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Persistent circular currents of exciton-polaritons in cylindrical pillar microcavities
V. A. Lukoshkin,1,2 V. K. Kalevich,1,2 M. M. Afanasiev,1,2 K. V. Kavokin,1,2 Z. Hatzopoulos,3 P. G. Savvidis,3,4,5
E. S. Sedov,6,7 and A. V. Kavokin1,6,8
1

Spin Optics Laboratory, Saint Petersburg State University, 1 Ulianovskaya, St. Petersburg 198504, Russia
2
Ioffe Institute, Russian Academy of Sciences, 26 Politechnicheskaya, St. Petersburg 194021, Russia
3
IESL-FORTH, P.O. Box 1527, Heraklion 71110, Greece
4
Department of Materials Science and Technology, University of Crete, Heraklion 71003, Greece
5
National Research University for Information Technology, Mechanics and Optics (ITMO), St. Petersburg 197101, Russia
6
School of Physics and Astronomy, University of Southampton, Highfield, Southampton SO171BJ, United Kingdom
7
Department of Physics and Applied Mathematics, Vladimir State University named after A.G. and N.G. Stoletovs,
87 Gorky Str., Vladimir 600000, Russia
8
CNR-SPIN, Viale del Politecnico 1, I-00133 Rome, Italy
(Received 23 August 2017; revised manuscript received 20 March 2018; published 25 May 2018)
We have experimentally observed an eddy current of exciton polaritons arising in a cylindrical GaAs/AlGaAs
pillar microcavity under the nonresonant optical pumping. The polariton current manifests itself in a MachZehnder interferometry image as a characteristic spiral that occurs due to the interference of the light emitted by an
exciton-polariton condensate with a reference spherical wave. We have experimentally observed the condensates
with the topological charges m = +1, m = −1, and m = −2. The interference pattern corresponding to the
m = −2 current represents the twin spiral emerging from the center of the micropillar. The switching between
the current modes with different topological charges is achieved by a weak displacement of the pump spot.
DOI: 10.1103/PhysRevB.97.195149
I. INTRODUCTION

Exciton-polaritons are superposition quasipartcles formed
in the strong exciton-photon coupling regime in various semiconductor structures. Since 1992, a particular attention has
been attracted to exciton-polaritons in semiconductor microcavities [1]. Several fascinating effects linked to the bosonic
nature of exciton-polaritons have been observed, including,
e.g., the stimulated scattering [2], Bose-Einstein condensation,
and polariton lasing [3,4]. The formation of bosonic condensates of exciton-polaritons that is at the heart of polariton lasing
manifests itself by the spontaneous emission of a coherent and
monochromatic light by a microcavity [5,6]. Being formed by
weakly interacting bosonic quasiparticles, polariton condensates exhibit some characteristic features of quantum fluids
including the quantized vortices, similar to those observed in
superconductors and in the superfluid helium [7].
The spontaneous formation of vortex-antivortex pairs in
nonresonantly pumped polariton condensates has been observed in Refs. [8–10]. The spontaneous generation of persistent circular currents is expected in polariton liquids confined in
annular traps [11]. Such currents represent a significant interest
from the fundamental point of view, and may be promising
for applications in quantum interferometers and gyroscopes.
Circular persistent currents are being studied in cold atomic
condensates in optical traps generated by Laguerre-Gaussian
light modes that transfer their angular momentum to the atomic
condensate [12–14]. Transfer of orbital angular momentum
to an exciton-polariton condensate by using optically induced
chiral polaritonic lenses has been reported in Ref. [15]. Spontaneous formation of vortices in the systems of coupled pillars
has been demonstrated in Ref. [16].
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In this context, exciton-polariton condensates offer an
advantage of relatively easy tailoring of their shapes due to
the repulsion of the coherent condensate fraction from the
excitonic reservoir generated by a spatially inhomogeneous
optical pumping [17,18]. Moreover, chemical etching of planar
semiconductor microcavities allows for formation of pillars,
providing a deep confining potential for excitons-polaritons
[19–21]. The theory of polariton quantum liquids is now well
developed [22]. The experimental methods of generation and
detection of polariton circular currents are discussed in Refs.
[23–25].
In our previous papers, we have demonstrated experimentally the formation of the ring-shaped polariton condensates
in cylindrical pillars of different diameters [20,21]. In this
paper, we report on the experimental observation of persistent
circular polariton currents with different projections of the
orbital momentum to the axis of the structure that correspond
to different topological charges m in cylindrical semiconductor
micropillars under nonresonant optical excitation with Gaussian beams at the center of the pillar.

II. SAMPLE AND SETUP

A Bose-Einstein condensate represents a macroscopically
occupied single quantum state [26]. Herewith, the multiparticle
quantum system can be described by a single complex wave
function  = (r,t) exp[i(r,t)], possessing a well-defined
quantum mechanical phase . Photons, emitted by the condensate, keep information about the condensate phase. This opens
the possibility to investigate coherent properties of the excitonpolariton condensate using optical interferometry methods. For

195149-1

©2018 American Physical Society

V. A. LUKOSHKIN et al.

PHYSICAL REVIEW B 97, 195149 (2018)

FIG. 1. Schematic of the interferometer setup for the investigation
of coherent properties of the exciton-polariton condensate in a
micropillar.

this purpose, we use the Mach-Zehnder interferometer with the
reference spherical wave.
The general scheme of our setup is presented in Fig. 1.
The exciton-polariton condensate in the pillar microcavity
was nonresonantly pumped by a cw Ti:sapphire laser tuned
to the local minimum of the upper stop-band of the distributed
Bragg reflector (about 110 meV above the low polariton branch
minimum). Because of the nonresonant excitation, we do not
imprint any phase in the condensate directly with the pump
laser. The linearly polarized laser beam was focused to a
2 μm spot by a microscope objective (MO) of the numerical
aperture of 0.42. The same MO was used to collect the
photoluminescence (PL) from the condensate. The parallel
PL beam after MO passes through the beamsplitter (BS) and
splits into two beams. The upper (in the scheme in Fig. 1)
beam, passing through the lens L1 (focal length F = 700 mm)
produces an enlarged (≈6 mm) real image of the condensate
at the entrance slit of the 50-cm monochromator. The lens L2
(F = 100 mm) transforms the lower beam to the spherical
wave that is used as a reference. Both beams overlap at the
output BS of the interferometer, and their superposition is
projected on the entrance slit of the monochromator. The
interferogram (or the near-field image of the condensate if the
reference beam is blocked) was recorded by the cooled CCD
camera at the output of the monochromator.
All experiments were performed at normal incidence of the
excitation beam on the sample. A cut-off interference filter
was installed in front of the monochromator entrance slit to
suppress the excitation laser radiation scattered from the pillar
surface. The sample under study was kept in the helium-flow
cryostat at T = 3.5 K.
We have examined a set of cylindrical pillars with a
diameter of 25 μm that were etched from a planar 5λ/2
AlGaAs distributed Bragg reflector microcavity with the
measured quality factor of Q = 16000. Four sets of three
10-nm GaAs quantum wells are placed at the antinodes
of the cavity electric field to maximize the exciton-photon
coupling [27]. The microcavity wedge allowed scanning across
the sample to set the detuning energy δ = EC − EX , where
EC and EX are energies of the cavity mode and of the
heavy-hole exciton at zero in-plane wave vector. The studied
pillars are characterized by a negative photon-exciton detuning energy δ = −(0.5 ÷ 3.5) meV. Within this range, we
have found no strong qualitative variation of the observed
effects.

FIG. 2. (a) The real-space image of the exciton-polariton condensate measured in the cylindrical micropillar of a diameter of 25 μm
under the nonresonant pump in the center of the pillar. The energy
of the excitation quanta is hνexc = 1.664 eV, the pump power is
P ≈ 1.5Pth , the temperature is T = 3.5 K. The dashed circumference
shows the edge of the pillar. The plot is normalized to the maximum
intensity. (b) Sketch of the potential landscape used for simulations.
The stripe inside the pillar shows the assumed defect. The red circle
indicates the half maximum intensity of the optical pump spot (its
shift from the pillar center is enlarged for clarity).

III. EXPERIMENTAL RESULTS

The real-space image of the condensate and its interferogram measured when the pump beam was focused close to the
pillar center are shown in Fig. 2(a) and in the upper panel
in Fig. 3(a), respectively, for the pump power P ≈ 1.5Pth ,
where Pth = 2.8 mW is the condensate threshold. As seen in
Fig. 2(a), the condensate has the shape of a symmetric ring
with the diameter (≈16 μm) strongly exceeding the size of
the excitation spot (≈2 μm), in full agreement with our earlier
observations [20,21] in what concerns the dependence of the
condensate shape on the diameter of the pillar, the intensity,
and the position of the pumping beam. The interferogram in the
upper panel in Fig. 3(a) has the form of a set of concentric rings,
evidencing the absence of the nontrivial topological charge in
the condensate, m = 0. It is worth noting that the nearly perfect
shape of the interference rings, as well as their concentricity,
certify the sphericity of the wave formed in the reference arm
of our interferometer.
A small displacement (less than 1 μm, see details below)
of the pumping spot from the position where the image with
m = 0 in the upper panel in Fig. 3(a) was recorded leads
to a dramatic change of the interferogram. In particular, the
interference pattern can be transformed into the single spiral
turning counter-clockwise [the middle panel in Fig. 3(a)] or
clockwise [the lower panel in Fig. 3(a)].
The phases of the condensate emission relative to that of
the spherical wave directly extracted from the interferogram
images are presented in Fig. 3(b). To extract the relative phase
from the interferograms in Fig. 3(a), we use the conventional
Fourier-transform method. To overcome the constraints associated with the closed-fringe patterns, we split the interferograms
into several overlapping fragments containing only openfringe patterns suitable for implementation of the method.
The subsequent splicing of the outcomes gives the phases
corresponding to the original closed-fringe interferograms.
The spiral shape of the interference fringes and the relative
phase patterns indicate that the dependence of the condensate
phase  on the azimuth angle θ is close to linear:  = mθ .
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FIG. 3. The experimental interferometry images (a), the relative phase maps extracted from the interferometry images (b), the experimental
(solid squares), and calculated (red solid lines) phase variations along the red dashed circumferences in Fig. 3(b), taken counterclockwise from the
green radii (c), the simulated interferometry images (d), and relative phases (e) of the exciton-polariton condensates with the topological charges
m = 0 (upper panels), m = +1 (middle panels), and m = −1 (lower panels). The vector field J = Im[ψ ∗ ∇ψ] (black arrows) is superimposed
on the relative phase maps in the panels (e). The parameters used for the modeling are given in Ref. [28].

The observation of one-thread spirals with opposite helicities
evidences occurrence of the nontrivial topological charge of the
condensate, equal to unity with both possible signs: m = +1
and m = −1 in the middle and lower panels in Fig. 3(a).
Figure 3(c) demonstrates the condensate phase change along
the red dashed circumferences in Fig. 3(b), taken counterclockwise from the green radii. The variation of the phase by −2π
and 2π is observed for the m = +1 and m = −1 condensates,
respectively. For the nonspiraling condensate with m = 0, the
phase remains constant along the condensate ring. For our
ring-shaped condensates, the appearance of a nonzero angular
momentum indicates that a circular current of polaritons flows
around the ring. We would like to stress that once these current
states emerge they are quite stable. The interference images
remain unchanged for minutes, that is, 13 orders of magnitude
longer that the polariton lifetime (about 10 ps). This brings us
to the conclusion that we observe persistent circular currents of
Bose-condensed exciton-polaritons trapped in the cylindrical
pillar.
All interferograms in Fig. 3(a) were obtained at the same experimental conditions except for the position of the excitation
spot, which was slightly different in different experiments. The
shift of the excitation spot was certainly less than 2 μm, which
is the positioning accuracy of our micrometric mechanical
X-Y translation stage that controls the position of the sample
with respect to the excitation beam. In our opinion, the
real displacement of the pumping spot away from the pillar
center was even much less than 1 μm. This estimation is
supported by the fact that the near-field condensate image,
which is extremely sensitive to this displacement [20,21],
being measured for each specific interferogram, does not show
any changes and coincides with the image in Fig. 2(a). This
observation suggests a very strong sensitivity of the condensate
current states to the effective potential landscape created by the

reservoir of incoherent excitons, by the pillar boundary, and by
various inhomogenities and defects in microcavity.
Due to a very short polariton lifetime, the polariton condensate exists as long as the optical excitation is present and
disappears soon after switching off the pump. Also, the exciton
reservoir is emptied on a nanosecond timescale, typically. As
a consequence, the newly created condensate, formed once the
pump is switched on again, completely loses the information
about its previous state. If the persistent circular current had
arisen stochastically, as a result of a chaotic uncertainty of the
polariton density near the condensation threshold [11,29,30],
then, the subsequent switching on of the excitation light would
have created interferential spirals of opposite helicities with
equal probabilities. However, the experimentally observed
spiral conserves its helicity in every switching off and on of
the pump. Since in subsequent switching on of the excitation
light, all the experimental parameters remain unchanged, we
can conclude that the appearance of circular currents is most
likely due to the combined effect of structural inhomogeneities
of the microcavity and the microscopic shift of the pump
spot from the center of the pillar. The combined effect of
a stationary disorder and shifted pump spot is capable of
breaking the symmetry between clockwise and anticlockwise
polariton flows. This effect is analogous to the one of optically
induced chiral polaritonic lenses discussed in Ref. [15]. It
is important to note that, taken alone, the shift of the pump
spot away from the center of the pillar would not break this
symmetry. The stationary potential created by the pillar must
not be perfectly cylindrically symmetric, which makes us think
of hidden-structure inhomogeneities of the pillar. The nature
of these inhomogeneities is unknown. Because of the sharp
dependence of the shape of our interferograms on microscopic
pumping spot displacements, we believe that most likely the
stationary disorder comes from a local defect situated near the
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pillar center, which breaks the axial symmetry of scattering
of polaritons sliding down the potential hill formed by hot
excitons under the excitation spot. We note that while the
mechanism of the vortex formation is similar in the present
work and in Ref. [15], we operate with a symmetric Gaussian
pump spot, and the switching between the circular current
states with different topological charges is achieved simply by
shifting the pump spot with respect to the center of the pillar. In
contrast, in Ref. [15], polaritons are pumped with six unequal
pump beams, and the switching between vortices with different
topological charges would imply redesigning the whole pump
configuration.
IV. RESULTS OF MODELING AND COMPARISON
WITH THE EXPERIMENTAL DATA

The experimentally observed exciton-polariton condensate
steady states can be described by the stationary many-body
wave function taken in the form (r,t) = ψ(r) exp(−iμt),
where μ is the chemical potential. The wave function ψ obeys
the stationary generalized Gross-Pitaevskii equation
kin + Veff (r) − i h̄(γC − RnR )/2]ψ,
μψ = [E

(1)

kin = −h̄2 ∇ 2 /2M is the kinetic energy operator, M is
where E
the effective mass of polaritons. The stationary effective potential Veff (r) takes the form Veff (r) = U (r) + V (r) + αC |ψ|2 +
αR nR . The first term U (r) describes the stationary axially
symmetric trapping potential governed by the geometry of the
structure. The second term V (r) is responsible for the reduction
of cylindrical symmetry of the pillar due to possible defects and
inhomogeneities. The two last terms in Veff (r) describe corrections to the potential landscape due to the intracondensate
polariton-polariton interactions and the polariton interactions
with the reservoir of hot excitons, respectively. The parameters
αC and αR are the corresponding polariton-polariton and
polariton-exciton coupling constants. The stationary density
of excitons in the reservoir is nR (r) = P (r)/(γR + R|ψ|2 ),
where P (r) is the inhomogeneous nonresonant optical pump
and R is the stimulated scattering rate describing the particle
exchange between the polariton condensate and the exciton
reservoir. We consider the azimuthally symmetric Gaussian
pump, P (r) = P0 exp[−(r − rs )2 /wp2 ], shifted by the vector
rs = (xs ,ys ) from the center of the pillar. The intensity P0 , the
width of the pump beam wp , and the shift rs are the fitting
parameters of the model. The imaginary term in the right-hand
side of Eq. (1) is responsible for the balance of the gain from
the pumped reservoir and the radiative losses. The factors γC
and γR are the loss rates of the condensate polaritons and the
reservoir excitons, respectively.
Figure 3(d) shows the results of the numerical simulation of
the stationary intensity patterns appearing due to the interference of light emitted by the ring-shaped polariton condensate
with the reference spherical wave. The topological charges
m = 0, +1, and −1 correspond to the upper, middle, and lower
panels, respectively.
The topological charge was calculated as

m = (2N )−1 S [x(Jy − J¯y ) − y(Jx − J¯x )]dr, where S is the
area enclosing the condensate density distribution [23,31], J =
Im[ψ ∗ ∇ψ] (J̄ = Im[ψ∇ψ ∗ ]) characterizes the polariton flow
in the stationary state, and N is the wave function normalization
constant describing the population of the condensate. The cor-

FIG. 4. The experimental interferogram (a) and the relative phase
(b) of the exciton-polariton condensate with the topological charge
m = −2 recorded in the 25 μm cylindrical pillar. The modelled
interferogram (c) and relative phase (d) of the m = −2 condensate.
Arrows in map (d) show the direction and the magnitude of the flow
J of polaritons. The color scale in panels (b) and (d) is the same as in
Figs. 3(b) and 3(e).

responding spatial variation of the relative phase provided with
the vector plot of the field J is presented in Fig. 3(e). The vector
field J winds around the vortex core. The spiraling intensity
fringes in the interference pattern evidence the presence of the
circular current of polaritons in the ring condensate. In the
model, we consider the pillar with a small elongated defect
situated near its center and oriented along the radius of the
pillar. Potential landscape used for modeling is schematically
presented in Fig. 2(b). If the pump spot is shifted from the center of the pillar by the tiny submicrometer distances, the condensate vortex states are still supported. However, in the case of
the pump spot shifted clockwise (anticlockwise) with respect
to the defect axis, only the clockwise (anticlockwise) spiraling
condensates can appear.
While persistent currents with m = ±1 are relatively easy to
obtain, higher topological charges can scarcely be seen. So far,
we managed to experimentally realize only the state with m =
−2. The corresponding interferogram and the extracted relative
phase given in Figs. 4(a) and 4(b), respectively, represent twin
spirals emerging from the pillar center clockwise. The twinspiral state, once obtained, also demonstrates a high stability,
persisting for a few minutes. The corresponding stationary
interference pattern and the spatial distribution of the relative
phase for the m = −2 state, obtained from a numerical solution
of Eq. (1), are shown in Figs. 4(c) and 4(d), respectively.
V. CONCLUSIONS

We have demonstrated experimentally the existence of
persistent circular currents in the ring-shaped exciton-polariton
condensates appearing in cylindrical micropillars under the
nonresonant optical pumping. We have observed the quantum
states of ring-shaped condensates characterized by topological
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charges m = ±1,−2. The polariton currents are sustained by
the balance of the gain due to the optical pump and the loss due
to the finite polariton lifetime. Once established, the current
is preserved by the condensate within the time duration of
the experiment. Its topological charge would not change at
switching the optical pumping off and on. This observation
indicates that the symmetry breaking between clockwise and
anticlockwise polariton flows is a result of the interplay of an
asymmetric stationary disorder potential and the microscopic
shift of the pump spot from the center of the pillar. In spite of the
yet-unknown nature of the disorder imperfections leading to
the vorticity, cylindrical micropillars proved to be convenient
objects for realization of circular polariton currents. The
observation of persistent circular currents of exciton-polaritons
paves the way to multiple applications of polariton condensates
in quantum interference devices [32–35].
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