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Opposite current states in concentric ring exciton-polariton condensates
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This work explores the excitation of a two-mode exciton-polariton condensate within a ring-shaped
trap, with each mode manifesting as a distinct eigenstate characterized by oppositely directed azimuthal
polariton currents. The coexistence of these condensate states is facilitated by a positive gain-loss bal-
ance for both states, sustained by external noncoherent laser pumping. We utilize interferometric methods
to investigate these states. Spherical wave interferometry visualizes the azimuthal polariton currents and
elucidates the spatial phase properties of the condensates. Plane-wave interferometry with a self-delayed
replica of the condensate’s photoluminescence provides a highly sensitive approach for estimating the
energy splitting between the states. The experimental observations are validated by numerical simula-
tions. The study emphasizes the potential of these condensates to form the basis for flux polariton qubits,
leveraging the superposition of current states within an annular optical trap.
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I. INTRODUCTION

The strong coupling of light photons with excitons
within semiconductor quantum wells in specially designed
optical microcavities [1] leads to the emergence of hybrid
quasiparticle exciton polaritons. These quasiparticles com-
bine the properties of both light and matter, which
makes them pivotal in the exploration of complex light-
matter interactions, including various quantum phenom-
ena. Namely, being bosons, polaritons can reach a state
of coherence that mirrors the properties seen in Bose-
Einstein condensates [2]. This state is characterized by a
macroscopic occupation of a single quantum state by many
bosons, which is an impressive feat given the inherently
nonequilibrium nature of polariton systems due to their
finite lifetimes. These polariton condensates exist only
under nonequilibrium conditions, maintained by a steady
supply of energy from external sources.

The engineering of potential landscapes in these micro-
cavities allows for the manipulation of exciton-polariton
flows, creating intricate patterns of internal fluxes. This
capability is crucial for probing their superfluidlike proper-
ties and exploring their applications in areas such as quan-
tum fluids and optical vortex manipulation [3–6]. Notably,
the annular and other complex trap potential geometries
facilitate the study of discrete orbital angular-momentum
(OAM) states, essential for understanding the quantum
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behaviors of macroscopic objects within these condensates
[7–9].

Research in this field has increasingly focused on the
intentional creation and control of polariton vortices,
which represent the most striking manifestations of OAM
within polariton condensates. These vortices can form
spontaneously [10–12] and can be engineered with prede-
fined OAM through various methods, including resonant
excitation and imprinting of OAM [7,13], mechanical rota-
tion of traps [14–18], or even the less understood technique
of directly transferring OAM from a nonresonant opti-
cal pump [19]. Such techniques enable precise control
over the direction and distribution of polariton flow, open-
ing up possibilities for targeted manipulations in quantum
information processing and beyond [20–24]. Furthermore,
the development of optically induced traps and barriers
has provided a flexible approach to localize and control
polaritons [25,26]. Optically induced incoherent exciton
reservoirs serve as potential barriers that, depending on
their configuration, either complement existing traps or
independently shape the geometry of the condensate, thus
influencing its dynamic state properties. This approach has
been successful in forming polariton condensates in var-
ious shapes, such as rings or multiple spots, which are
instrumental in studying azimuthal polariton currents and
their modal characteristics [27–36].

The spatial configuration of traps for polaritons plays a
critical role in the phase relationships and coherence prop-
erties of the condensates. Experiments and simulations
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have shown that polariton condensates, when placed in
overlapping or closely situated traps, exhibit complex
interactions, such as Josephson oscillations and cou-
pled spin-orbital dynamics [37–39]. Beyond these typical
Josephson junctions, long Josephson junctions introduce
an extension to the dynamics of polariton condensates
[40,41]. These extended junctions support the forma-
tion of Josephson vortices, localized disruptions in the
polariton flows. In ring-shaped or annular geometries,
these long Josephson junctions are particularly effective
in facilitating structured polariton currents. They pos-
sess a distinct ability to enable condensates with concen-
tric circular currents, each potentially possessing differ-
ent winding numbers. This configuration allows for an
intricate phase landscape across the rings, where Joseph-
son vortices help to balance phase mismatches between
adjacent rings, thereby stabilizing the overall condensate
structure.

The creation of polariton condensates in the form of con-
centric rings has become a routine experimental achieve-
ment. Forming such structures does not always require
complex profiling of the trapping potential, unlike what
is needed for Josephson-like configurations. In a series of
our studies [31,32,42], we have extensively explored the
concentric ring condensates, ranging from noncurrent to
current-carrying states. These investigations have success-
fully demonstrated both stationary current states and oscil-
lating vorticity regimes, where the direction of the current
varies over time. In concentric ring condensates, how-
ever, achieving opposing currents simultaneously across
the rings is fundamentally constrained by the unified wave
function, which must maintain a single-valued, continuous
phase.

Nevertheless, due to the inherently nonequilibrium
nature of polariton condensates, which necessitates exter-
nal (optical) pumping to compensate for the inevitable
losses primarily due to the finite quality factor of micro-
cavity structures, the simple ring geometry of traps offers
the potential to excite current states with different, and
particularly opposite, winding numbers, simultaneously. In
polariton experiments, when polaritons are placed within a
trapping potential, they form a condensate in an eigenstate
of this trap. However, this eigenstate does not necessarily
have to be the ground state of the trap. Rather, the conden-
sate forms in any state where the balance between pumping
and losses becomes positive. This outcome is largely deter-
mined by the extent of overlap between the condensate’s
wave function and the incoherent exciton reservoir, excited
by the laser pump beam, that acts as its feeder. The bal-
ance is primarily influenced by factors such as the size
of the trap and the power of the laser pump [31,43]. It
is noteworthy that under certain experimental conditions,
the gain-loss balance can be positive for several states of
the trap simultaneously. In such instances, the experiment
may result in the formation of a polariton state comprising

multiple modes that differ in energy, spatial structure, and
dynamic characteristics [44].

In this paper, we discuss the experimental excitation
of two-mode exciton-polariton condensates within a ring-
shaped trap using nonresonant optical pumping, where
the excited modes exhibit currents flowing in opposite
directions. To characterize these states, we employ inter-
ferometric techniques, providing a clear depiction of their
dynamic behaviors and energetic disparities. To differen-
tiate the energy levels of the excited modes, we employ
plane-wave interferometry. We judge the energy differ-
ences between the modes by observing the relative dis-
placement of the interferometry fringes in different spatial
regions of the observation area, which correspond to the
predominant concentration of a particular mode. We con-
firm the presence of vortices through a reliable approach
previously proposed by us [28], which involves observ-
ing the interference with a reference spherical wave. The
presence of polariton currents in opposite directions is indi-
cated by interference spiral fringes that twist in opposite
directions in the respective radial regions of the polari-
ton condensate state. We elucidate the structure of the
observed modes and validate our experimental observa-
tions through numerical simulations based on a two-mode
extension of the generalized Gross-Pitaevskii equation.

II. SAMPLE AND SETUP

We treat nonresonant laser excitation of exciton-
polariton condensates in a cylindrical micropillar. The
micropillar of a diameter of 30 µm is etched from a
planar 5λ/2 (Al, Ga)As distributed Bragg reflector micro-
cavity with a quality factor of about 1.6 × 104. To enhance
exciton-photon coupling, four sets of three GaAs quantum
wells 10 nm in thickness were positioned at the electric
field antinodes of the cavity [45]. The microcavity’s wedge
design allowed for scanning across the sample to adjust the
exciton-photon detuning energy in the range −(0.5 ÷ 3.5)

meV. The sample is placed at a helium-flow cryostat at a
temperature of T = 4 K.

Our experimental methodology involves three types of
measurements to analyze properties of the condensates.
The first measurement type is the direct detection of photo-
luminescence (PL) of the condensate, as it provides insight
into the spatial distribution of its density. The second
involves detecting the interference of PL of the conden-
sate with a delayed version of itself. This measurement
enables us to probe the coherence properties of the polari-
ton condensate across the sample. The third measurement
type involves the interference of PL with a coherent refer-
ence spherical wave, allowing for a detailed examination
of the phase distribution across the condensate.

To facilitate these investigations, we employ a Mach-
Zehnder interferometer-based experimental setup initially
devised in Ref. [28], which has been specifically adapted
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(a) (b)

FIG. 1. (a) Schematic of the experimental setup for interferometry measurements. The following abbreviations are used in the figure:
beam splitter (BS), microscope objective (MO), mirror (M), lens (L), monochromator (Mc). The horizontal yellow double-sided arrow
indicates that lens L2 can be removed for the plane-wave interferometry. The vertical yellow double-sided arrow shows that the length
of the delay line can be adjusted to change the phase difference between the image beam and the reference beam. The inset on the
left schematically depicts laser excitation of a cylindrical micropillar. (b) Schematic of the splitting of eigenmodes with different
radial quantum numbers in a trap. The trap is formed by the stationary potential of the cylindrical micropillar (outer edge) and by the
exciton reservoir within the pump spot near the center of the micropillar (central peak). The insets on the top show density plots of the
condensate modes �1 and �2.

to support the diverse measurements outlined above. The
scheme of our setup is shown in Fig. 1(a).

For exciting exciton-polariton condensates, we use a cw
Ti:sapphire laser with the radiation energy tuned to a local
minimum of the stopband of the upper distributed Bragg
reflector, approximately 110 meV above the bottom of
the lower polariton branch. The laser beam was focused
into a 2-µm spot by a microscope objective (MO) with a
numerical aperture of 0.42, which was also used to col-
lect PL emitted by the condensate. After passing through
the MO, the PL beam reaches a beam splitter (BS) where
it is divided into two paths. The image (upper) beam in
Fig. 1(a), after passing through lens L1 with a focal length
of F = 700 mm, generates an enlarged real image of the
condensate at the entrance slit of a 50-cm monochromator
(Mc). The lower beam serves as the reference beam. To
reveal the phase properties of the condensate, it is trans-
formed into a spherical wave by lens L2 (F = 100 mm).
For plane-wave interferometry, L2 should be removed
from the optical setup. The reference arm is equipped with
a delay line that enables precise adjustment of the phase
shift by varying the path length. The superimposed image
and reference beams (or the image beam alone when the
reference beam is blocked for direct PL measurements) are
captured by a cooled CCD camera at the monochromator’s
output.

III. EXPERIMENTAL RESULTS

In our experiment, polariton condensates are excited
within a cylindrical micropillar using a spatially localized
nonresonant continuous-wave laser beam near the center
of the micropillar, see schematic in the inset in Fig. 1(a).

In the nonresonant pumping regime, the replenishment
of the coherent polariton condensate state occurs indi-
rectly. Initially, the nonresonant pump excites an exciton
reservoir, which comprises a cloud of incoherent, high-
energy excitonic polaritons primarily localized under and
in the immediate vicinity of the pumping spot. The lower-
energy polariton condensate is subsequently populated
through stimulated scattering from the reservoir. Due to
the repulsive interactions among polaritons, the reservoir
also serves an additional role as a barrier, contributing to
the formation of an effective trapping potential. The result-
ing potential, formed by the stationary potential of the
micropillar and the repulsive barrier created by the reser-
voir, assumes a ringlike shape. The radial cross section of
this trap is schematically depicted by the black curve in
Fig. 1(b).

Our goal was to excite current states in ring-shaped
polariton condensates, characterized by a nonzero winding
number, which is a topological property of the condensate
wave function indicating the number of complete phase
rotations of the wave function around the ring. The wind-
ing number serves as a measure of the vorticity of the
condensate state. To achieve our goal, we slightly shifted
the pumping spot away from the center of the micropillar.
This displacement, combined with the inherent nonunifor-
mity of the polariton landscape in the sample, imparted a
chiral characteristic to the system, facilitating the excita-
tion of internal polariton currents within the condensate.
This approach has proven to be highly effective for such
purposes in our previous research [28–34].

At the pumping power P exceeding the condensation
threshold power Pth as P ≈ 1.5Pth, a condensate state con-
sisting of a pair of concentric rings is formed. The detected
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FIG. 2. Observation of the concentric ring polariton condensate with opposite polariton currents. (a) Real-space image of PL of the
condensate, (b) the interferometry image obtained from the interference of PL of the condensate and the spherical reference wave, (c)
the phase of the condensate relative to the phase of the reference spherical wave extracted from (b) and (d) the phase variation around
the closed trajectories indicated by magenta (inner) and black (outer) dashed circles in (c). Yellow arrows in (b) indicate directions
of spirals in the inner and outer regions of the interferogram. Dashed lines in (d) are guides for the eye indicating linear variation of
the phase. The coordinate origin 0◦ was chosen arbitrary to minimise the number of breaks of the dependence of the phase on the
azimuthal angle. The nonphysical area outside the pillar is shaded in (c).

spatial distribution of PL, that reveals the shape of the
condensate, is shown in Fig. 2(a). Qualitatively, this PL
distribution is similar to those described in our previous
works [31,32,42]. The key difference is observed in the
interferogram of the condensate’s PL with a reference
spherical wave, which provides insights into the phase
component of the polariton state, as seen in Fig. 2(b).
The distinct interference pattern clearly demonstrates the
coherence of the observed state, an inherent characteris-
tic of the polariton condensate. Notably, the interference
fringes exhibit a spiral shape, indicative of the presence of
azimuthal polariton currents. However, the direction of the
spirals in the areas of the inner and outer rings is opposite
in the observed state. The distribution of the phase of the
state within the micropillar plane relative to the phase of
the reference spherical wave, extracted from the interfer-
ogram, is presented in Fig. 2(c). Figure 2(d) displays the
phase variation in the azimuthal direction along the closed
trajectories within different radial regions of the polari-
ton state, which are denoted by the black and magenta
rings in Fig. 2(c). The nearly linear increase (magenta)
and decrease (black) of the phase with the azimuthal angle
along the inner and outer contours, respectively, confirm
the presence of polariton currents in opposite directions in
the observed state.

As previously mentioned, the combination of concentric
rings with oppositely directed polariton currents is char-
acteristic of systems with a ring trap and a long annular
Josephson junction [40,41]. In scenarios where a long bar-
rier exists but without local Josephson vortices, a mismatch
of winding numbers between the inner and outer areas
of the condensates could also be explained by a signifi-
cant deformation of the trap’s shape, enough to consider it
elliptical [46]. However, we dismiss both scenarios in our

case, as our system lacks any circular barrier capable of
providing the necessary radial separation of the conden-
sate. Additionally, the geometry of our trap is undoubt-
edly closer to circular, with an ellipticity not exceeding
a few percent, ruling out significant shape distortion as a
contributing factor.

To explain the observed effect, we hypothesize that our
observations do not involve a single-polariton condensate
but rather a pair of condensate states. These states repre-
sent different eigenstates of the ring trap, split in energy
and characterized by their own distinct winding number.
To validate this hypothesis, we opted for plane-wave inter-
ferometry instead of standard frequency spectrometry due
to its significantly higher sensitivity. We detected a series
of interferograms of the condensate’s PL against itself at
various phase delays introduced using a delay line, see
Figs. 3(a)–3(c). Additionally, a slight angle was introduced
between the image and reference beams to ensure the for-
mation of a plane wave within the microcavity plane. The
obtained interference fringes are typical for a plane-wave
interferometry. The results show that the relative positions
of the interference fringes vary across different radial areas
of the condensate at different delays. For instance, Fig. 3(b)
displays fringes aligned continuously along the chords of
the ring trap. In contrast, Figs. 3(a) and 3(c) exhibit a
mutual shift of the interference fringes by half a period.
We attribute this behavior to different phase increments of
the contributing pair of polariton states due to their energy
differences. The phase difference of 2π between Figs. 3(a)
and 3(c) corresponds to a delay of about 6.7 ps between the
beams in the different arms of the interferometer resulting
from an optical path-length difference in the delay line of
approximately 2 mm. This allows us to estimate the energy
splitting of the contributing states at roughly 0.6 meV.
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(a)

(b)

(c) (f)

(e)

(d)

FIG. 3. Experimental observations (a)–(c) and numerical sim-
ulations (d)–(f) of interferograms obtained from the interference
of the photoluminescence of the concentric ring condensate with
a delayed version of itself. The image and reference beams are
slightly tilted relative to each other, resulting in interference
fringes typical for plane-wave interference. The upper, mid-
dle, and lower panels differ by the amount of the introduced
delay between the arms of the interferometer. In the experiment,
the delay of about 6.7 ps between (a) and (c) corresponds to
a change in the reference arm length of the interferometer by
approximately 2 mm.

IV. SIMULATIONS

To validate our observations, we complement our exper-
iment with numerical simulations of the behavior of the
two-mode polariton condensate in an annular trap under
the nonresonant pumping. We describe the evolution of
two modes of the polariton condensate characterized by the
wave functions �j (t, r) with j = 1, 2 by the generalized
Gross-Pitaevskii equations:

i�∂t�j (t, r) = (1 − iη)

[
− �2

2M
∇2 + (−1)j

2
δε + Uj (t, r)

]

× �j (t, r) + i�
2

[
Rj nR(t, r) − γj

]
�j (t, r),

(1)

coupled to the rate equation for the density of the exciton
reservoir nR(t, r):

∂tnR(t, r) = P(r) −
⎡
⎣γR +

2∑
j =1

Rj |�j (t, r)|2
⎤
⎦ nR(t, r).

(2)

In Eq. (1), M is the effective mass of polaritons in the
microcavity plane, η characterizes energy relaxation. δε

is the splitting in energies of the treated polariton modes.
Uj (t, r) is the effective potential for polaritons composed
of several components, as the following:

Uj (t, r) = V(r) + α|�j (t, r)|2 + α12|�3−j (t, r)|2
+ αRnR(t, r) + GP̄(r). (3)

The first component V(r) = VR(r) + iVI(r) is the sta-
tionary potential of the pillar, which is complex in
the general case. The real part is taken as VR(r) =
V0 {tanh [a(r − d/2)] + 1} /2, where V0 and d are the
height of the potential and the diameter of the pillar, a
is a fitting parameter responsible for the steepness of the
walls of the potential. The imaginary part of the potential
is responsible for damping due to etching of the micro-
cavity [47,48]. It repeats the form of the real part with the
parameters V0 → V′

0, d → d′ and a → a′.
The second, third, and fourth components in Eq. (3)

characterize blueshift of the condensate energy due to
polariton-polariton interactions within the modes and
between the modes, and polariton-exciton interactions,
respectively, with α, α12, and αR being the corresponding
interaction constants. The last component in Eq. (3) char-
acterizes an additional pump-induced blueshift, which can
be attributed to the reservoir of dark (optically inactive)
excitons, inevitably arising under the pump spot due to,
e.g., pseudospin relaxation processes and the acquisition of
wave vectors beyond the light cone [49,50]. G is the inter-
action constant. Nonconservative processes in the system
include gain and loss. Rj is the stimulated scattering rate
from the reservoir to the condensate mode j ; γj and γR are
the decay rates of polaritons and reservoir excitons.

The reservoir is excited by the nonresonant optical pump
P(r) ∝ exp (−r/w)2, where w is the width of the pump
spot. To determine the shape of the mentioned above dark
reservoir, we take P̄(r) of the same form as P(r), but
with different width, w̄ < w, to take into account a finite
diffusion of bright excitons away from the pump spot.

In our analysis, we treat the ground, �1(t, r), and first
excited, �2(t, r), radial states of the ring trap, respectively,
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characterized by the polariton density distribution forming
single and double rings. The radial cross sections of these
states are schematically depicted in Fig. 1(b). In the simu-
lations, using the system parameters specified in Ref. [51],
we solve the dynamic Eqs. (1)–(2) until a steady state is
reached. Since in our modeling we do not aim to repro-
duce the mechanisms underlying the formation of the pair
of polariton current states, but rather focus on their coexis-
tence in the steady-state regime, we introduce the vortices
in our simulations by setting initial conditions with seeds
that have the appropriate vorticities. The pump power
serves as a control parameter for exciting specific polariton
states. By adjusting the pump power, it is possible to vary
the relative intensity of the excited polariton states, thereby
influencing the visibility of the corresponding interference
fringes on the resulting interferogram.

The spatial distribution of density and phase for
the two modes of the polariton condensate, obtained
from simulations, is presented in Fig. 4. As illustrated,
the polariton states support polariton vortices in oppo-
site directions. The winding numbers are calculated as
mj = (2π)−1

∮
C ∇ arg[�j (r)]dr, where arg[�j (r)] is the

phase of the condensate state j , and C is a closed
path that encircles the vortex core at the center of the
micropillar. For the states in Fig. 4 they are found as
m1,2 = ∓1. The vector fields of the current density Jj =
Im[�j (r)∗∇�j (r)], which visually illustrate the polariton
flows within each condensate mode in the steady state, are
depicted as blue droplets on (a) and (c).

In Figs. 5(a) and 5(b), we numerically qualitatively
reproduce the density distribution of polaritons in the
emerging condensate states and the interferometry image
obtained when interfering with a spherical reference wave,
cf. Figs. 2(a) and 2(b). To enhance similarity with the
experimental observations, we introduced a minor lateral
shift of the reference beam in the micropillar plane. The
phase distribution and azimuthal phase variation extracted
from Fig. 5(b) are presented in Figs. 5(c) and 5(d), respec-
tively.

In the simulations, we selected a pump power such that
the population of the ground state was approximately 0.85
times that of the first excited state. Under these condi-
tions, as evident in Fig. 5(a), despite partial overlap of
the emerging polariton states, the resulting density distri-
bution distinctly features a pair of rings. It is apparent that
the state �2(r) prevails within the inner observational area,
while the state �1(r) prevails within the outer area. Based
on this, it is reasonable to expect that in interferometric
experiments, the interference patterns in the corresponding
radial areas of the condensates will predominantly reflect
the prevailing polariton mode. This is corroborated by
Figs. 5(b)–5(d).

Our simulations also qualitatively confirm that the
experiment indeed captures a doublet of polariton states
in the trap. The simulated interference of polariton

(a) (b)

(c) (d)

FIG. 4. Simulated steady-state spatial distribution of density
(left) and phase (right) of the polariton states �1(r) (a),(b) and
�2(r) (c),(d), that contribute to the observations in Fig. 5. Blue
drops in (a),(c) represent the vector field of the polariton current
density J1,2 in the corresponding state.

states in plane waves at various phase delays, shown in
Figs. 3(d)–3(f), effectively reproduces the experimental
observations.

V. DISCUSSION AND CONCLUSIONS

In this study, we have demonstrated the excitation of
a pair of annular condensate states within a ring trap,
each characterized by topological charges of opposite
signs. Through PL measurements, we observed that the
resulting intensity distribution forms a double-ring pattern
with some azimuthal modulation, consistent with our ear-
lier observations [31,32,42]. Interferometric measurements
using a spherical reference wave unveiled the presence
of azimuthal polariton currents flowing in opposite direc-
tions across different radial zones of the observation area.
Plane-wave interferometry of the condensate’s PL, delayed
in time relative to itself, substantiated our hypothesis that
the observed pair of currents are characteristic of two dis-
tinct eigenstates of the ring trap. These states coexist under
external optical pumping and are split in energy. We have
replicated the experimental observations through numer-
ical simulations, simultaneously uncovering the internal
structure of the contributing condensate states.
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FIG. 5. Simulation of the interferometry of the concentric ring polariton condensates with opposite polariton currents. The meaning
of the panels is the same as in Fig. 2.

In both types of interferometric experiments, once the
interferograms appeared, they remained unchanged for an
extended period until the pumping was turned off. Despite
involving two polariton states with different energies, the
experimental setup in both cases allowed for the obser-
vation of distinctly visible interference patterns. In the
first experiment, the reference spherical wave was gen-
erated by focusing the luminescence signal from a small
area of the condensate, located in the outer region of the
observation zone, through a converging lens positioned far
beyond its focal length. This setup transformed the planar
wave front of the incident radiation into a spherical wave
front, converging outside the focal length of the lens. Since
both states were present in the selected area, the reference
beam effectively comprised two spherical waves with fre-
quencies corresponding to those of the polariton states.
Consequently, each state interfered with its coherent ref-
erence wave, creating a high-contrast interference pattern.
The interaction with the incoherent component merely
added a homogeneous background, which was much less
pronounced than the interference peaks. In the second
experiment, the image and reference beams are combined
at the monochromator without any additional spatial mod-
ulation. Thus each polariton state interferes with a delayed
version of itself.

One should note that in the plane-wave interferome-
try experiment, vortex states do not manifest themselves
on the interferogram because a vortex present in both the
image and the reference beam does not introduce any addi-
tional phase shift between them. However, it is useful to
acknowledge that detecting a vortex in plane waves is
indeed possible [36]. This can be achieved by performing
a mirror reflection of the reference beam in the plane of the
section using a retroreflector.

Regarding the origin of azimuthal polariton currents, we
are confident that the explanation proposed in our previ-
ous works [28–33] remains valid in the present scenario.
As previously discussed, polariton currents in the trap
were generated by a slight submicron radial displacement

of the pump spot relative to the center of the micropil-
lar. Such displacement alone does not break the equiva-
lence between clockwise and counterclockwise directions.
However, when combined with an additional symmetry-
breaking factor, it can impart azimuthal chirality to the
system, assigning a predominant direction of current flow.
This factor could be, for instance, a local inhomogeneity
in the stationary potential due to inevitable imperfections
in the sample growth process or a slight modulation of the
pump beam.

In our observations, the regions where polaritons pre-
dominantly accumulate in the experimentally observed
condensate states are radially separated. Therefore, a suit-
ably positioned local inhomogeneity that affects one state
might have no impact on another due to the latter’s low
density in the relevant area. Consequently, for different
radial sections of the trap, the predominant direction of
the polariton current, induced by the displacement of
the pump in conjunction with local potential landscape
inhomogeneity, can vary.

A pair of polariton condensate states with azimuthal cur-
rents in arbitrary directions offers a promising foundation
for developing a flux polariton qubit. The concept of such
a qubit was initially proposed in a prior study [23], and
recent efforts have been made toward its experimental real-
ization using a superposition of current states in an annular
optical trap [52]. The principle underlying the flux qubit
involves leveraging the quantum superposition and entan-
glement of current states, which enables the encoding and
manipulation of quantum information based on the direc-
tional flow of the currents. The concept of a polariton qubit
utilizing dumbbell-like states in a trap has recently been
developed theoretically [53] and experimentally [54].

A common approach in the cited works is to use a
pair of condensate states as the qubit-forming states, that
are characterized by the same radial quantum number and
are degenerate in energy within an azimuthally symmetric
trap. The splitting of these states is induced by an external
perturbation of the effective potential. A distinctive feature
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of the experimental geometry described by us is that the
excited states inherently possess an energy splitting, which
allows them to be utilized without additional preparation.
The difference in the spatial distribution of the polariton
densities serves as an additional factor that facilitates the
precise identification and control of these states.

In the referenced studies, coherent coupling of the
polariton states manifested as regular beats in PL intensity
distribution, facilitated by splitting of the states in the trap
on the order of tens of microelectronvolts. The splitting of
the polariton condensate states we observed is estimated to
be at least an order of magnitude larger, around 0.6 meV. In
the current experiment, this splitting is sufficient to allow
the condensates to evolve with a high degree of indepen-
dence, without any detectable coherent influence on each
other’s phase properties. Such influence could manifest as
additional dislocations in interference fringes [32,33] or as
fluctuations in intensity contrast at varying phase delays in
interferometric experiments. However, we observe no such
effects.

The substantial splitting is maintained by the steep
boundaries of the stationary potential of the cylindri-
cal micropillar, in contrast to the more gradually vary-
ing boundaries of harmonic or other potlike potentials
[44,54–57], where the effective trap width considerably
varies across different eigenstates. The splitting magnitude
can be adjusted by modifying the trap dimensions, such as
the size of the pillar and the width of the ring trap, which is
determined by the width of the central pumping spot. It is
essential to ensure that the ring width remains sufficiently
narrow to avoid broadening the spectrum excessively and
to prevent the coexistence of waveguide modes with the
spatially quantized modes of the trap [58]. Future research
could explore the possibility of establishing coherent
coupling between polariton current states with different
radial quantum numbers to construct polariton-based flux
qubits.

Another significant challenge for the possible practical
realization of polariton flux qubits is maintaining coher-
ence in polariton condensates. The primary sources of
decoherence in these systems are the inherently nonequi-
librium nature of polariton condensates due to the finite
lifetime of polaritons, and their strong interactions with the
incoherent exciton reservoir. To address the first issue, an
effective approach is to increase the polariton lifetime by
enhancing the quality factor of the microcavities through
optimizing the number and uniformity of the Bragg reflec-
tor layers. Experimental studies [59–63] have demon-
strated the possibility of achieving polariton lifetimes of
several hundred picoseconds, which is at least an order
of magnitude greater than one in our sample. As shown
in Refs. [61–63], such extended lifetimes are sufficient
to bring the polariton condensate to a thermal equilib-
rium, significantly reducing the effects of dissipation and
enhancing coherence.

Regarding the second source of decoherence, the inter-
action with the exciton reservoir poses a more complex
challenge because, while the incoherent exciton reservoir
is a primary contributor to decoherence, it also serves as
the source of replenishment for the condensate through
nonresonant optical pumping. Thus, completely eliminat-
ing its influence is not feasible, but it can be significantly
mitigated. An effective approach is to modify the size and
geometry of the polariton trap. In the considered geome-
try, this involves using micropillars with larger diameters.
When the size of the trap with a fixed geometry (ring
shaped in our case) is changed, the set of its eigenstates
remains consistent, while their absolute and relative posi-
tions on the energy scale shift. This alteration affects
the interaction of these states with the external pumping,
which is reflected, for example, in the change of the pump-
power threshold. Of note, with an increase in the diameter
of the micropillar, the overlap integral between the polari-
ton state and the exciton reservoir, concentrated at the
center of the pillar, decreases, thereby reducing the reser-
voir’s contribution to decoherence. Such optimizations in
microcavity design and trap configuration are essential
steps towards achieving the coherence required for robust
polariton-based quantum devices.
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