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We realize bistability in the spinor of polariton condensates under nonresonant optical excitation and in
the absence of biasing external fields. Numerical modeling of the system using the Ginzburg-Landau
equation with an internal Josephson coupling between the two spin components of the condensate
qualitatively describes the experimental observations. We demonstrate that polariton spin bistability
strongly depends on the condensate’s overlap with the exciton reservoir by tuning the excitation geometry
and sample temperature. We obtain noncollapsing bistability hysteresis loops for a record range of sweep
times, [10 μs, 1 s], offering a promising route to spin switches and spin memory elements.
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Optical bistability is the phenomenon of an optical
system supporting two or more stable states for a given
range of driving conditions [1,2]. A bistable behavior
demonstrates an internal memory of the system, which
could potentially be harnessed to form optical transistors
and memory elements. It has been observed in systems
such as cold atoms [3], lasers [4], self-electro-optic effect
devices [5], and Fabry-Pérot cavities containing nonlinear
materials [6,7]. Optical bistability in microcavity polar-
itons, the bosonic quasiparticles formed by the strong
coupling of cavity photons and excitons, was previously
demonstrated for resonant or quasiresonant optical excita-
tion [8–13], electrical biasing [14,15], and nonresonant
electrical injection [16]. In resonantly pumped microcavity
polaritons, bistability was described by a Kerr-like non-
linearity resulting from polariton-polariton interactions [9]
and by employing an analogy with optical parametric
oscillators [10]. Under electrical injection, bistability was
observed in the photoluminescence intensity, in the pres-
ence of an external magnetic field, and was attributed to the
electrostatic screening of the injected charge carriers
forming a positive feedback for the backward sweep of
the driving current [16].
Bistability has also been realized in the spinor of a

polariton state utilizing the polaritons’ well-defined spin
and its one-to-one correspondence with the circular polari-
zation of emitted light. Optical control of polariton spin was
employed in the realization of spin bistability and multi-
stability, using quasiresonant optical excitation of a cylin-
drical mesa [8] by rotating the polarization of the optical
pump. Recently, spin bistability was also shown under

nonresonant optical excitation in a mesa-structured micro-
cavity using a biasing electrical field to induce an energy
splitting between two linear polarization modes while
keeping the optical excitation constant [14]. Under non-
resonant pumping and in the absence of external fields, the
preferable route for the operation of all-optical memory
elements in polariton circuits, both polariton bistability and
spin bistability remain elusive, despite theoretical predic-
tions [17].
For the observation of polariton bistability or spin

bistability, it is essential that the population fluctuations
of polaritons or the relative spin populations remain
sufficiently small so as not to bridge the two stable
solutions of the system that would lead to a collapse of
the hysteresis loop. Polaritons are an inherently open-
dissipative, nonequilibrium system that requires continuous
pumping to reach the steady state due to a finite cavity
lifetime. In the absence of external electric or magnetic
fields, polariton bistability and spin bistability have been
observed only under resonant excitation; the fundamental
difference between resonant and nonresonant optical
pumping is the presence, in the latter case, of a hot-exciton
reservoir and the concomitant exciton-polariton inter-
actions. Exciton-polariton pair scattering events contribute
to the decoherence of polaritons [18,19]; however, the
observed bistabilities in polariton systems occur at time-
scales that can exceed the coherence time of a polariton
condensate by a factor of 109, suggesting that it is not the
exciton-induced decoherence that precludes the observa-
tion of bistability under nonresonant pumping. Another
source of instability that prevents bistable behavior under
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nonresonant pumping is the density fluctuations induced by
the hot-exciton reservoir. Similarly, exciton-polariton inter-
actions are a strong source of spin mixing [20] that, in the
presence of an initial spin imbalance, result in changes of
the relative spin populations that prevent the realization of
spinor polariton bistability.
In this Letter, we realize spin bistability under nonreso-

nant optical pumping, in the absence of external fields, by
spatially separating the spin-bistable polariton state from
the hot-exciton reservoir, thus strongly suppressing spin
depolarization in the system. The spin bistability is evi-
denced on the spinor of a polariton condensate, trapped at
the center of an annular excitation beam, in the form of a
hysteresis loop in the degree of circular polarization versus
the optical excitation power. We attribute the spin bist-
ability to an interplay of polariton nonlinearities with the
internal Josephson coupling of the two spin components.
Figure 1 depicts a schematic of the system; the red ring on
the surface of the microcavity shows the pumping intensity
profile. The rainbow-colored Gaussian, in the center of the
ring, shows the measured polariton density of the ground
state, ψ00. The black mesh annular barrier represents the
repulsive potential due to the optically injected hot-exciton
reservoir. The red and blue spheres in the center of the ring
represent the two spin components of the polariton con-
densate that are coupled via an internal Josephson cou-
pling J.
The microcavity we use in this study is a 5λ=2 cavity

with GaAs quantum wells (QWs), as in Ref. [21], held at
∼6 K using a continuous flow cold finger cryostat. We
excite the sample with a linearly polarized, continuous
wave (cw), monomode laser, tuned to the first reflectivity
minimum at 754 nm. A spatial light modulator (SLM)
imprints a phase profile, and the desired annular pump

geometry is focused on the sample surface by a 0.4
numerical aperture (NA) microscope objective lens. The
intensity of the laser is modulated into triangular pulses
using an acousto-optical modulator (AOM) that is driven by
a triangular voltage pulse train. A polarization analyzer is
used to record the two cross-circular components of the
photoluminescence intensity. The top schematic in Fig. 2
shows the setup and the triangular laser pulse train used to
excite the sample. The use of a high NA excitation lens in

FIG. 1. Schematic of the optical excitation scheme. The red ring
on the surface of the microcavity is an intensity map of the pump
beam; the black mesh annular barrier represents the confining
potential due to the exciton reservoir. A section of the barrier is
removed to show the trapped condensate shown as the rainbow-
colored Gaussian mode in the center of the confining potential.
The red and the blue spheres show the spin-up and spin-down
states forming the condensate, respectively. The arrow shows a
current of polaritons between the two spin states.

FIG. 2. Schematic of the experimental setup. SLM, spatial light
modulator; AOM, acousto-optical modulator; PBS, polarizing
beam splitter; DBS, dichroic beam splitter; Obj, microscope
objective lens; L, plano-convex lens; λ=4, quarter wave plate;
λ=2, half wave plate; and PD (1,2,3) photodiodes measuring the
spin components of the photoluminescence and the correspond-
ing laser intensity. (a) Measured third Stokes component SZ,
representing the degree of circular polarization (DCP) versus
pump power displaying the characteristic hysteresis loop of
bistability for an annulus of ∼16.1 μm diameter and 1.67 ms
sweep time at a detuning of −7.6 meV. (b) Hysteresis loop in SZ
versus pump power resulting from the numerical simulations.
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combination with the samples birefringence introduces a
∼10% ellipticity to the pump beam [22], which creates a
small spin imbalance in the injected carriers. Since the
electron spin relaxation time in GaAs QWs is longer than
the carrier relaxation time to the exciton reservoir, the initial
electron spin imbalance is reflected in the spin imbalance of
the exciton reservoir that, in turn, leads to a spin-polarized
polariton condensate [23]; by separating the polariton
condensate from the exciton reservoir here, we observe
93% degree of circular polarization (DCP).
Figure 2(a) shows a typical hysteresis loop in the DCP,

represented by the SZ component of the Stokes polarization
vector versus the pump power normalized to the conden-
sation threshold at a detuning of −7.6 meV. With an
increasing pump power, shown with a red dashed line in
Fig. 2(a), we observe a spin reversal, as was previously
observed in time-integrated measurements [23]. The spin
reversal was attributed to the transition into a desynchro-
nization regime in Ref. [23] through the complex spin-
dependent Ginzburg-Landau equations with an internal
Josephson coupling term between the two spinor compo-
nents. With a decreasing pump power (blue solid line), a
backwards spin reversal is observed at a lower pumping
power compared to the power for the spin reversal observed
in the forward direction. The signature of spin bistability is
qualitatively reproduced numerically with the same theo-
retical model of Ref. [23] as shown in Fig. 2(b); see
Appendix A of Supplemental Material [24].
To gain an understanding of the nature of polariton spin

bistability, in the following we draw analogues with the
driven damped pendulum. We nondimensionalize the
complex spin-dependent Ginzburg-Landau equation and
the rate equation describing the density in the exciton
reservoir and reduce them to the equation of a driven-
damped pendulum:

Θ̈þ βðpÞ _Θ ¼ −IbiasðpÞ − IcrðpÞ sinΘ; ð1Þ

where Θ is the phase difference between two spin compo-
nents, β is a damping coefficient (positive above the
threshold) that increases with the pumping power
approaching a value of 1=2, Ibias is equivalent to the
driving torque of a pendulum, and Icr is equivalent to
the maximum gravitational torque. A description of the
process of nondimensionalization and reduction is pre-
sented in Appendix A of Supplemental Material [24].
A driven damped pendulum supports two types of

solution [25]: If the torques’ ratio I ¼ jIbiasj=jIcrj ≤ 1, then
the pendulum’s trajectory is attracted to a fixed point
(stationary solutions regime), where the angular displace-
ment is constant ( _Θ ¼ 0) for a fixed driving torque.
Alternatively, if I > 1, then _Θ ≠ 0, in which case the
pendulum continues to overturn even under a fixed driving
torque (limit cycle solutions regime). In this scheme,
bistability occurs in the backward ramp of the driving

torque due to its inertia, where the backward ramp
corresponds to a decreasing pump power.
Here, the stationary solutions regime results in the

phases of the two spin states evolving synchronously with
a constant phase difference; see the top branch of the
bistability in Figs. 2(a) and 2(b). The limit cycle solutions
regime, _Θ ≠ 0, results in the desynchronized evolution of
the spin states’ phases. With a decreasing pump power, the
role of the “inertia” increases due to the decrease of the
damping rate β, which allows for the limit cycle solutions
regime to persist for pump powers lower than those on the
forward ramp, leading to the observed hysteresis. A
schematic comparison between bistability in the driven
damped pendulum and the spinor polariton condensate is
presented in Appendix B of Supplemental Material [24].
In the following, we investigate the dependence of the

observed bistability on the overlap, Ω, between the con-
densate and the hot-exciton reservoir. At low temperatures,
the pump-induced exciton reservoir is colocalized with the
pump beam due to the small (submicron) exciton diffusion
length, which allows us to control Ω by changing the
diameter of the annular pump profile. For diameters ranging
from 11.8 to 17.9 μm, polariton condensation occurs in a
Gaussian-shaped ground state ψ00. Figure 3(a) shows the
dependence of the hysteresis area on the diameter of the
annular pump at a detuning of−7.6 meV (black diamonds).
With an increasing pumpdiameter from11.8 to 17.9 μm, the
hysteresis area increases monotonically. The (red) dotted
line in Fig. 3(a) shows the calculated Ω assuming a
Gaussian-shaped condensate and an annular pump profile
with a Gaussian cross section, where the width of the
condensate and the annular profile are approximated from
the measured photoluminescence under different annular
pump diameters. When the diameter of the annular pump
exceeds 18 μm, the trapping potential allows for the
coexistence of higher-order Hermite-Gaussian-shaped,
ψ01, condensates with the ψ00 condensate [26]; this leads
to the collapse of the hysteresis loop. The hysteresis loops
versus the diameter of the annular pump are presented in
Appendix C of Supplemental Material [24]. The deleterious
effect of exciton-polariton interactions on bistability is
further corroborated by changing the exciton fraction of
polaritons. The solid black circle in Fig. 3(a) shows the
hysteresis area obtained for an annular pump diameter of
13.1 μm at a detuning of −11.2 meV.
Figure 3(b) shows the hysteresis area versus temperature

ranging from 4 to 40 K, where strong coupling is sustained
[27]. With an increasing temperature, the exciton linewidth,
the exciton reservoir lifetime, the exciton diffusion length,
and the exciton-photon detuning are increasing. All of these
effects contribute in the suppression of the hysteresis area.
We note that the observed hysteresis loops under all
previous excitation and detuning conditions disappear
when we switch from monomode (low-intensity fluctua-
tions) to multimode cw excitation lasers; the latter induce
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density fluctuations in the exciton reservoir that are mir-
rored in the density of the condensate leading to the
collapse of bistability [28].
Relevant to the applications in volatile memories and

switching is the range of sweep times wherein the bistable
behavior is durable, i.e., noncollapsing hysteresis loops. To
that end, we investigate the relationship of the hysteresis
area on the duration of the sweep time (TP). Figure 3(c)
shows the hysteresis area for sweep times spanning 5 orders
of magnitude TP ∈ ½10 μs; 1 s�, where bistability is
observed in the absence of collapses [29]. We observe that
the dependence of the hysteresis area as a function of the
sweep time exhibits a double power-law decay. The mean-
field approach of the spin-dependent Ginzburg-Landau

model implemented here to explain the observed bistability
cannot reproduce the dependence of the hysteresis area on
the sweep time. Recently, a double power-law decay versus
the sweep time was attributed to quantum fluctuations [30].
An evolution from a double to a single power-law decay
was experimentally observed with increasing the average
photon number and was ascribed to a dissipative phase
transition between the quantum regime and the thermody-
namic limit [13]. The dissipative phase transition was
shown to depend strongly on the laser-cavity detuning;
here spinor bistability is observed under nonresonant
optical pumping.
In summary, we demonstrate optical bistability in spinor

polariton condensates under nonresonant optical excitation
in the absence of external biasing fields. The hysteresis
loop can be qualitatively modeled through the complex
spin-dependent Ginzburg-Landau equations with an inter-
nal Josephson coupling term between the two spinor
components. We unravel the detrimental role of a hot-
exciton reservoir on bistability by controlling the overlap of
the pump-induced exciton reservoir and the polariton
condensate. The dependence of spin bistability on the
condensate’s overlap with the exciton reservoir allows us
to control the hysteresis area by tuning the excitation
geometry. Most importantly, we obtain noncollapsing
bistability hysteresis loops for a record range of sweep
times, [10 μs, 1 s], offering a promising route to spin
switches and spin memory elements.
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