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Abstract
The stability of spin of macroscopic quantum states to intrinsic noise is studied for non-resonantly-
pumped optically-trapped polariton condensates. We demonstrate� ipping between the two spin-
polarised states with> 104slow-down of the� ip rate by tuning the optical pump power. Individual
spin� ips faster than 50 ps are time resolved using single-shot streak camera imaging. We reproduce
our results within a mean-� eld model accounting for cross-spin scattering between excitons and
polaritons, yielding a ratio of cross- to co-spin scattering of� 0.6, in contrast with previous literature
suggestions.

1. Introduction

Exciton–polaritons are light–matter excitations arising from the strong-coupling of photons and excitons in
semiconductor microcavities[1]. Under non-resonant excitation, polaritons condense into a single quantum
state and spontaneously develop macroscopic coherence[2]. This many-body state can be used to study different
aspects of nonlinear dissipative many-body physics[3], with potential integration into optoelectronic devices
[4,5]. Developing ways of effectively trapping and controlling polariton condensates has been the subject of
intense research[6–10]. Optical trapping methods are particularly� exible since they allow on-the-� y tuning of
the condensate[11–13], and using spatially-patterned non-resonant pumps has proven to be a particularly
simple and robust method. Using this technique, it is possible to create and control trapped polariton
condensates[14–16], as well as larger arrays of condensates in which to study phase transitions in lattices
[17,18]. An unexpected result of this optical trapping is the observation of a parity-breaking symmetry
bifurcation where the condensate spontaneously adopts a macroscopic spin and emits corresponding right- or
left-circular polarisation[19], thanks to the reduced interactions with reservoir excitons. Nevertheless,
� uctuations coming from the scattering of excitons into the condensate are an inherent internal source of noise
for the polariton condensate[20–23].

Here we study the in� uence of this shot-noise on the stability of the circularly-polarised steady states of a
trapped exciton–polariton condensate. We show that, under speci� c conditions, this noise is suf� ciently large to
destabilise the two steady-state macroscopic spins, leading to stochastic polarisation� ipping dynamics. While
stochastic formation of a polarised condensate has been reported before[23–25], the stochastic behaviour
reported here occurs above the condensation threshold and is between two speci� c circularly polarised states,
not the whole of the Poincare sphere.
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We show that the condensate spin� ip rate changes near-exponentially with pump power by four orders of
magnitude, initially decreasing with power but increasing again at higher powers. This non-monotonous
variation of the dwell time contrasts with a similar system based on vertical-cavity lasers where increasing power
monotonously decreases their polarisation dwell time[26]. The unexpected power dependence of the spin-� ip
rate found here can only be explained by considering cross-spin scattering between the exciton reservoir and the
polariton condensate. This adds a cross-spin gain saturation in the widely used mean-� eld models of polariton
condensation[22,27], and is needed to fully account for the spin degree of freedom of the exciton reservoir. We
show numerically how this new term leads to an instability of the polarisation steady states at high pumping,
which� rst leads to the formation of limit cycle polarisation oscillations and subsequently to chaotic behaviour
due to limit cycle merging. These different polarisation steady states intuitively explain the experimentally-
measured� ip frequencies.

Finally, we use single-shot streak camera imaging to time-resolve individual spin� ips. We observe that spin
� ips can occur with a wide range of timescales, even under the same experimental conditions. We measure spin
� ips to be at least as fast as 50 ps, of the same order of magnitude as the polariton lifetime. Combined with our
experimental observation of 100 MHz spin� ipping and with simulated spin� ipping reaching 10 GHz, this puts
a polariton random number generator(RNG) on a par with state-of-the-art laser diode systems[28].

2. Optically tuneableflip rate

We start by considering the spin� ip dynamics of an individual optically-trapped polariton condensate. We use a
5λ/ 2 GaAs microcavity(Q > 16 000), with a detuning of−2 to−3 meV and Rabi splitting of 9 meV(details in
[29]). Non-resonant pumping is achieved with a linearly-polarised continuous-wave laser(750 nm), chopped
into 5 ms pulses using an acousto-optic modulator to avoid sample heating. Sample position, laser powers, and
condensate densities are the same as those in[19]. The emitted light from the microcavity is� ltered,
polarisation-resolved and recorded with two photomultiplier tubes(PMTs) and a 5 GS s−1(1 GHz) digital
oscilloscope. The time resolution is here limited by the rise time of the PMT(� 2 ns).

A spatial light modulator is used to shape the non-resonant laser into four diffraction-limited pump spots
arranged in a 12μm square. When focused on the semiconductor microcavity device, each pump spot creates a
plasma of free carriers, blueshifting all the electronic energy levels through repulsive Coulomb interactions. The
free carriers thermally relax, forming an exciton reservoir at the non-resonant laser spots. The exciton reservoir
thermally relaxes, forming polaritons that accumulate at the bottom of the potential well inside the pump
pattern[14,19]. For appropriately chosen separations between the pump spots and suf� ciently high powers
(� gure1(a)), these polaritons form a macroscopically coherent state, with the polariton condensate trapped
inside the pump spot potential(� gure1(b))and remaining in the strong coupling regime(� gure1(c))10.

These spatially-trapped condensates have been shown to exhibit a parity breaking transition with increasing
power, where the initially-stable linearly-polarised condensate bifurcates into two circularly-polarised steady
states, stochastically forming in one spin or its opposite every time it condenses[19]. This is also found to be the
case here(� gure1(f)). The origin of these two parity-breaking states is closely related to self-trapping in coupled
nonlinear modes and relies on energy and dissipation differences between two orthogonal linear modes of the
polariton� eld, together with an asymmetry in the nonlinearity between spin-up and spin-down polaritons[19].
The fact that this bifurcation can be observed only with trapped condensates is a direct consequence of the spatial
separation of the condensate and the exciton reservoir, leading to increased sensitivity of the polariton
condensate to energy and dissipation inhomogeneities of the sample.

Here, despite spatial separation from the exciton reservoirs, we� nd that the two stable spin-polarised steady
states can be destabilised due to random noise from reservoir pumping, leading to stochastic spin dynamics
(� gures1(d), (e)). Above a critical bifurcation threshold(P= 1.2Pth), we observe two nearly circularly polarised
states(� gure1(f)). The magnitude of the spin(given by the degree of circular polarization of the emission) of the
two spin-polarised states rapidly increases with power immediately after the bifurcation, followed by a slow
decrease at even higher powers(P> 1.7Pth). In addition to changes in the spin amplitude for the circularly-
polarised states, we observe stochastic� ipping between the two states(� gures1(d), (e)). By appropriately
analysing this dynamic spin evolution, we extract the average� ip rate at different powers(� gure1(g)). For pump
powers just above the bifurcation threshold we observe a rapid decrease of the spin� ip rate by more than four

10
The particle number,n= Φτ|C|−2, whereΦ is the photon� ux,τ= 10 ps is the polariton lifetime, and|C|2= 0.4 is the photon Hop� eld

coef� cient. The photon� ux is measured on a CCD usingΦ = αR/ ηwhereα = 3.5 e−/ count is the photoelectron sensitivity,η= 0.0021 is
the total detection ef� ciency including the camera quantum ef� ciency and the total optical transmission ef� ciencies, andR= 1.9×1010 s−1

is the spatially integrated count rate of the CCD. This gives a particle number of� 800 atP= 1.7Pth. Combining with the condensate FWHM
width of 6μm, or area of 28μm2, gives a density of 3.5×108cm−2. This is much lower than densities at which saturation occurs.
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orders of magnitude. This is followed however by a slow increase over a similar range. These trends match the
increase and decrease of the spin amplitudes seen in� gure1(f).

Our experiments are limited by the PMT rise time to measuring spin-� ip rates below 0.5 GHz, but as we will
see later, our simulations show that GHz� ip rates can be exceeded. Additionally, we have previously
experimentally demonstrated stable circularly-polarised condensates that remain in the same spin for seconds at
a time[19], giving us a 9 order-of-magnitude range over which we can optically control the spin-� ip rate.

The initial fast decrease of the� ip rate(� gure1(g)) and the fast increase of the spin magnitude(� gure1(f))
can be understood phenomenologically within the physics of spin bifurcation[19]. Just after the bifurcation
threshold, the two new circularly-polarised states which have small spin magnitudes are easily destabilised and
random noise easily initiates� ips. The in� uence of noise decreases as the power increases and the two spin states
move further away from each other on the Poincare sphere. However, neither the decrease in the magnitude of
the spin nor the increase of the� ip rate at higher powers can be explained within previous models of polariton
condensation and require new physics to be considered, as we show below.

Figure 1.(a) Microcavity excitation con� guration, gives(b) real-space coherent condensate emission(pump spots marked by dashed
white circles) and(c) momentum space strong-coupling condensate above threshold, which is blueshifted from the lower polariton
branch due to polariton nonlinearities.(d), (e) Example spin time traces showing(d) fast and(e) slow� ip rates.(f) 2D probability
density of spin versus power, extracted from 10 experimental realisations. Larger spin noise at low powers(< 1.3Pth) arises from weak
emission just above condensation threshold(Pth). (g) Extracted� ip rate versus pump power. Solid line is a guide to the eye.(b,c)
modi� ed from[19].
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