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Vortex clusters in a stirred polariton condensate
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Recently, we realized the formation of a single quantized vortex in nonresonantly optically stirred exciton-
polariton condensates [I. Gnusov et al., Sci. Adv. 9, eadd1299 (2023)]. In this work, we demonstrate that
the number of emerging vortices depends on the characteristic size of the rotating potential induced by the
nonresonant laser excitation. For smaller sizes, we observe only a single vortex with a topological charge of £1
defined by the stirring direction. For larger trap sizes, clusters of up to four corotating vortices are observed, also
following the stirring direction. We find that the interplay of stirring speed and confining potential size dictates
the number of vortices in a cluster. This is confirmed by observed energy distribution of condensed polaritons
as a function of rotation frequency. Our findings offer an insight into the behavior of stirred condensates,
complementing previous works on optically trapped polariton condensates in static traps.
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I. INTRODUCTION

The emergence of quantized vorticity in rotating, or
“stirred,” quantum fluids is a well-known hallmark of su-
perfluidity. Classical experiments with stirred superfluid
Helium [1,2] and Bose-Einstein condensates in ultracold
atomic gases [3-5] showcased that vortices start appearing
above a critical rotation speed and would grow proportionally
with the rate of stirring. In such systems, the vortices self-
arrange to form organized clusters like the energy-favorable
triangular geometry [1,4,6]. Only recently was quantized vor-
ticity reported in an optical platform which implemented a
new form of a rotating environment, a nonresonantly optically
stirred condensate of exciton polaritons [7,8]. This recent
development opened a new pathway to explore spontaneous
onset of polariton vorticity in which the direction of orbital
angular momentum could be steered in a dynamically driven
fashion [9,10].

Exciton-polaritons (further on polaritons) are bosonic
quasiparticles that arise due to the strong coupling of the
excitons and photons in semiconductor microcavities [11].
Many of their properties can be controlled through optical
means, and can be measured via their photonic decay channel
as photons escape the cavity. This makes polaritons a good
playground to study many-body physics and macroscopic
coherent quantum phenomena driven far from equilibrium.
A polariton condensate [12,13] is a many-body coherent
state described by a macroscopic wavefunction which reveals
signatures of superfluidity and vorticity under certain exter-
nal driving (excitation) conditions [14—16]. From the first
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experimental observation of quantized polariton vortices in
2008 [17], their study has been thriving to date with re-
ports on half-quantized vortices [18,19], optically trapped
vortices [20-24], vortex-antivortex pairs [25], oscillating vor-
tex clusters [26], high charge vortices [27,28], chains [29,30]
and lattices [31-35], and turbulent flows [36—38]. Aside from
fundamental interests, polariton vorticity could play a role in
practical devices either aimed at simulating spin systems [34],
topological physics [39-41], or for unconventional [42] and
quantum based computing [43,44].

Although the first observation of polariton vorticity was
reported almost 15 years ago [17], it was only recently that
experiments with stirred polariton fluids using nonresonant
laser light were implemented [7,8]. In these recent experi-
ments, a “rotating bucket” analog—of sorts—was designed
for the polariton condensate leading to quantized vorticity, in a
similar spirit to emblematic experiments on rotating superfluid
helium [1] and ultracold atoms [5]. The reason for the delay
in developing a rotating vessel experiment for polaritons is
the extremely high and experimentally elusive GHz rotation
speeds [7,8] required to stir the condensate because of the
polariton’s small effective mass (four orders of magnitude
smaller than the free electron mass).

In these recent experiments, coherence and vorticity
formed spontaneously for the stirred polaritons around con-
densation threshold, in sharp contrast to experiments where
vorticity was optically imprinted either through paramet-
ric [16] or resonant [29,32] pumping. However, the inherent
driven-dissipative nature of polaritons leads to very differ-
ent physics when it comes to rotation [7,8] as compared to
conservative (nonpumped) quantum fluids. The most striking
difference is the collapse of the polariton condensate into a
vortex-free state with increasing stirring frequency, whereas
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in conventional quantum fluids one would see an increasing
number of self-organized vortices [1,5].

Here, we map out this unique angular momentum ejection
behavior of the stirred polariton fluid as a function of exci-
tation parameters. We find that the number of vortices scales
with the rotating optical trap size (diameter) and demonstrates
clusters of up to four corotating vortices. The vortex clusters
appear only in a narrow range of GHz stirring frequencies.
This is corroborated by measurements on the statistical oc-
currence of the vortices as a function of rotation frequency.
At a fixed stirring frequency, we reveal a transition from two
corotating vortices to a single vortex with increasing excita-
tion laser power. All of the observed vortex clusters display
corotating vortices whose rotation direction is always dictated
by the pump’s stirring direction. Moreover, the energy spec-
trum of the stirred condensate is also found to depend strongly
on the pump’s rotation speed. Our experimental observations
are supported by numerical mean field simulations using the
generalized Gross-Pitaevskii equation.

II. RESULTS

The experiments were carried out using an inorganic
2X GaAs/AlAsposPoo> planar microcavity with embedded
Ing 0sGag.gpAs quantum wells [45]. The sample is held in the
cryostat at 4K and excited nonresonantly with two excitation
lasers each detuned by ~ 100 meV from the lower polariton
branch. The continuous wave (CW) lasers are chopped with
an acoustooptic modulator to form 2 us pulses to reduce the
sample heating (see Sec. S1 of the Supplemental Material for
details [46]). The cavity photon mode is negatively detuned
from the exciton level by & —3 meV. In order to optically
induce the time-periodic rotating potential for polaritons, we
utilize the technique described in Ref. [7]. In brief, the two
single-mode lasers are frequency-stabilized and slightly de-
tuned from one another, with frequencies f; # f>. The lasers
are spatially shaped using two reflective spatial light modula-
tors (SLMs) in the form of “perfect vortex” beams of opposite
orbital angular momentum [47]. Thus, the transverse profile
of each beam is a ring with a winding phase profile about the
beam axis (see experimental pump profiles in the Sec. S2 in
the Supplemental Material [46]).

With the SLMs, we can independently control each beams’
diameter d (i.e., the diameter of the annular ring-profile fo-
cused on the cavity plane) and optical angular momentum
[. Specifically, we imprint the /; , = %1 for the first and the
second laser beam, respectively, or vice versa. Then, the two
annular beams are spatially overlapped, forming a profile of
broken axial symmetry, and focused onto the sample [see
Fig. 1(a)]. The difference in frequencies of each beam Af =
fi — f> # 0 results in time-periodic interference causing the
net profile to rotate at the frequency f in the plane of the
cavity. The rate of rotation is given by [7,48]

_Af h-h

f‘Az_zl—zz‘ M

The sign of f defines the rotation direction of the total beam
profile with anticlockwise and clockwise corresponding to
positive and negative f, respectively.

Experiment

Simulation

FIG. 1. (a) Schematic demonstrating three rotating optical traps
(yellow to orange color scale) of different sizes. Experimentally mea-
sured real-space phase distribution of the condensate in the rotating
trap with diameter of (b) 14 um, (c) 15.4 um, and (d) 17.5 um. The
insets in (b)—(d) show the time-integrated condensate intensity dis-
tribution. (e)—(g) Corresponding simulated instantaneous real-space
phases with insets in panels, depicting the snapshots of the conden-
sate intensity distribution. The scale bars in (b)—(g) equals 2 um.

The rotating excitation beam first photoexcites a cloud of
quantum well charge carriers which then relax in energy to
form a reservoir of so-called bottleneck excitons which pro-
vide gain to the condensate through stimulated scattering [12].
Because of the strong repulsive Coulomb interactions between
excitons and polaritons, the reservoir also leads to strong local
blueshift which underpins the optical trapping mechanism of
polaritons [49]. Therefore, at the mean field level, the exciton
reservoir can be regarded as a time-dependent complex-valued
potential for polariton waves.

Because of the finite lifetime of reservoir excitons the rotat-
ing beam profile induces a complex-valued potential that can
be decomposed into a static part, referred to as the trap, and
a rotating part which exerts torque on the polariton conden-
sate [7] [see Fig. 1(a)]. The size and depth of the optical trap
can be tuned through the diameter and power of the optical
beam, respectively. These parameters define the number of
accessible energy levels within the trap (i.e., confined modes)
which condensate can occupy [50]. Indeed, because of its
driven-dissipative nature, polaritons can condense into one or
more higher energy trap levels due to intricate balance of gain
and dissipation [50].

For the smallest optical trap with a diameter d = 14 um
rotated at f = 2 GHz, we observe a single quantized vortex,
the same as in Ref. [7], corresponding to the condensate
getting stirred into the trap’s first excited state manifold [see
Fig. 1(b)]. The condensate real-space phase distribution is
measured with a homodyne interferometry technique [51].
The blue-red colored insets denote the real-space cav-
ity photoluminescence (PL) which is proportional to the
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FIG. 2. The condensate normalized spectra as a function of
pump power for different rotation frequencies (a) f = 1.4 GHz,
(b) 3.1 GHz, (¢) 5.1 GHz, and (d) 8.2 GHz. The excitation trap
diameter is fixed at d = 14 um and n denotes the trap’s energy level
with n = 0 being the ground state.

condensate density. When we increase the diameter of the
annular excitation profile to d = 15.4 ym and d = 17.5 pm,
at approximately the same stirring frequency, we observe two
and three vortices, respectively, each of the same topolog-
ical charge / = 1, as depicted in Figs. 1(c) and 1(d). The
increasing number of vortices with trap size implies that
the condensate is shifting its population to higher order trap
states as they become available [52-56]. Our experimental re-
sults are reproduced with numerical simulations, as shown in
Figs. 1(e)-1(g), using the generalized Gross-Pitaevskii equa-
tion (see Sec. S3 of the Supplemental Material for details
[46]).

To gain a better insight into the physics of the vortex
cluster formation, we perform a series of excitation power
and rotation frequency scans for each trap size. We start with
the smallest trap (d = 14 um) containing just a single vortex.
Figure 2 shows the energy-resolved polariton PL. measured
for different rotation frequencies and variable pump power.
Below the condensation threshold (Py,), polaritons are broadly
distributed across several energy branches corresponding to
the confined states of the optical trap. As soon as the threshold
is reached, bosonic stimulation forces polaritons to populate
a specific energy state accompanied by abrupt linewidth nar-
rowing [13]. At low powers, the condensate is first driven
into the branch belonging to the first excited state manifold
(n = 1), corresponding to the trap’s / = 1 angular harmon-
ics. In this branch, the condensate can get stirred into a definite
direction within a certain rotation frequency interval |f| e
[1, 4] GHz as reported in Ref. [7]. The condensate real-space
distribution and dispersion at different stirring frequencies are
presented in Sec. S4 of the Supplemental Material [46].

When scanning the pump power, we reveal a transition
from the excited to the ground state level (n = 0) implying

that the condensate vortex eventually destabilizes at higher
reservoir densities with condensation shifting into the Gaus-
sian ground state. Interestingly, as we increase the rotation
frequency from f = 1.4 GHz [Fig. 2(a)] to f =8.2 GHz
[Fig. 2(d)], we find that the ground state becomes more
dominant over the range of investigated powers. As the
pump rotation speed increases, the rotating part of the reser-
voir smears more out, approaching cylindrical symmetry
and restoring the degeneracy between clockwise and anti-
clockwise polariton currents with no deterministic vorticity
forming [7]. Moreover, when the pump power is increased,
interactions between the reservoir and the condensate are
enhanced, which facilitates energy relaxation of the conden-
sate [53,57,58]. When both effects, fast rotation and high
power, are sufficiently strong, they drive the condensate from
a vortex state into the vortex-free ground state. This is in sharp
contrast to conventional rotating superfluids [1] and BECs [5]
as we do not observe an increasing number of vortices at
higher rotation frequencies.

We next study a larger rotating trap with d = 15.4 um in
which, for f = —3 GHz, the condensate intensity distribution
[see Fig. 3(a)] features two intensity minima and dominantly
occupies the second excited state manifold (n = 2) of the
trap above threshold [see Fig. 3(b)]. Note that the nonuni-
form intensity distribution around the circumference of the
condensate and its slightly elliptical shape is connected to the
imperfections of the annular lasers intensity distribution (see
Sec. S2 of the Supplemental Material [46]), making the optical
trap slightly elliptical. The two intensity minima correspond to
two corotating vortices with [ = —1 revealed in the real-space
phase distribution [see Fig. 3(c)] or [ = +1 [see Fig. 3(d)] de-
pending on the trap rotation direction (i.e., vortices rotate with
the trap). In the Sec. S6 of the Supplemental Material [46] we
additionally show the real-space PL and energy-momentum
resolved PL of the condensate at other stirring frequencies.
We stress that the alignment of the vortices in the cluster
is determined by the anisotropy in the net excitation profile
or the cavity disorder and is not defined by vortex-vortex
interactions like in conventional quantum fluids.

Interestingly, for a similar range of investigated powers as
in Fig. 2, we no longer see an abrupt condensate collapse
into the ground state energy level in the bigger trap shown
in Fig. 3(b). Instead, above 1.3Py, the condensate dominantly
occupies both the second and ground energy levels at the
same time, with a weak population in the first excited level.
We find that by fine tuning the size and stirring frequency
of the excitation potential, it is possible to create a different
energy cascade pattern with the consecutive condensation into
different trap levels as a function of pump power. In Sec. S5
of the Supplemental Material [46], we analyze an optical trap
with diameter d = 14.7 um that favors the condensation into
the first excited level and then the ground level with increasing
pump power. As before, the number of stirred vortices is
changing on par with the energy state.

Similar to the smaller trap [7], the pair of corotating vor-
tices in the d = 15.4 um trap appear only in a narrow range
of stirring frequencies. To reveal this dependence, we analyze
the phase distribution of the condensate at different rotation
speeds. For each rotation frequency we record 99 excitation
shots and obtain corresponding interference patterns of the
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FIG. 3. (a) Real-space condensate intensity distribution for the
d = 15.4 um diameter trap rotating at f = —3 GHz. (b) The conden-
sate spectrum power dependence (f = 3 GHz). The yellow dashed
line depicts the pump power corresponding to the retrieved phase
profile in panel (d). Condensate phase distribution for (¢) f =
—3 GHz and (d) f = 3 GHz. (e) Experimentally extracted distribu-
tion of the vortex pair occurrence as a function of stirring frequency.
The scale bars in panels (a), (c), and (d) corresponds to 2 um.

condensate interfering with the retroreflected displaced copy
of itself in a Michelson interferometer. We then extract the az-
imuthal phase profile at a small fixed distance (2.6 pm) around
each of the two phase dislocations in the condensate to check
for vorticity and build the histogram presented in Fig. 3(e).
To sort out the vortex pairs we calculate the normalized root
mean square error (NRMSE) for the experimental phase pro-
file and the ideal vortex [7]. Analyzing 99 condensate phase
distribution images for every stirring speed we count only
vortices with the NRMSE value less than 0.2. The resulting
histogram reflects the percentage of vortex pair occurrences
multiplied by the topological charge of the corotating vortices
(I =1or—1) [i.e.,, normalized average angular momentum of
the condensate]. The average angular momentum in Fig. 3(e)
follows the sign of the rotation frequencies f meaning that the
pair of vortices corotate with the stirring direction. Moreover,
the vortices are formed above the critical rotation frequency
of |f| &~ 1.5 GHz and disappear above |f| &~ 6 GHz.

We next increase the trap size even more, to d = 17.5 um.
The real-space PL intensity of the condensate in such rotating

Energy (eV)
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FIG. 4. (a) Real-space condensate intensity distribution for trap
diameter d = 17.5 um and rotating at f = —2 GHz. (b) Correspond-
ing spectrum power dependence. The yellow dashed line depicts the
pump power corresponding to the retrieved phase profile in panel
(c). (¢), (d) Extracted real-space phase maps for (c) f = —2 GHz
and (d) f = 2 GHz rotation. The scale bars in panels (a), (c), and
(d) corresponds to 2 um.

potential at f = —2 GHz is presented in Fig. 4(a). The size of
the condensate is increased on par with the optical trap, and
just above the threshold, it occupies the third (n = 3) excited
state manifold of the trap [see Fig. 4(b)]. Similarly to the
15.4 um trap, the condensation is multimodal for the higher
excitation power, with the condensate occupying three energy
states above 1.2Py;. Retrieving the phase of the condensate
at 1.1P; we now find a cluster of three corotating vortices
with [ = —1 [see Fig. 4(c)]. Inverting the rotation direction to
f =2 GHz makes all vortices flip their topological charges
to follow the pump rotation, as shown in Fig. 4(d). As men-
tioned before, the arrangement of the vortices in the cluster is
dictated by nonhomogeneity in the optical potential and cavity
disorder. This is also confirmed with the numerical simulation
in Figs. 1(f) and 1(g). It is worth noting that unlike the recently
observed oscillating vortex cluster [26] created in a static
elliptical optical trap, the vortices in a stirred condensate have
the same topological charge that does not alter in time.
Finally, for the even larger rotating optical trap (d =
19 um) we observe the condensate with four corotating vor-
tices (see Sec. S7 of the Supplemental Material). Notably,
in the experiment, we are able to achieve the confined con-
densate even in a d = 37 um optical trap as shown Sec. S7
of the Supplemental Material [46]. The condensate, in this
case, occupies the n = 11 excited manifold of the confining
potential and, ergo, could potentially have up to 11 corotating
vortices when stirred. However, fine energy splitting in such
a large optical trap could influence its phase distribution [26]
(at rotating frequency matching the splitting). In this regard,
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the study of the larger rotating traps is out of the scope of this
work and subject for a separate research.

III. CONCLUSIONS

To sum up, we investigated formation of vortex clusters
in nonresonantly optically stirred polariton condensates. We
demonstrated that the number of vortices in the clusters
scales with the optical trap energy-level (mode) into which
polaritons condense. By either changing the size of the pump-
induced rotating trap or the excitation power we can adjust
the number of observed vortices, with the maximum number
achieved in this study being four vortices. We also show that
the vortices in the cluster deterministically corotate with the
trap stirring direction despite the lack of any phase imprinting
coming from the excitation beam in contrast to Refs. [21,59].
Moreover, we find that the energy spectrum of the condensate
is rotation frequency-dependent, which is attributed to the fi-
nite lifetime of the photoexcited background exciton reservoir
responsible for the confinement of the condensate.

We note that presented results do not allow us to make a
definitive conclusion on polariton superfluidity, since we do
not observe the increasing number of vortices in a cluster
with the stirring speed. However, our method could be applied
to a much larger unconfined condensate of polaritons [60]
to explore vortex-vortex interactions and self-organization
between vortices. To achieve this, instead of two opposite
Laguerre-Gaussian beams, one beam can be replaced with a

flat phase wide-beam Gaussian which would stimulate a larger
and denser condensate. This eliminates the strong influence
of the trapping potential energy levels (i.e., standing wave
interference between polaritons) and potentially give the con-
densate more freedom to nucleate vortices that self-organize
in the same spirit as conservative quantum fluids.

Our findings are relevant to the emerging research di-
rection focused on polariton condensates in time-periodic
potentials [7,8,10,61,62]. The redistribution of energy states in
the condensate with the stirring speed opens new prospects for
the utilization of polaritons as a platform for Floquet engineer-
ing [63]. Additionally, advances in all-optical polariton vortex
lattices [34] in conjunction with our method can be used to
locally manipulate vorticity at individual lattice sites. Finally,
the achieved control over polariton flow and state can also
benefit the realization of the polariton quantum bits [43,44],
as well as sources of structured, coherent, and nonlinear light.

The data presented in this paper are available from the
corresponding author upon reasonable request.
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