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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 demonsipgiig between the two spin-
polarised states with10* slow-down of the ip rate by tuning the optical pump power. Individual

spin ipsfasterthan 50 ps are time resolved using single-shot streak cameraimaging. We reproduce
our results within a meaneld model accounting for cross-spin scattering between excitons and
polaritons, yielding a ratio of cross- to co-spin scatteringd6, in contrast with previous literature
suggestions.

1. Introduction

Exciton-polaritons are lightmatter excitations arising from the strong-coupling of photons and excitons in
semiconductor microcaviti¢$]. Under non-resonant excitation, polaritons condense into a single quantum
state and spontaneously develop macroscopic cohd&ntkis many-body state can be used to study different
aspects of nonlinear dissipative many-body phj3jicaith potential integration into optoelectronic devices
[4,5]. Developing ways of effectively trapping and controlling polariton condensates has been the subject of
intense researgh-10]. Optical trapping methods are particularkxible since they allow on-thettuning of
the condensafe 1-13], and using spatially-patterned non-resonant pumps has proven to be a particularly
simple and robust method. Using this technique, itis possible to create and control trapped polariton
condensatgd4-16], 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 polarisatiofil 9, 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 condensafg0-23].

Here we study the iruence of this shot-noise on the stability of the circularly-polarised steady states of a
trapped excitonpolariton condensate. We show that, under specbnditions, this noise is sufiently large to
destabilise the two steady-state macroscopic spins, leading to stochastic polangatigalynamics. While
stochastic formation of a polarised condensate has been reported Batatg, the stochastic behaviour
reported here occurs above the condensation threshold and is between twospediarly polarised states,
not the whole of the Poincare sphere.
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We show that the condensate spiprate changes near-exponentially with pump power by four orders of
magnitude, initially decreasing with power butincreasing 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 fitde The unexpected power dependence of the spin-
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 usedetftarodels of polariton
condensatiof?2, 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 rstleads to the formation of limit cycle polarisation oscillations and subsequently to chaotic behaviour
dueto limitcycle merging. These different polarisation steady states intuitively explain the experimentally-
measuredip frequencies.

Finally, we use single-shot streak camera imaging to time-resolve individuapspiWe observe that spin

ips can occur with awide range of timescales, even under the same experimental conditions. We measure spin
ipsto be atleastas fastas 50 ps, of the same order of magnitude as the polariton lifetime. Combined with our
experimental observation of 100 MHz spipping and with simulated spinipping reaching 10 GHz, this puts
a polariton random number generat@®@NG) on a par with state-of-the-art laser diode systgtfis

2. Optically tuneable ip rate

We start by considering the spiip dynamics of an individual optically-trapped polariton condensate. We use a
5\ 2 GaAs microcavit@ > 16 000, with a detuning of-2 to —3 meV and Rabi splitting of 9 mgdetails in

[29). Non-resonant pumping is achieved with a linearly-polarised continuous-wavgB@ar), 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 thfs iThe emitted light from the microcavity istered,
polarisation-resolved and recorded with two photomultiplier t(B#4T9 and a5 GS s (1 GH32 digital

oscilloscope. The time resolution is here limited by the rise time of the(PRImg.

A spatial light modulator is used to shape the non-resonant laser into four diffraction-limited pump spots
arranged ina 12m 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 aciéstly high powers
( gurel(a)), these polaritons form a macroscopically coherent state, with the polariton condensate trapped
inside the pump spot potentiélgurel(b)) and remaining in the strong coupling regiegurel(c))*°.

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 confiEfjs€his is also found to be the
case herg gurel(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 polétithns
The fact that this bifurcation can be observed only with trapped condensates is a direct consequence of the spati:
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 reservoirgichtbat the two stable spin-polarised steady
states can be destabilised due to random noise from reservoir pumping, leading to stochastic spin dynamics
( guresl(d), (e)). Above a critical bifurcation threshdld = 1.2Py,), we observe two nearly circularly polarised
stateg gurel(f)). The magnitude of the sp{given by the degree of circular polarization of the emijsitthe
two spin-polarised states rapidly increases with power immediately after the bifurcation, followed by a slow
decrease ateven higher pow@rs 1.7P4). Inaddition to changes in the spin amplitude for the circularly-
polarised states, we observe stochamgtping between the two stateguresl(d), (€)). By appropriately
analysing this dynamic spin evolution, we extract the aveipgate at different powexs gurel(g)). For pump
powers just above the bifurcation threshold we observe arapid decrease of ti@rspéby more than four

107he particle numben = ®7|C| % whered is the photon ux,7= 10 psis the polariton lifetime, an@*= 0.4 is the photon Hopeld
coef cient. The photon ux is measured on a CCD usiftgs aR/ nwherea = 3.5 e/ countis the photoelectron sensitiviys 0.0021 is
the total detection etiency including the camera quantumeiency and the total optical transmissionaéncies, an® = 1.9x 10'°s™?

is the spatially integrated count rate of the CCD. This gives a particle numg8@aP= 1.7P,,. Combining with the condensate FWHM
width of 6 um, or area of 28im?, gives a density of 3:510P cm~2 This is much lower than densities at which saturation occurs.
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Figure 1.(a) Microcavity excitation corguration, giveg) real-space coherent condensate emiggiomp spots marked by dashed
white circleyand(c) momentum space strong-coupling condensate above threshold, which is blueshifted from the lower polarjton
branch due to polariton nonlinearitig(gl), () Example spin time traces showidyfast ande) slow ip rates(f) 2D probability
density of spin versus power, extracted from 10 experimental realisations. Larger spin noise at lofw p@Rgjgrises from weak
emission just above condensation threshBl). (g) Extracted ip rate versus pump power. Solid line is a guide to thglbyge.

modi edfrom[19.

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 segniil(f).

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

The initial fast decrease of thip rate( gurel(g)) and the fastincrease of the spin magnitQdgirel(f))
can be understood phenomenologically within the physics of spin bifur¢a@hdust after the bifurcation
threshold, the two new circularly-polarised states which have small spin magnitudes are easily destabilised and
random noise easily initiateips. 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 thi rate at higher powers can be explained within previous models of polariton
condensation and require new physics to be considered, as we show below.
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