Tuning polariton vortices in an asymmetric ring potential
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Exciton polariton condensates are macroscopic coherent states in which topological excitations
can be observed. In this work, we observe the excitation of the vorices and realize tuning the
topological charge by manipulating the pumping configurations. Using a digital micromirror device
(DMD), we constructed an annular pumping pattern where the inner and outer rings can be easily
tuned. Both the number and the topological charge of the vortices can be changed by slightly tuning
the inner ring position against the outer ring. The experimental results can be reproduced in theory
by the Gross-Pitaevskii (GP) equation. Our work offers to generate and manipulate vortices in

exciton polariton condensates using a straightforward optical method.

A vortex typically can be observed with the phase
winding of 27n (where n is an integer, i.e., the topo-
logical charge) around a core along a closed path. This
discrete phase accumulation forces the wave function’s
amplitude to drop to zero inside the core region en-
closed by the path, thereby forming a localized singu-
larity (vortex core) [1]. Vortices or vortex clusters can
be observed in a wide range of physical systems [2-
6], including Bose-Einstein condensation in cold atoms
[7], superfluids [8], Abrikosov vortices in superconductors
[9], Berezinskii-Kosterlitz—Thouless (BKT) transition in
two-dimensional systems [10], and exciton polariton con-
densates [11]. Due to the tremendous potential applica-
tions such as topological quantum computing and optical
communications[12-14|, the generation and precise con-
trol of vortices have consistently been a central focus of
research [15, 16]. Typically, the generation of vortices de-
pends on external perturbations or fields [8, 17|, whereas
their control often relies on the introduction of specific
structural defects or the use of pump light carrying or-
bital angular momentum to create a tailored optical field
|18, 19]. However, these methods are limited by the com-
plex structure design or pumping configurations.

Exciton polaritons are composite bosonic quasiparti-
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cles that emerge from the strong coherent coupling be-
tween excitons and photons in semiconductor microcav-
ities [20, 21]. The small effective mass of exciton po-
laritons allows condensation at relatively high temper-
atures, even up to room temperature [22, 23|, and the
exciton component introduces a strong repulsive nonlin-
earity through exciton—exciton interactions [24-26|. Con-
sequently, by designing appropriate potential traps, it is
feasible to drive the formation of condensates and pre-
cisely control their modes [27-29|. Recently, this method
has been widely applied to vortex generation and control
[30-33].

In this work, we experimentally generate vortices in
a planar semiconductor microcavity using only a simple
annular nonresonant pumping pattern. By tuning the
pumping configuration, we construct an annular exciton
polariton potential resonator as sketched in FIG. 1(a).
‘When the pump density is above the threshold, an ex-
citon polariton condensate is generated within the res-
onator. The pump region of the resonator can be tuned
to modulate the direction-dependent polariton-reservoir
interaction by adjusting the position of the inner ring
while keeping the outer ring fixed. By slightly moving the
inner ring position as shown in FIG. 1(b), the condensate
transforms from a two-vortex state into a stable single-
vortex mode. Our work presents a simple, fully optical
method to generate and control vortices in exciton polari-



FIG. 1. Schematic diagram of the pump pattern dis-
tribution and the condensation of exciton polaritons
in the potential trap. (a—b) The illustration depicts the
potential configurations before and after tuning the pump
profile. The pump regions are represented by white rings.
(c) The dispersion of the exciton polariton measured above
threshold, and the red solid line represents the numerical sim-
ulation of the lower polariton branch observed below thresh-
old. (d) Condensed real-space imaging when vortices appear,
and the boundaries of the pump region are delineated by white
solid circles. (e) Interferometric imaging of the vortices is per-
formed when both carry a topological charge of +1. (f) In-
terferometric imaging of the vortices is performed when both
carry a topological charge of -1. Scale bar: 10 pm.

ton condensates by tuning the pumping pattern. Com-
pared with previous work, our approach requires neither
electrical tuning nor the complexity of aligning multiple
laser beams, while enabling control over both the vortex
number and charge [23, 31, 34].

In the experiment, we used a GaAs microcavity, the
same as that reported in [35]. The sample is placed in
the cryostat at 61 K. We used a pump laser operating in
continuous-wave mode with a wavelength of 760 nm. The
Gaussian beam is first reflected by a DMD, which mod-
ulates its spatial geometric shape, then passes through a
tubelens and a microscope objective, where it is imaged
onto the surface of the microcavity as an annular pattern,
and the geometric tuning of the laser pattern configura-
tion is controlled by the DMD. We measured the photo-
luminescence imaging of exciton polaritons below thresh-
old under the annular patterns, these data are shown in
FIG. Sl(a) of the Supplementary Material (SM). The
real-space images of the condensate and its interference
patterns are collected using a Michelson interferometer,
where one of the interference beams is amplified to serve
as a reference beam, ensuring a smooth phase distribu-

FIG. 2. A higher-order vortex in the numerical sim-
ulation. (a) Real-space intensity distribution of the vortex.
(b) The corresponding phase distribution. No disorder poten-
tials are applied here. Scale bar: 10 pum.

tion, and all real-space images were captured with an
exposure time of 25 ms. The dispersion is measured by
an angle-resolved spectrometer and the dispersion above
the threshold is shown in FIG. 1(c), with the pumping
densities of 1.5 Py,. We also measured the dispersion re-
lation below the threshold at a pumping density of 0.2 Py,
and fitted the lower branch of the exciton polariton, in-
dicated by the red curve in FIG. 1(c). The detuning of
the excited area of the microcavity is around —3.5 meV.

We firstly used a concentric ring-shaped pumping pat-
tern with an inner diameter of D = 26.8 um and an outer
ring width of W = 6.6 ym, maintaining the pump den-
sity at 1.5 Py,. In this configuration, two distinct areas
of minimal intensity are observed in the exciton polari-
ton condensate (FIG. 1(d)), indicating the existence of
two vortices. In order to investigate the phase distribu-
tion within the condensate, we performed interferometric
measurements on these two vortices using the Michelson
interferometer. The interference pattern shows a charac-
teristic fork at each vortex core, with both forks oriented
in the same direction (FIG. 1(e-f)). We also extracted
the corresponding phase distributions from the interfer-
ence patterns, the results are presented in FIG. S2(a-b)
of the SM. This observation confirms that the conden-
sation contains two vortices with the same topological
charge. The micro-defects in the sample lead to the
formation of the vortices, whereas the vortex topologi-
cal charge is determined by the joint contributions from
disorder, the subtle gradient (~ 1.28 x 1073 meV /um),
polariton-—polariton interactions, and the pumping con-
figuration. Notably, the real-space image of the polari-
ton condensate remains stable, whereas the orientation of
the forks does change slowly (FIG. 1(d-f)), which is due
to the instability of the higher-order vortex originating
from the polariton—polariton interaction. In Video S1 of
the SM, we provide an experimental video that clearly
demonstrates that the orientation of the forks of the two
polariton vortices varies randomly within a timescale of



FIG. 3.

The formation of vortices in the exciton polariton condensate under different pumping schemes. Brown

circles denote the displacement of the inner ring in different directions, while the outer ring (white circles) remains fixed. (a-d)
Real-space images of the vortices. (e~h) Interferometric imaging with the reference beam corresponding to (a—d), respectively.

Scale bar: 10 pm.

several seconds. Although the two forks may occasionally
reverse together, their orientations remain consistent.

For a detailed theoretical understanding, the dynamics
of polariton condensates can be described by the Gross-
Pitaevskii (GP) equation
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Here, ¥ is the polariton field. m = 2 x 10~ *m, is the ef-
fective mass of the condensate with m, the free electron
mass. .=0.1 ps~! represents the loss rate of the con-
densate and R = 0.01 ps~! um? represents the conden-
sation rate from the exciton reservoir n. The polariton-
polariton interaction and polariton-reservoir interaction
are denoted by g. = 5 ueV um? and g, = 2g., respec-
tively. V/(r) is the potential to characterize the rough
surface of the microcavity. The dynamics of the reser-
voir n satisfy the density equation
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Here, 7, = 1.57 is the loss rate of the reservoir and P
is the non-resonant pump with a ring shape and the ra-
dius of the inner ring and the outer ring of ~7um and
~12pm, respectively, to keep the vortices in numerical
simulations and experiments at a similar size. The dif-

ference of the radii of the ring pumps in experiments and
numerical simulations is due to the simplified GP model,
in which complex relaxation dynamics are neglected. The
coupled equations can be solved numerically by using the
Runge-Kutta 4th order method [36]. When the inner and
outer rings are concentric, the vortex carries a topological
charge of +2, see the real-space intensity distribution of
the vortex in FIG. 2(a) and its phase profile in FIG. 2(b).
Note that here the topological charge is slightly split,
i.e., composed of two topological charges of +1 because
of the repulsive interaction, although the splitting in the
numerical simulation in the current parameter combina-
tion is not as obvious as in experiments. Depending on
the initial noise conditions, the topological charge of this
higher-order vortex can also be —2.

Based on the pumping configuration of FIG. 1(d), we
keep the location of the outer ring fixed and gradually
move the inner potential trap to the right. This adjust-
ment results in different widths for the potential barriers
on the left and right sides, that is, W7 > W5. The con-
densation state evolves during the displacement of the
inner ring. When W; = 8.6um and Wy = 4.6 um,
we observed a single stable vortex in the condensate
(FIG. 3(a)). The interferometric image reveals a sta-
ble fork, indicating that the vortex has a topological
charge of +1 (FIG. 3(e)). Then we move the region of
the inner potential trap upward for the same distance,
the real-space image shows a similar polariton conden-
sate distribution (FIG. 3(b)), we also observed a single
stable vortex and its topological charge is +1, as shown



FIG. 4. Vortices observed in numerical simulations. (a-d) Real-space intensity distributions of the condensate when
the inner ring is tuned along four distinct directions: right, up, left, and down, by 2um. (e-h) The corresponding phase
distributions. Here a disorder potential with the correlation length of ~3 pm and the depth of ~0.2 meV is applied. Scale bar:

10 pm.

in FIG. 3(f). When the potential trap is moved to the
left or downward, the appropriate spatial displacement
of the potential trap results in the formation of a stable
vortex (FIG. 3(c-d)). However, in contrast to observa-
tions above, corresponding to the displacements point-
ing to the right and upward, here the topological charge
of the vortex is reversed from +1 to —1 (FIG. 3(g-h)).
The photoluminescence imaging below threshold corre-
sponding to the four cases described above are shown
in FIG. S1(b-e) of the SM. And the phase distributions
around the vortex core for each configuration above are
presented in FIG. S2(c-f) of the SM. In experiments, tun-
ing the position of the potential trap can modulate the
vortex state by adjusting the spatial distribution of the
pump region. Specifically, on the side with a broader
pump area (as indicated by Wi in FIG. 1(b)), the width
of the local potential well is larger, while on the side with
a narrower pump area (as indicated by W5 in FIG. 1(b)),
the width of the local potential well is smaller. As the
spatial displacement of the inner ring area increases, the
asymmetry of the pumping pattern becomes increasingly
dominant. Furthermore, the direction of displacement of
the inner ring area can affect the topological charge of
the vortex. As shown in FIG. 3(e-f) and FIG. 3(g-h),
the opposite movement of the inner ring area always gen-
erates the opposite topological charges.

Defects and other disorder play an important role in
the formation of the vortex, but disorder alone is insuffi-
cient to control the vortex topological charge. By adjust-
ing the pump profile, we selectively excite vortex states
with desired charges, and distinct pumping configura-
tions can thus produce vortices with different topological

charges. The topological charge of the vortex induced
by the asymmetry of the pumping pattern is stable, and
this method of tuning vortex states can be reproduced
at another position within the microcavity, as shown in
FIG. S3(a—e) of the SM. This confirms that the vortex
tuning in our pumping configuration is general and ro-
bust.

To demonstrate that, we also simulated the formation
dynamics of the vortices by tuning the potential trap in
four different directions, the real-space images are shown
in FIG. 4(a—d) and the corresponding phase distributions
are shown in FIG. 4(e-h). In all four directions, an ap-
propriate displacement of the inner ring can reduce the
topological charge of the vortex from 2 to either +1 or
—1. The displacements of the inner ring in the right and
upward directions resulted in the generation of a sta-
ble vortex with a topological charge of +1 (FIG. 4(e-f)),
while the displacements in the left and downward direc-
tions induced the formation of a vortex with a topological
charge of —1 (FIG. 4(g-h)). Here, we consider a disor-
der potential V(r) in the simulations to agree with the
experimental observations.

Further tuning the region of the potential trap away
reduces the stability of the vortex state, leading to its
disappearance and eventual replaced by a dipole mode.
The real-space images of the dipole modes are plotted
in FIG. 5(a-d). In FIG. 5(a), Wi = 10.6 pm and Wy =
2.6 pm, and in the other three directions, the potential
trap is moved by the same distance (FIG. 5(b-d)).

In summary, our experimental results reveal that vari-
ations in the configuration of the pumping pattern sig-
nificantly influence exciton polariton condensation. By



FIG. 5. The formation of the dipole mode in the exci-
ton polariton condensate when the region of the po-
tential trap is tuned away by a significant distance.
Brown circles denote the displacement of the inner ring in dif-
ferent directions, while the outer ring (white circles) remains
fixed. (a-d) Real-space images of the dipole modes when the
inner ring is tuned along four distinct directions: right, up,
left, and down, by 4um. Scale bar: 10 gm.

employing an appropriately sized annular potential trap,
exciton polariton vortices can be induced. Furthermore,
the displacement of the inner ring can enhances the asym-
metry of the excitation pattern, thereby generating a
stable vortex state. The topological charge of the vor-
tex can be precisely controlled by the direction of move-
ment of the inner ring. And the experimental results are
in agreement with the theoretical simulations performed
using the GP equation. Our study demonstrates that a
straightforward optical method can be used to create and
manipulate vortices in exciton polariton condensates.

SUPPLEMENTARY MATERIAL

See the Supplementary Material for additional details
on the real-space photoluminescence of exciton polaritons
measured below threshold; phase distributions around
the vortex core; experimental video of random variation
in vortex topological charges; and interferometric imag-
ing at an alternative sample position.
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