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Macroscopic quantum self-trapping and
Josephson oscillations of exciton polaritons
M. Abbarchi1,2, A. Amo1*, V. G. Sala1,3, D. D. Solnyshkov4, H. Flayac4, L. Ferrier1, I. Sagnes1,
E. Galopin1, A. Lemaître1, G. Malpuech4 and J. Bloch1

The coupling of two macroscopic quantum states through a
tunnel barrier gives rise to Josephson phenomena1 such as
Rabi oscillations2, the a.c. and d.c. effects3, or macroscopic
self-trapping, depending on whether tunnelling or interactions
dominate4. Nonlinear Josephson physics was first observed
in superfluid helium5 and atomic condensates6,7, but it
has remained inaccessible in photonic systems because it
requires large photon–photon interactions. Here we report
on the observation of nonlinear Josephson oscillations of
two coupled polariton condensates confined in a photonic
molecule formed by two overlapping micropillars etched in
a semiconductor microcavity8. At low densities we observe
coherent oscillations of particles tunnelling between the two
sites. At high densities, interactions quench the transfer of
particles, inducing the macroscopic self-trapping of polaritons
in one of the micropillars9,10. The finite lifetime results in a
dynamical transition from self-trapping to oscillations with π
phase. Our results open the way to the experimental study of
highly nonlinear regimes in photonic systems, such as chaos11–13

or symmetry-breaking bifurcations14,15.
A bosonic Josephson junction is a device in which two

macroscopic ensembles of bosons, each of them occupying a
single quantum state, are coupled by a tunnel barrier. The
system can be described by the following coupled nonlinear
Schrödinger equations1:

ih̄
dψL

dt
= (E0

L+U |ψL|
2)ψL− JψR (1a)

ih̄
dψR

dt
= (E0

R+U |ψR|
2)ψR− JψL (1b)

where ψL,R are the bosonic wavefunctions with particle densities
|ψL,R|

2 localized to the left (L) and to the right (R) of the barrier,
E0
L,R is the single particle energy of the quantum states, U is the

particle–particle interaction strength and J is the tunnel coupling
constant. In the absence of interactions, equations (1a) and (1b)
can be diagonalized in a basis of bonding (2−1/2[ψL +ψR]) and
antibonding states (2−1/2[ψL−ψR]). An initial state prepared in a
linear combination of these two (for instance, all particles in the
left site) will result in density oscillations between the two sites.
This is the main principle of the bosonic Josephson effect, which
manifests in an ensemble of oscillatory regimes. In the absence of
interactions, sinusoidal oscillations take place4,7 with a frequency
h̄ω=

√
4J 2+ (E0

L−E
0
R)2.
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Josephson physics shows themost spectacular phenomena in the
nonlinear regime, when the interaction energy (U |ψ |2) is greater
than the coupling J . The transfer of particles from one site to the
other gives rise to a dynamical renormalization of the energy in each
site, resulting in anharmonic oscillations. If interactions are strong
enough (U |ψ |2 � J ), the self-induced energy renormalization
quenches the tunnelling, and most of the particles remain localized
in one of the sites. This out of equilibrium metastable regime is
called macroscopic quantum self-trapping.

A number of bosonic systems have demonstrated Josephson
physics. Harmonic oscillations in the linear regime have been
observed in superconductor junctions2 or in nanoscale apertures
connecting superfluid helium vessels5. Bose–Einstein condensates
of ultracold atoms in coupled traps have, in addition, shown
macroscopic self-trapping6, and collective phases in arrays of
junctions16. For photonic systems, mostly theoretical results have
been obtained so far. Despite the observation of symmetry breaking
in photonic Kerr media17,18, nonlinear Josephson oscillations9,10,19
have remained inaccessible owing to the short lifetimes and
very weak effective photon–photon interactions in standard
nonlinear optical systems.

In this work we present the experimental observation of
nonlinear Josephson physics in a highly nonlinear photonic
system, namely cavity polaritons confined in coupled micropillars8.
Polaritons are quasiparticles arising from the strong coupling
between quantum well excitons and photons confined in a
semiconductor microcavity. Their mixed light–matter nature
allows one, on one hand, to create a well-controlled double well by
engineering their photonic component and, on the other hand, to
boost the optical nonlinearities thanks to the strongly interacting
excitonic component. In our structures, the two micropillars in
which polaritons are confined, partially overlap (Fig. 1), creating
a bosonic Josephson junction. Polaritons can tunnel from one
site to the other with a coupling strength J , determined by
the centre-to-centre separation8. Coherent oscillations in the
linear regime between two coupled polariton condensates have
been recently observed in a planar CdTe microcavity using two
neighbouring photonic defects present in the random disorder
of the structure20. Here we show the passage from coherent
oscillations between the two sites with controlled frequency, to
the extreme nonlinear situation of trapping in a single micropillar
induced by self-interactions. As polaritons have a finite lifetime,
the interaction energy changes dynamically and we observe
anharmonic phases, and the transition in time from the self-trapped
to the oscillatory regime.
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Figure 1 | Rabi oscillations and a.c. Josephson effect. a, A polaritonic molecule. The coupling J (0.1 meV) between the lowest energy state (ground state)
of each micropillar (L, R) gives rise to bonding (B) and antibonding (AB) modes. b, Emitted intensity when an off-centred Gaussian pulse at low power
(2.5 mW) excites the system. c, Measured population imbalance (grey line) and phase difference (red dots), showing harmonic oscillations with a
frequency given by h̄ω= 2J. The slight asymmetry of the oscillations about z=0 might be caused by an unintentional difference in the size of the
micropillars. d, The a.c. Josephson regime is achieved by adding a cw beam on top of the right micropillar, which creates a reservoir (shown in yellow)
inducing a static blueshift of its ground state energy. e–f, The larger bonding-antibonding splitting results in faster intensity oscillations (e), and in a
monotonously increasing phase difference (f, red points).

The coupled micropillars used in our studies (Fig. 1a) are
obtained by dry etching of a planar semiconductor microcavity
with a Rabi splitting of 15meV at 10K, the temperature of our
experiments (seeMethods). Each individual pillar has a diameter of
4 µm and presents a series of confined polaritonic states21–23 with a
lifetime τ ∼33 ps. The centre-to-centre separation of 3.7 µm results
in a tunnel coupling of the lowest energy confined polaritonic states
(ground state) of J = 0.1meV. This double potential well system
can be described by equations (1a) and (1b) with the addition of
a phenomenological decay term9,24, −i(h̄/2τ )ψL(R), accounting for
the polariton losses due to the escape of photons out of the cavity,
and with a positive value ofU coming from the polariton–polariton
repulsive interactions25.

The Madelung transformation ψL,R(t )=
√
NL,R(t )eiθL,R(t ) allows

us to rewrite equations (1) in their dynamical form4:

h̄
2J

ż =
√
1−z2(t )sinφ(t ) (2a)

−
h̄
2J
φ̇=

E0
L−E

0
R

2J
+

UNTe−t/τ

2J
z(t )+

z(t )
√
1−z2(t )

cosφ(t ) (2b)

where z(t ) = NL−NR
NT

is the population imbalance between the
two micropillars (with NT = NL + NR the total population),
and φ(t ) = θL(t )− θR(t ) is the phase difference. E0

L − E0
R is the

energy difference between the ground states of the left and right
micropillars in the absence of coupling, negligible in our case
as the two pillars are nominally identical. The second term on
the right hand side of equation (2b) contains all the features due
to interactions, and it is the only one that is affected by the
polariton finite lifetime.

To study the different Josephson regimes we excite the system
with a 1.7 ps pulsed laser resonant with the ground state energy
of the micropillars (∼780 nm). The spectral width of the laser
(0.4meV > J ) allows us to initialize the system in a linear
combination of bonding and antibonding states26 (B and AB in the
figures). We use a 10 µm wide Gaussian excitation spot, covering
the whole molecule. In this geometry, φ(0) = 0 and the initial
population imbalance z(0) can be tuned by shifting the spot with
respect to the centre of the molecule.

The light emitted from a single polaritonic molecule is collected
with a microscope objective in reflection geometry and analysed
in energy and time by means of a spectrometer coupled to a
streak camera. To avoid the strong reflection of the laser beam
in our detectors, we select the linear polarization of emission
that is perpendicular to that of the excitation (parallel to the
molecule long axis). The molecules present an intrinsic linear
polarization splitting along a non-trivial direction which slowly
rotates the polarization direction of the injected polaritons27. This
allows us to measure in cross-polarized detection the energy,
population imbalance z(t ) and phase difference φ(t ) between the
two sites (see Methods). The polarization splitting is of the order
of ∼40 µeV, resulting in a polarization rotation that is much
slower (>70 ps) than the Josephson oscillation timescales in our
system (up to 21 ps).

At low excitation density (2J�UNT≈ 0), interaction effects are
negligible and the dynamics of the system is entirely dominated by
the tunnel coupling. This is the situation presented in Fig. 1a–c:
coherent oscillations of the population and phase are observed
when the initial population imbalance is z(0)=0.45. The measured
oscillation period of 21 ps coincides with that expected for the
nominal coupling of J = 0.1meV in this molecule. The periodic
oscillations of both population and phase around zero correspond
to the regime of Rabi oscillations of two coupled modes with
1E ≡ E0

L − E0
R ≈ 0.

A different regime, characterized by a running phase, can be
accessed by inducing an energy splitting E0

L − E0
R ∼
> J between

the ground states of the micropillars. To do so, we add a weak
continuous wave (cw) non-resonant beam (730 nm) focussed onto
one of the micropillars (the right one, see Fig. 1d–f). This beam
creates an excitonic reservoir which interacts with the ground
state polariton mode of that micropillar, inducing a stationary and
local energy blueshift of about 0.35meV (see Supplementary Fig.
S2).Nevertheless, particle self-interactions (within the condensates)
remain negligible (UNT ≈ 0). Figure 1e,f shows that the addition
of this beam results in an acceleration of the oscillations, and
in a phase difference φ(t ) which monotonously increases with
time, well reproduced by our simulations (see section D of the
Supplementary Information). This regime is analogous to the so-
called a.c. Josephson effect, in which a constant voltage difference
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Figure 2 | Anharmonic oscillations. a, Real space emission dynamics for a high-power excitation (27 mW). b, Measured population imbalance (grey line)
and phase difference (red dots), evidencing a monotonously increasing oscillation period, explicitly reported in d. The apparent damping of the oscillations
observed in a,b arises from pulse-to-pulse power fluctuations in the excitation laser. c, Result of a simulation based on equation (2) with initial population
imbalance z(0)=0.62, φ(0)=0, J=0.1 meV, UNT(t=0)= 1.2 meV and τ = 30 ps. e, Energy- and time-resolved emission from each micropillar. The
time-dependent energy splitting can be extracted from the position of the emission of left and right micropillars at each time delay, as shown for t= 20 and
30 ps in f. g, Energy difference between the ground state energies of each micropillar measured experimentally (dots) and simulated (solid line). Error bars
show the spectral resolution of the experiment.

across two superconductors connected by a tunnel barrier gives rise
to an oscillating current3. It corresponds to the recent observation
of coherent oscillations between two localized states trapped within
the photonic disorder of a CdTemicrocavity20.

If the initial density is large enough (UNT ∼ 2J ), interparticle
repulsive interactions strongly alter the dynamics. This is the
situation shown in Fig. 2, where a large polariton density induces
a significant renormalization of the ground state energy of each
micropillar, given by E∗L(R)=E0

L(R)+U |ψL(R)|
2, which are blueshifted

above the energy of the excitation laser (Fig. 2e). We are thus
in a regime of nonlinear resonant absorption characterized by
an interaction energy much larger than the tunnel coupling J .
In these conditions we expect a dynamical self-renormalization
of the energy levels in each site, when the high density of
particles |ψL(R)|

2 is transferred from one pillar to the other. We
extract E∗L ,E

∗

R from the energy-resolved emission shown in Fig. 2e
(see Methods), and we observe time oscillations of the energy
difference E∗L − E∗R (Fig. 2f–g). The self-induced renormalization
also results in a larger bonding–antibonding splitting and, therefore,
in the decrease of the oscillation period with respect to the
nominal tunnelling period 2πh̄/2J = 21 ps. This acceleration is
observed at short times in Fig. 2a,b. At later times, the number
of particles decreases, and so does the blueshift in each site
(Fig. 2e,g). Eventually oscillations tend to recover the harmonicity

with a period given by J (Fig. 2d). The solution of equations (2)
with the parameters of the experiment reproduces both the time
evolution of E∗L −E∗R and the anharmonicity of the oscillations, as
shown in Fig. 2c,g.

In the high-density regime, if the initial population imbalance is
prepared above the threshold4, z(0)> (4J/UNT)((UNT/2J )−1)1/2,
a strongly asymmetric renormalization of the energy takes place
between the two sites (Fig. 3a). The large energy mismatch prevents
the transfer of particles between the micropillars. Alternatively,
we can understand this situation in the following way: the highly
populated state is very close in energy and spatial distribution to
the antibonding π-state. The system is thus in a quasi-metastable
state in which most of the particles remain localized in one
of the micropillars. This phenomenon, known as macroscopic
quantum self-trapping, is reported in Fig. 3b. At short times, the
large energy difference between left and right pillars results in a
running phase (Fig. 3c) similar to that of Fig. 1. In the present
case, differently from the a.c. Josephson effect described before,
the energy difference arises entirely from self-interactions within
the polariton condensates. At later times (t > 60 ps), the decay of
particles reduces the energy splitting (Fig. 3d) and the oscillatory-
phase regime, dominated by the tunnel coupling, is recovered
(Fig. 3c). Remarkably, when oscillations set in, they take place
around a phase difference value of π (equivalently, an odd multiple
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Figure 3 | Macroscopic self-trapping. a, Scheme of the renormalized
energy levels at short-time (self-trapped) and long-time (harmonic
oscillations) delays for a highly asymmetric excitation at high density.
b, Measured dynamics of the emitted intensity. c, Time evolution of the
population imbalance and phase difference. At short times particles are
self-trapped in the right micropillar, and the phase difference φ(t) increases
linearly with time. At t∼60 ps, the escape of particles out of the
microcavity induces a transition to an oscillating regime around φ= 15π.
The red dotted line is an extrapolation of the phase evolution towards t=0.
d, Energy difference between the ground state of each micropillar extracted
from the energy-resolved dynamics (see Suplementary Material). Error
bars show the spectral resolution of the experiment. The energy difference
is induced by the asymmetric polariton density. The transition from
self-trapping to oscillations takes place when E∗R−E

∗

L ∼ 2J.

of π), a situation also reproduced by simulations of equations (2)
(see Supplementary Information). The observed oscillations are
probably damped owing to intensity fluctuations of the pump laser,
resulting in fluctuations in the recovery time of the oscillations. This
regime is different to the case depicted in Fig. 2, where anharmonic
oscillations take place around φ = 0. Here, π-oscillations appear

naturally from the untrapping of the condensate from the quasi-
antibonding mode, which is characterized by φ=π. The dynamical
transition from self-trapping to π-oscillations can be obtained only
thanks to the finite particle lifetime and cannot be easily realized in
systems such as Josephson junctionswith atomic condensates.

In our experimentswe have taken advantage of the large particle–
particle interactions originating from the excitonic component of
polaritons to demonstrate macroscopic self-trapping in a photonic
system. This result opens the way to highly nonlinear photonic
phenomena such as polarization chaos13, or spontaneous symmetry
breaking and pitchfork bifurcations17,28,29, expected to give rise
to highly squeezed macroscopic states14. By reducing the size of
the system, the many-particle interactions evidenced here could
be taken into the regime of single-photon nonlinearities30,31.
Furthermore, the pair of coupled cavities we have used could
be extended to arrays with minimal frequency dispersion, where
photon fermionization32,33 and the emergence of Bose–Hubbard
physics34–37 have been predicted.

Methods
Sample andexperimental set-up. The planar samplewas grownbymolecular beam
epitaxy and consists of a λ/2 cavity sandwiched between two distributed Bragg re-
flectors containing 26 and 30 pairs, respectively, of Al0.95Ga0.01As, Al0.20Ga0.80As λ/4
layers. The structure contains 3 groups of 4 GaAs quantum wells of 70 Å width,
located at themaximaof the electromagnetic field in the structure, resulting in aRabi
splitting of 15meV. The quality factor of the etched structure is 16,000, resulting in
a photon lifetime of 15 ps. As we perform the experiments in a polaritonic molecule
with zero exciton-photon detuning, the polariton lifetime is extended up to 30 ps.

The polaritonic molecules are fabricated by dry etching of the planar
structure. The basic building block of the molecule is a single round micropillar,
which presents a set of discrete polariton levels arising from three-dimensional
confinement. When two such micropillars spatially overlap, polaritons can tunnel
from one micropillar to the other. The tunnel coupling is proportional to the
overlap and can thus be engineered8.

Excitation of the sample is performed with a 1.7 ps pulsed laser (repetition rate
82MHz) resonant with the bonding and anti-bonding states. Its spectral width is
0.4meV, which is larger than the bonding-antibonding splitting, thus allowing the
preparation of a linear combination of both states26. Simultaneously, it is smaller
than the energy separation between the ground state and the first excited state in
a single micropillar22, and also smaller than the energy distance to the polariton
reservoir (located 7.5meV above). In our analysis we can thus ignore the excited
states and only consider the ground state coupledmodes.

The photoluminescence dynamics are recorded using a streak camera
synchronized with the excitation laser, with a time resolution of 4 ps. Recorded
images are the result of integration of several million realizations. The excitation
pulse is linearly polarized along the long axis of the molecule and detection is
performed in the orthogonal polarization. Despite the cross-polarized detection,
stray light from the laser prevents access to the population imbalance and phase
difference during the first few picoseconds.

Measurement of the phase difference φ. To measure the phase difference between
the emissions from each micropillar, we use a Michelson interferometer. The real
space emission of the molecule interferes with its mirror image at the entrance slit
of a streak camera. In this way, we monitor interferences between the emission
of one of the micropillars of the molecule and that of the other micropillar.
Constructive/destructive interference appears depending on the phase difference
between the emitted light from each micropillar, and also from the delay between
the two arms of the interferometer. By varying the delay of one of the arms with a
piezoelectric stage by 6π, we obtain an oscillating interference pattern from which
we extract the phase difference φ (t ) at different delay times20 t .

Energy-resolved emission. To measure the energy of the emission, we image the
micropillars on the entrance slit of a spectrometer placed in front of the streak
camera. In this way we can measure the time evolution of the energy of the bonding
(E∗B) and antibonding (E∗AB) states. From E∗AB−E∗B we can calculate the energy
difference between the renormalized left and right sites E∗L ,E

∗

R using the expression
E∗L−E

∗

R=
√
(E∗AB−E

∗

B)2−4J 2 (see Supplementary Information).
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