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Tunable spin correlations are found to arise between twoneighboring trapped exciton-polariton condensates
which spin polarize spontaneously. We observe a crossover from an antiferromagnetic to a ferromagnetic pair
state by reducing the coupling barrier in real time using control of the imprinted pattern of pump light. Fast
optical switching of both condensates is then achieved by resonantly but weakly triggering only a single
condensate. These effects can be explained as the competition between spin bifurcations and spin-preserving
Josephson coupling between the two condensates, and open the way to polariton Bose-Hubbard ladders.
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The development of spin-charge lattice models for under-
standing strongly correlated states of matter is a successful
theme ofmodern quantumphysics. This has driven the desire
to model and probe complex condensed matter phenomena
using highly controlled systems, such as ultracold atoms [1],
photons [2,3], or superconducting junctions [4]. Exciton-
polariton (polariton) lattices have emerged as an alternative
system [5,6] with unique properties. Because of their
strongly dissipative and nonlinear nature, many-body polar-
iton gases can reach steady states which are remarkably
different from their equilibrium case [7]. Moreover, they
have peculiar spin properties [8–10] and exhibit spontaneous
magnetization (emitting circularly polarized light) above a
critical bifurcation threshold [11], analogous to the weak
lasing regime [12]. In this Letter we study the basic building
block of a polariton spin lattice: two optically trapped spin-
polarized condensates that are tunably coupled. We demon-
strate that trapped out-of-equilibrium polariton condensates
can exhibit Ising-like behavior related to spin bifurcations.
The two condensate system investigated here is shown to
correspond to one plaquette of a bosonic ladder [13], and
allows demonstration of a crossover in the competition
between Josephson coupling and spin bifurcation. These
features have not been seen in any other system to date.
Polariton condensates are coherent many-body states

[14–17], which can be confined in potentials [18–20] and
interact with each other via Josephson junctions [21–24]. For
a pair of interacting trapped spin-polarized condensates, their
polarization states are expected to couple. However, the
driven-dissipative and nonlinear nature of polariton conden-
sates makes the underlying coupling mechanism consider-
ably richer than that in the conventional Ising case, leading to

exotic forms ofmagnetismwhere the orientation and strength
of coupling is not determined by the sign of the interaction.
We achieve tuning between ferromagnetic (FM) or anti-

ferromagnetic (AFM) alignment by directly modulating the
tunneling barrier, adjusting either the height of the barrier or
the separation between the condensates. We show how
optical switching of the spin state of one condensate results
in fast switching of the state of the neighboring condensate.
Our result is a key step towards using trapped polariton
condensates for the realization of interacting bosons in a
driven-dissipative spinor Bose-Hubbard model [5,7].
The Bose-Hubbard model with polaritons can be studied

in other systems where, for example, the sample is etched to
form micropillar arrays [6,10,24], metal films are deposited
on the surface of the cavity [21,25,26], or surface acoustic
waves are applied [27]. While the confinement potential is
then separate from the condensate gain, the trapped
exciton-polaritons studied in the present Letter have the
advantage that the confinement, even at a single site level,
is versatile and can be adjusted on the fly. Particularly for
larger arrays of condensates, this capability to tune the
different barriers is vital. Moreover, the interaction with the
reservoir particles is reduced, crucial for spin stability.
Exciton-polaritons (polaritons) are quasiparticles formed

by the strong coupling of excitons in semiconductor
quantum wells with photons in the microcavity in which
they are embedded [28]. We create optically trapped
polariton condensates [20,29,30] by nonresonant linearly
polarized continuous wave (cw) excitation of a membrane
microcavity [31]. Driven by their repulsive excitonic
interactions, polaritons travel away from the pump region
and feed the zero-momentum ground state at the center of
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the optical trap. Once the density exceeds the condensation
threshold, a macroscopically coherent condensate forms in
the trap center. Polaritons in quantum-well microcavities
have two �1 (spin-up or spin-down) projections of their
total angular momentum along the structure growth axis,
which correspond to right- and left-circularly polarized
photons emitted by the cavity (of intensities i�).
Trapped polariton condensates spontaneously exhibit a

high degree of circular polarization, or magnetization M ¼
sz ¼ ðiþ − i−Þ=ðiþ þ i−Þ, above a critical spin-bifurcation
threshold as a result of energy and dissipation splitting of
their linear polarizations [11]. We operate above this spin-
bifurcation threshold, which means that the trapped con-
densate is spin polarized in either spin-up j↑i or spin-down
j↓i states. These spin-polarized condensates emit nearly
circularly polarized (jMj > 85%) light, which can be mea-
sured using conventional polarimetry. In each realization we
excite the sample for 200 μs and measure the condensate
MnðtÞ, where n ∈ f1; 2g denotes the left and right con-
densate [34]. The optical excitation is patterned using a
spatial light modulator into the shape of a double hexagon, as
shown by dashed circles in Figs. 1(b)–1(d), such that a spin-
polarized condensate is formed at the center of each
hexagon. The middle “barrier” pump spots [orange in
Fig. 1(b)] between the two traps are weaker than the outer
spots (intensity ratio ≃75%) to allow intertrap tunneling of
polaritons.
We can spatially squeeze or stretch the traps and change

the condensates’ separation without changing the barrier

pump intensity. To achieve this the barrier pump spots
of the double-hexagon trap are fixed while shifting the
location of the other spots. When the separation of the
condensates’ maxima is greater than lc ¼ 13.6 μm,
the two condensates independently pick a spin-up or
spin-down state. However, when this is decreased to
l ¼ 0.90lc, we observe AFM coupling, where the con-
densates spontaneously collapse into either j↑↓i or j↓↑i
states in each realization [Fig. 1(c)]. Further decreasing the
separation to 0.74lc, we observe FM coupling where the
condensates pick either of j↑↑i or j↓↓i states randomly in
each realization [Fig. 1(d)]. As in the case of a single
condensate [11], these states remain stable for many
seconds at 5 K, and do not depend on the position on
the sample, the geometrical pattern of the pump spots, or
the power above the spin-bifurcation threshold.
For each set of trapping conditions, 1000 realizations are

created, and for each we measureM for the two condensates
to perform a statistical analysis of the condensate-pair spin
correlation. Each polarization-resolved realization is recorded
for 200 μs by a camera, allowing us to map the 2D histogram
of ðM1;M2Þ and resolving FM and AFM situations (Fig. 2).
Absolute correlations of jCj > 0.99 are found for the
condensate spins in both coupling regimes. Increasing the
condensate separation to lc reduces this correlation to 0.09,
confirming that condensate spins then become uncoupled.
It is important to note that we observe partial phase coherence
between the condensates in both AFM and FM regimes, and
the condensates are at equal energies [35].
To accurately map the magnetic phase diagram of the

system, the influence of barrier on condensate spin correla-
tion is investigated. Instead of changing the separation of the
condensates by changing the trap geometry, we vary their
barrier potential. For this the intensity of the barrier pump
spots [orange, Fig. 1(a)] is changed. This allows finer control
over the coupling interaction than changing the separation of
the condensates, which is discretized due to single-pixel
shifting of the spatial light modulator. To better observe the
correlations, we induce spin flips by increasing the spin noise
via spatially broadening the pump spots, which increases the
overlap of the condensates and the pump. This increases the
spontaneous spin-flip rate of the condensates (here set to∼10
flips per μs, [38]), allowing faster and more reliable corre-
lation measurements within the stability time of our setup.

FIG. 1. (a) Coupling between condensates 1,2 controlled by
Josephson tunneling J, spin coupling (þ↔−) within condensates
controlled by energy splitting ε. (b) Schematic double condensate
trap from 10 pump beams. (c),(d) Experimental spin states seen for
(c) AFM- and (d) FM-coupled condensates. In each case two
possible states exist, with actual state chosen randomly upon each
realization.

FIG. 2. 2D histogram of correlations in measured double
condensate spins ðM1;M2Þ over 1000 realizations in the (a) anti-
ferromagnetic and (b) ferromagnetic coupling regimes.
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Since the energy blueshift from pump-injected excitons is
proportional to the pump intensity [29], the ratio of the
intensity of barrier pump spots to the other spots, ur, is a
reliable measure of the relative barrier height. The blueshift
above the condensate energy at the saddle point of the barrier
is urU0, whereU0 ≃ 200 μeV. Selecting the right-circularly
polarized (σþ) emission,we spatially resolve the left and right
condensates recording their intensities at each ur for 2 ms
using photomultipliers. A typical trace for ur ¼ 0.8
[Fig. 3(a)] shows that the double condensates flip randomly
between the two AFM states with a switching time limited by
our measurement resolution (∼5 ns). Reducing ur to 0.65
shows now flipping between two FM states [Fig. 3(b)]. For
each barrier potential we record 20 traces (each lasting 75 μs)
and calculate the average correlation of the condensates’spins,
plotting this as a function of ur [Fig. 3(c)]. We observe a clear
transition from the ferromagnetic to antiferromagnetic state at
ur ≃ 0.72. Increasing ur further results in zero coupling.
The uncoupling of the condensates when increasing their

separation l=lc ¼ 0.9 → 1.0 (while the intensity of the
shared pump spots remains constant) implies that the
shared reservoir between two condensates does not play
a significant role here. Our trapped condensates form with
k̄ ¼ 0 (Δk ¼ 0.4 rad=μm), where the transverse-electric
and transverse-magnetic splitting vanishes [39]. As a result,
the optical spin-Hall effect [40] is negligible in trapped
condensates, with spin torque rates much smaller than
tunneling rates, thus preserving spin during the Josephson
process [41]. On the other hand, observation of phase
coherence between the condensates signifies that the spin
coupling must be mediated by a coherent mechanism, as
described by our theory below.
Our description of the above effects is based on the

theory for a single trapped condensate [11], which is
extended to include the Josephson coupling [43–45]
between the two condensates. The order parameter for
each exciton-polariton condensate is a two-component

complex vector Ψn ¼ ½ψnþ;ψn−�T and ψnþ and ψn−
are the spin-up and spin-down wave functions. The
components of the order parameter define the measurable
condensate pseudospin Sn ¼ ð1=2ÞðΨ†

n · σ ·ΨnÞ, and the
normalized spin vector ŝn ¼ Sn=Sn, where σx;y;z are the
Pauli matrices. The order parameters evolve according to
the driven dissipative equation

i
dΨn

dt
¼ − i

2
gðSnÞΨn −

i
2
ðγ − iεÞσxΨn

þ 1

2
½ðα1 þ α2ÞSn þ ðα1 − α2ÞSnzσz�Ψn −

1

2
JΨ3−n:

ð1Þ
Here, gðSnÞ ¼ Γ −W þ ηSn is the pumping-dissipation
balance, Γ is the (average) dissipation rate, W is the
incoherent in scattering (or “harvest” rate), and η captures
the gain-saturation term [46]. This gain saturation depends
on the total occupation of the condensate (treated more
generally in Ref. [11]). X (horizontal) and Y (vertical)
linearly polarized single-polariton states are split in energy
by ε and dissipation rate by γ. The repulsive interaction
constant for polaritons with the same spin is α1, and the
interaction constant for polaritons with opposite spins is α2.
Finally, J > 0 is the extrinsic spin-preserving Josephson
coupling between the left and the right condensate, which
we have introduced here to account for coherent coupling.
It is important to note the fundamental differences

between the spin coupling mechanism demonstrated here
and that seen in closed systems, such as atoms trapped in
optical lattices [47,48]. In equilibrium spin systems such as
those described by the Ising model, the coupling is
achieved via the minimization of the total energy. In the
driven-dissipative system described here, the minimization
of energy does not play a direct role since the system is out
of equilibrium. Here, the spin alignment is a direct result of
spin bifurcation correlation, which itself is a product of

FIG. 3. (a),(b) Snapshot in time of left and right condensate σþ intensities for (a) ur ¼ 0.80 and (b) ur ¼ 0.65, showing spontaneous
correlated flipping of both condensates spins in (a) AFM and (b) FM regimes. (c) Magnetic phase diagram, with measured correlation C
between magnetization of condensates 1,2 as a function of barrier ur (circles; dotted line is guide for the eye). Simulations give the
correlation C as a function of J=ε (red line).
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pumping, dissipation and nonlinearity, and coherent
exchange of particles between the two condensates.
We perform dynamical simulations to calculate spin

correlations. We calculate the steady state of the coupled
Eq. (1) for 10 000 realizations with random initial con-
ditions [49] and plot the final circular polarization corre-
lation of the two condensates at different Josephson
coupling rates [Fig. 3(c), red line]. For small Josephson
amplitudes there is AFM coupling of the condensate states.
The stable AFM configuration is characterized by
ψ2þ ¼ −ψ1− and ψ2− ¼ −ψ1þ, so that Eq. (1) is reduced
to the two-component problem with renormalized
splitting between X- and Y-polarized states ε0 ¼ ε − J.
Correspondingly, the AFM state loses stability at ε ¼ J
when ε0 changes sign. The AFM state is first converted to
the limit cycle motion by the Hopf bifurcation and then
to pseudochaotic behavior with further increase of J.
Simultaneously, the stable FM configuration with ψ2þ ¼
ψ1þ and ψ2− ¼ ψ1− emerges for J > ε. This behavior is in
good agreement with the experiment: we observe the AFM
coupling at high barrier heights where the tunneling rate
between two condensates (Josephson coupling) is small
and same-site coupling between spins dominates [Fig. 1(a),
white arrows]. On the other hand, when the barrier height is
low, FM coupling is seen since the Josephson coupling
dominates [Fig. 1(a), black arrows] [50]. Each interacting
pair of condensates then forms a plaquette, and longer
chains of condensates will form a bosonic ladder [13],
which will in the future be useful to probe with
magnetic fields [51]. We note that paired condensates
emit light at the same frequency, as it is also found
experimentally.
The chaotic dynamics in the AFM-FM crossover region

of the present system is different from the chaos in a
resonantly excited pair of exciton-polariton condensates
studied before [52]. The trapped exciton-polariton

condensates here are excited incoherently, yielding chaos
in an autonomous dynamical system. The details of this
chaos and its effects on the emission from the trapped
condensates will be studied elsewhere.
Finally, we demonstrate the resonant switching of the

coupled spin states experimentally. We resonantly excite
one of the condensates with a narrow linewidth cw diode
laser, which we refer to as the gate (G). The membrane
microcavity allows resonant excitation from the back side
of the cavity without requiring filtering of the laser back-
scatter. The gate laser as well as the pump can be switched
on or off by acousto-optic modulators with a rise time of
∼40 ns. We resonantly excite the right condensate 20 μs
after we turn on the pump laser. The gate is applied on the
right-hand condensate and is right-circularly polarized
(σþ). Applying a cross-polarized gate switches the polari-
zation state of the condensate, as previously shown [11].
Here, we observe that resonant switching of the spin of one
condensate also switches the spin of the other coupled
condensate, both in the antiferromagnetic and ferromagnetic
regimes (Fig. 4). The condensates remain in the switched
state after the gate laser is switched off, due to the bistable
nature of the spin states. We note that the resolution-limited
condensate switching time reported here is an order of
magnitude shorter than that of the gate, clearly showing that
(as for single condensates [11]) the switching process is
nonadiabatic. Here, we are able to switch the coupled spin
states by transiently injecting minority spins which are only
1% of the condensates’ majority spin. Our theoretical
description reproduces the fast spin flips observed in the
experiment when noise is injected into Eq. (1). Our theory
also shows that, in both AFM and FM regimes, switching the
spin state of condensate 1 also switches the spin of
condensate 2, both remaining switched after the pulse is
turned off [53].
In conclusion, we demonstrate a tunable spin alignment

mechanism for trapped polariton condensates. A transition
from antiferromagnetic to ferromagnetic alignment is seen
as the potential barrier between the condensates decreases.
Our results correspond well to the interplay between spin
bifurcation and Josephson coupling in theory. Finally,
resonant switching of the spin states in both ferromagnetic
and antiferromagnetic regimes is shown.

We acknowledge Andrew Ramsay, Dieter Jaksch,
and Tomi Johnson for fruitful discussions. This work
was supported by EPSRC Grants No. EP/G060649/1,
No. EP/L027151/1, EU Grant No. INDEX 289968, ERC
Grant No. LINASS 320503, EU FP7-REGPOT-2012-2013-
1 Grant No. 316165 and Greek GSRT KRIPIS action
PROENYL Grant No. MIS-448305, the Leverhulme Trust
Grant No. VP1-2013-011, Spanish MEC (Grant
No. MAT2008-01555), Fundación La Caixa. F. P. acknowl-
edges financial support through a Schrödinger Fellowship
at the University of Oxford and NQIT project (EP/
M013243/1). The raw data for this work can be found at
https://www.repository.cam.ac.uk/handle/1810/253679.

FIG. 4. (a) Spin switching for AFM-coupled condensates. The
σþ-polarized gate is applied on the right condensate (shown
above). The condensate pair switches from j↑↓i to j↓↑i. (b) Spin
switching for FM-coupled condensates. The condensate pair
switches from j↓↓i to j↑↑i. The top panels show the gate laser
intensity profile G. The gate laser is turned on at t ¼ 0.
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