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We implement full polarization tomography on photon correlations in a spinor exciton-polariton
condensate. Our measurements reveal condensate pseudospin mean-field dynamics spanning from
stochastic switching between linear polarization components, limit cycles, and stable fixed points,
and their intrinsic relation to the condensate photon statistics. We optically harness the cavity
birefringence, polariton interactions, and the optical orientation of an incoherent exciton reservoir
to engineer photon statistics with precise control. Our results demonstrate a smooth transition from
a highly coherent to a super-thermal state of the condensate polarization components.

Photon statistics is of central importance in laser
physics and quantum optics, and serves as an essential
toolbox for the characterization of optical sources ranging
from pure single-photon to super-thermal highly fluctuat-
ing light sources. The Poissonian distribution of photon
statistics in a laser defines its noise properties, whose un-
derstanding is at the heart of many applications such as
laser cooling [1], precise interferometry [2], optical com-
munication [3]. Alongside semiconductor optical micro-
cavities in the weak [4] and strong-coupling regime [5],
particle statistics of heavily correlated many-body sys-
tems such as atomic [6] and photonic Bose-Einstein con-
densates [7] retain strong interest.

While an ideal laser obeys a Poissonian photon dis-
tribution, practical devices usually suffer from excessive
noise that broadens the distribution, affecting phase sta-
bility. Mode competition is one detrimental effect gen-
erating excessive, so-called, super-Poisson noise in con-
ventional semiconductor microcavity lasers [8–10]. At
the same time, stochastic mode switching allows for
studying intriguing phenomena of chaos in photonic sys-
tems [11] and opens the door for new optoelectronic ap-
plications such as ghost imaging [12] and multi-photon
microscopy [13] with super-bunched light, while mode
beating enables low-energy ultrafast optical communica-
tions [14]. The intrinsic linear mode-coupling usually
dominates over nonlinear effects in conventional micro-
lasers. However, in semiconductor structures with strong
light-matter interactions, nonlinear effects can dominate
mode-coupling.

Exciton-polaritons (from here on, polaritons) are
bosonic quasiparticles originating from strong light-
matter coupling of excitons with photons in semiconduc-
tor microcavities [15]. They can undergo non-equilibrium
Bose–Einstein condensation [16] into a spinor order pa-
rameter Ψ = (ψ+, ψ−)

T corresponding to the right-hand
σ+ and left-hand σ− circular polarization of the emitted
light like in a conventional semiconductor spin-laser [17].
Besides its fundamental importance, spin degree of free-
dom is particularly attractive for applications [18]. The

exciton component makes the polariton Bose gas inher-
ently nonlinear due to pair-particle interactions, per-
mitting experimental observation of quantum correla-
tions [19, 20] and superfluidity [21, 22]. Particle num-
ber fluctuations and statistics are intimately connected
to the linewidth of polariton condensates, playing an es-
sential role in understanding the fundamental limits of
their coherence properties [23]. Today, polariton conden-
sates offer unprecedented all-optical control to build large
interacting nonlinear networks [24], and devices ranging
from amplifiers [25, 26], transistors [27–29], tunnelling
diodes [30], routers [31–33], phase-controlled interferom-
eters [34], topological insulators [35], switches [36–38] to
volatile memory elements [39]. The coherence time of po-
lariton condensates under resonant excitation was shown
to reach up to ∼ns in the optical-parametric-oscillation
regime [40]. However, under non-resonant excitation and
in the presence of an incoherent exciton reservoir the co-
herence time is limited to ∼ 10 − 100 ps [41–45]. Fur-
thermore, the presence of an exciton reservoir causes de-
polarisation [46], which was evidenced through spinor
dephasing in second-order photon correlation measure-
ments [47].

In this letter, we demonstrate engineering of photon
statistics in a spinor polariton condensate utilising an op-
tical trap configuration to separate the condensate from
the exciton reservoir, extending its coherence time over
two orders of magnitude, from ∼ 50 ps to ∼ 1 ns [48, 49].
We note here that the polariton lifetime is limited to
τp = 6.5 ps. Long coherence times, in combination with
steady-state (continuous-wave) optical pumping, allow
for the study of the spinor dynamics in the absence of
the condensate density transients that dominate the dy-
namics under short-pulsed optical excitation [47]. By ap-
plying polarization resolved photon correlation measure-
ment on all three Stokes components, we observe regimes
of stochastic switching between linear polarization com-
ponents of the condensate emission, as well as limit cycles
and stable fixed points of its spinor. We tune the exci-
tation parameters demonstrating a crossover from super-



2

thermal photon distribution to a highly coherent state.
The condensate is created in GaAs/AlAs0.98P0.02 2λ-

microcavity with embedded InGaAs quantum wells [50]
held in a cryostat at 4K with exciton-cavity detuning
of −3 meV. We excite our sample non-resonantly at
the first Bragg minimum of the reflectivity stop-band,
λext = 783 nm, with a linearly polarized laser. The beam
is acousto-optically modulated with a square waveform
at 1 kHz frequency and 10% duty cycle and its profile is
shaped into annular optical trap with 12 µm diameter as
shown in Fig. 1(a). As the condensate forms in the cen-
ter of the optical trap its overlap with the photoexcited
reservoir of uncondensed excitons is minimized; see bot-
tom panel of Fig. 1(a). We extract statistical information
of the Stokes parameters S = (S1, S2, S3), which corre-
spond to horizontal-vertical (S1), diagonal-antidiagonal
(S2), and right-, left-hand circular (S3) polarization of
the emitted cavity light as presented in Fig. 1(b). Or-
thogonal polarisation components are mapped on the dif-
ferent pseudospin projections of the polariton condensate
and defined as,

S =
1

2
Ψ†σΨ, (1)

with σ being the Pauli matrix vector. A polarization re-
solving Hanbury-Brown-Twiss (HBT) intensity interfer-
ometer (Ii) enables direct measurement of second-order
photon auto- and cross-correlation functions,

g
(2)
i,j (τ) =

⟨a†i (t)a
†
j(t+ τ)aj(t+ τ)ai(t)⟩

⟨a†i (t)ai(t)⟩⟨a
†
j(t+ τ)aj(t+ τ)⟩

, (2)

where a†i and ai are photon creation and annihilation
operators for given polarizations i, j denoted horizon-
tal (H), vertical (V); diagonal (D), antidiagonal (AD);
and left-circular (LC), right-circular (RC) polarizations,
and τ is the time-delay between photon detection events.
The angled brackets ⟨.⟩ indicate time-average over mil-
lions of condensate realizations (i.e., the system is er-
godic). In the following, we implement a polarization-
resolving multi-channel HBT intensity interferometer to
measure second order auto- and cross-correlations be-
tween the pseudospin projections as schematically illus-
trated in Fig. 1(c).

Figure 2(a) shows the second-order correlation func-
tion in the absence of polarisation filtering, at the con-
densation threshold (P = Pth), and above threshold
(P = 1.31Pth) for horizontally polarized excitation. We
observe a small photon bunching g(2)(0) ≈ 1.04 at thresh-
old with τc = 220 ps second-order correlation time de-
rived from a Gaussian fit to the data. Increasing the ex-
citation density above condensation threshold drives the
condensate towards a highly coherent state as evidenced
by the disappearance of photon bunching on top of the
shot noise level, g(2)(0) ≃ 1, in agreement with previous
studies [23, 45, 51]. We did not observe any measurable

Figure 1. (a) Schematic presentation of the annular optical
trap (upper panel) and condenasate emission (lower pannel).
White dashed line outlines the optical trap. (b) Poincaré
sphere showing three sets of the condensate pseudospin pro-
jections onto Stokes parrameters. (c) HBT interferometers
I1 (black box) and I2 (red box) are dedicated to measure
intensity auto-correlation for orthogonal pseudospin projec-
tions indicated by black and red arrows respectively (e.g. I1

measures g
(2)
H,H(τ) and I2 measures g

(2)
V,V (τ)). At the same

time I3 (green box) measures cross-correlation between these

projections (i.e. g
(2)
H,V (τ)).

deviation from the coherent state with increasing pump
power up to 3.5Pth.

Further on, we use polarisation filtering to detect the
photon statistic of the Stokes parameters. For pumping
levels above condensation threshold, wherein the polari-
ton condensate is highly coherent, 1.31Pth, the polarisa-
tion filtered photon statistics on the circular components,
S3, for both co-, and cross-circular detection, is Poisso-
nian as shown in Fig. 2(b). However, the S1,2 projections

obey super-Poisson photon distribution, g
(2)
i,i (0) > 1,

as shown for different linear polarization components in
Fig. 2(c,d). This excess noise is attributed to a random
orientation of the condensate pseudospin in the equa-
torial plane of the Poincaré sphere due to spontaneous
breaking of the U(1) symmetry [42, 52, 53] from realiza-
tion to realization. Moreover, with no additional mecha-
nism distinguishing between different linear polarizations
of the pseudospin one can intuitively expect it walk-
ing randomly in the equatorial plane due to polariton-
polariton interactions [54], which would lead to equal
bunching amplitudes for all linear polarisations.

The observation of unequal bunching between the lin-
ear polarisation components is attributed to structural
disorder induced birefringence in the microcavity, which
breaks the planar symmetry [55]. This leads to a linear
polarization energy splitting analogous to an in-plane ef-
fective magnetic field, Ω∥(r) = (Ωx,Ωy)

T , that varies
randomly across the sample. It was theoretically pre-
dicted that polariton-polariton interactions align (pin)
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Figure 2. (a) Second order correlation function of the conden-
sate, measured without polarization filtering at P = Pth and

P = 1.31Pth. Blue line is a Gaussian fit. (b-d) g
(2)
i,i (τ), g

(2)
j,j (τ),

and g
(2)
i,j (τ) at P = 1.31Pth for LC-RC, H-V, and D-AD polar-

izations respectively (letter ”x” denoting cross correlation).

the condensate pseudospin parallel to the field [56–58],
which leads to the unequal bunching between the differ-
ent linear polarizations, S1,2 observed in Fig. 2(c,d).
Analysis of photon cross-correlations in this pinned

regime gives important insight into the complex dynam-
ics of the pseudospin. Panels (c,d) in Fig. 2 reveal anti-
correlated photon fluctuations between orthogonal pro-
jections. This means that fluctuations in one projec-
tion inevitably induce fluctuations in the orthogonal one.

Namely, the anti-correlated behavior g
(2)
i,j (0) < 1 corre-

sponds to temporal switching of the pseudospin direc-
tion in the equatorial plane from being parallel to anti-
parallel with Ω∥(r). Such switching events can be under-
stood as mode competition between two fixed point at-
tractors in the pseudospin phase space, with the pinned
S ∥ Ω∥ attractor being much stronger than the antipar-
allel −S ∥ Ω∥ attractor [59]. In Section I in the supple-
mental information (SI [71]), we show that the switching
between parallel and anti-parallel alignment of the pseu-
dospin occurs randomly in time. The switching strongly
affects the photon statistics of the linearly polarized pro-
jections, especially those which are antiparallel to the

pinning field. Indeed, we observe the highest value of

g
(2)
i,i (0) in Fig. 2(c,d) for horizontal and anti-diagonal pro-
jections. For the chosen sample location, corresponding
to the data in Fig. 2, Ω∥(r) causes the pseudospin to
become pinned between the diagonal and vertical projec-
tions (See Sec. I in SI [71] for data at a different point
on the sample).
Our experiments show a significant effect of nonlinear

dynamics on the photon statistics which can be controlled
through the power of the optical excitation. We note that

the photon auto-correlation g
(2)
i,i (0) at zero time delay

relates directly to the variance σi
2 and mean value n̄i of

the photon distribution according to

g
(2)
i,i (0) = 1 +

σi
2 − n̄i
n̄i2

. (3)

Figure 3(a) shows that with increasing pump power we

observe an increase of g
(2)
H,H(0) (black circles) that corre-

sponds to photon distribution broadening (not shown).
While the horizontal component experiences very strong

photon number fluctuations with g
(2)
H,H(0) ≈ 1.9 at P ≈

1.5Pth, approximating the statistics of thermal light,
g(2)(0) = 2, the vertical component is in a highly coher-

ent state, g
(2)
V,V (0) ≈ 1.02, as shown by the red circles of

Fig. 3(a). This dependence originates from the large dif-
ference in populations between H and V projections and
the stochastic switching of the pseudospin, as schemati-
cally shown in Fig. 3(b). The interdependence of the H
and V projections is evidenced by their cross-correlation

measurement, g
(2)
H,V (0), which exhibits an anti-correlation

with the V projection, as shown by the green circles of
Fig. 3(a).
Evolution of the pseudospin and correspondent in-

tensity fluctuations are qualitatively reproduced by a
stochastic generalized Gross-Pitaevskii mean-field model
in the truncated Wigner approximation [56, 60] (for de-
tails see Sec. II in SI [71]) as shown with solid lines in
Fig. 3(a). Note that near the condensation threshold,
where time resolution severely limits correlation measure-
ments, such standard mean-field theories fail to describe
high-order correlations [61, 62]. At higher powers the

calculated g
(2)
H,H(0) exceeds the experimental values due

to the monotonic increase of the vertically polarized con-
densate population. This overestimation in modeling can
be countered by including small polarization ellipticity in
the beam as detailed in Sec. III in the SI [71].
We next investigate how the pseudospin dynamics

under elliptically polarized pumping affect the photon
statistics. In this case the exciton reservoir which pro-
vides gain to the condensate becomes spin-imbalanced
(optically oriented) and follows the laser circular polar-
ization to some degree. The stimulated nature of po-
lariton scattering into the condensate preserves the ex-
citon spin resulting in a condensate co-circularly polar-
ized with the laser [63, 64]. Due to strong anisotropic
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Figure 3. (a) Measured (circles) and theoretical (solid lines)

g
(2)
H,H(0) (black), g

(2)
V,V (0) (red) and g

(2)
H,V (0) (green) power de-

pendencies for linearly polarized excitation. Error bars for
the experimental data are smaller than the size of the cir-
cled markers. (b) Schematic representation of the in-plane
magnetic field (orange arrow denoted as Ω∥) and the polar-
ization of different photon occurrences (black transparent ar-
rows). When pinned, the pseudospin is dominantly orientated
parallel Ω∥ (indicated by big number of co-oriented arrows)
whereas random switching events change the pseudospin to
anti-parallel direction (indicated as few anti-parallel arrows),
corresponding to anticorrelated event between linear polar-
ization components. Color scale represents total correlation
photon count rate.

particle interactions, such spin population imbalance in
both the condensate and the reservoir results in a nonlin-
ear effective out-of-plane magnetic field Ω⊥ = Ωz ẑ that
gives rise to self-induced Larmor precession [54, 65–69]
driving self-sustained periodic orbitals in the dynami-
cal equations of motion. This field can be written as
Ωz ∝ αS3+ g(X+−X−), where α denotes the polariton-
polariton interaction strength, g the polariton-exciton
interaction strength, and X± are the exciton reservoir
spin populations. The sign and the magnitude of Ωz

can be controlled through the ellipticity ϵ of the pump
laser [58, 70].

Figure 4 shows g
(2)
H,H(τ) at P = 3.5Pth for excitation

polarization ellipticity varying from 0 (top) to 0.361 (bot-
tom). Under linearly polarized excitation (ϵ = 0) hori-

zontal pseudospin projection gives g
(2)
H,H(0) ≈ 2.4 with

correlation time τc = 9.2 ns. We point out that the data
presented in Fig. 4 were obtained at a different sample
location than those in Figs. 2 and 3, which results to
quantitative differences due to different strengths and
direction of the effective fields Ω∥(r1) ̸= Ω∥(r2). For
ellipticities ϵ ⩾ 0.021 we observe an oscillatory behavior
in the photon correlations, evidencing the self-sustained
Larmor precession of the pseudospin due to the com-
bined effects of the nonlinear field Ω⊥ and the linear
birefringent field Ω∥. The Larmor precession drives har-
monic photon number oscillations between the orthogo-
nal components in antiphase which is evidenced by the

photon cross-correlations g
(2)
H,V in the bottom panel of

Fig. 5(a). To illustrate these dynamics, we simulated
the condensate pseudpospin trajectories for the case of

Figure 4. Photon statistics engineering with excitation ellip-

ticity. g
(2)
H,H(τ) at pump power P = 3.5Pth for a range of ellip-

ticities ϵ. Data for ϵ = 0 and 0.007 are fitted by an exponen-

tial function (red line) g
(2)
H,H(τ) = 1 + (g

(2)
H,H(0) − 1)e−2|τ |/τc ,

data for higher ellipticity are fitted with a product of a

Gaussian function and a cosine function g
(2)
H,H(τ) = 1 +

cos (ωτ)(g
(2)
H,H(0) − 1)e−π(τ/τc)

2

where τc is correlation (i.e.,
dephasing) time.

ϵ = 0.028. Figure 5(b) shows the trajectory of the pseu-
dospin on the Poincaré sphere and its projection on the
equatorial plane. Assuming that the in-plane birefrin-
gent field is weak compared to the out-of-plane field (i.e.,
|Ω⊥| > |Ω∥|) the precession frequency of the pseudospin
is approximately dictated by the population imbalance
of excitons and polaritons [69]. In Fig. 5(c) we plot the

oscillation frequency from g
(2)
H,H(τ) and the experimen-

tally measured energy splitting between the two counter-
circular polarisation components. Our numerical simula-
tions of the splitting show excellent agreement with the
experiment.

While the frequency of the g
(2)
H,H(τ) oscillations is in-

creasing linearly with the pump ellipticity their ampli-
tude drops to zero at high ellipticity as the pseudospin
becomes predominantly aligned towards circular projec-
tions (i.e., |S| ≈ |S3|) converging to a stable fixed point
solution close to the poles of the Poincaré sphere. Thus,
the effective out-of-plane magnetic field Ω⊥ mitigates
the role of the in-plane effective field Ω∥ leading to the
suppression of photon noise in the horizontal projec-
tion. Figure 4 demonstrates the effect of gradual de-
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Figure 5. (a) g
(2)
H,H(τ) (black), g

(2)
V,V (τ) (red), and g

(2)
H,V (τ)

(green) at P = 3.5Pth, ϵ = 0.028. (b) Calculated normal-
ized pseudospin precession trajectory and its projection into
equatorial plane of the Poincaré sphere. (c) Oscillation fre-

quency of g
(2)
i,j (τ) (blue triangles) plotted alongside with en-

ergy splitting (green circles) between LC and RC polarized
condensate. Solid red line represent simulated results. (d)

Experimental (triangles) and simulated (solid line) g
(2)
H,H(0)

(black) and g
(2)
V,V (0) (red) for different pump ellipticities.

crease in g
(2)
H,H(0) with increasing ellipticity. In Fig. 5(d)

we plot g
(2)
H,H(0) and g

(2)
V,V (0) and observe that the pho-

ton bunching is approaching unity with increasing ellip-
ticity. Therefore a delicate control over the exciton and
polariton spin-imbalance offers a full range of tuneabil-
ity in photon statistics spanning from super-thermal at
ϵ ∼ 0 to super-Poissionian distributions and highly coher-
ent states at large ϵ > 0.2. We note that in the presence
of a finite |Ω∥|, we always observe the reported behavior
of the correlation functions.

In conclusion, we have realized multi-dimensional pho-

ton correlation tomography of an optically trapped
spinor polariton condensate across its full polarization
basis. Our findings demonstrate extremely long spinor
dephasing time of τc = 9.2 ns and the unique nonlin-
ear mean field dynamics of the condensate pseudospin on
the photon statistics with tunable crossover from super-
thermal photon distribution to a coherent state. Such
long dephasing time, ∼ 103 more than the polariton life-
time, allows the observed photon statistics to become
influenced by the nonlinear dynamical timescales of the
coherent (mean-field) condensate. We identify stochas-
tic linear polarization switching due to the inherent cav-
ity birefringence resulting in polarization sensitive pho-
ton bunching, and self-induced Larmor precessions in the
GHz frequency range visible as oscillations in the linear

polarized photon g
(2)
i,j (τ) persistent for more than 10 ns.

Our findings allow for the evaluation of the noise charac-
teristics of spin-polarised polariton lasers as well as, pave
the way towards exploiting nonlinear mean-field dynam-
ics of strongly non-equilibrium bosonic systems to fine
control their photon statistics.
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Exciton-polariton topological insulator, Nature 562, 552
(2018).

[36] A. Amo, T. Liew, C. Adrados, R. Houdré, E. Giacobino,
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