitation configuration of N spots 
focused at xj=1.N, each spot induces a Gaussian potential of height V0  
and waist w. The potential V(x) is then given by V(x) = V0∑

N
j=1 e

−(x−xj)
2/2w2.

For all theoretical calculations we use w = 8.5 μm corresponding 
to 20 μm FWHM trap size. This trap size value is extracted from the 
real-space PL measurement (Supplementary Fig. 5). As explained previ-
ously the larger trap size with respect to the pump 6.5 μm FWHM is due 
to the finite diffusion of low-momentum excitons from the pump spot 
which gain substantial group velocity in the strong-coupling regime. 
The loss parameter is taken as γ = 0.153 meV based on past  
results16. The values of U and v are directly extracted from the polariton 
dispersion below threshold exhibiting a bandgap of 2U and  
curvature ± v2

2U  (see Supplementary Fig. 1 for measured dispersions 
below threshold). The experimental measurement have been per-
formed on three grating structures having three different detunings: 
Grating 1 (U = 0.7 meV, v = 32 μm ps−1) for single trapped BIC condensate 
experiment, Grating 2 (U = 1.2 meV, v = 42 μm ps−1) for BIC polariton 
molecules experiment and Grating 3 (U = 0.4 meV, v = 24 μm ps−1) for 
BIC condensate chains. Therefore, the only fitting parameter for all 
theoretical calculation is V0 = 3.5 meV.

The calculated dispersions in Fig. 1d,e and Fig. 4b,d were obtained 
by averaging over the dynamics of multiple random initial conditions 
in equation (1) (that is, Monte-Carlo sampling) that were weighted 

by the pump profile V(x). The depletion seen around kx ≈ 0 in the 
simulated PL in Fig. 1e can be attributed to the resonant coupling of 
blueshifted low-momentum fluctuations in the upper branch to k > 0 
momentum states. The energy of molecule states in Fig. 2g and their 
profiles in Fig. 2c–f and Fig. 3b,c are obtained by numerically solving 
the bound-state solutions of the Dirac equation (1). Specifically, the 
calculated near-field profiles (in both real and momentum space) are 
converted into far-field profiles by suppressing the Fourier compo-
nents corresponding to guided modes below the light cone. Finally, 
the polarization patterns in Fig. 3d,e are calculated from the spinor 
components of the Dirac equation solutions. Detailed theoretical 
framework for Dirac polaritons and their condensate dynamics is 
discussed in refs. 40,41.
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