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Observation of a single quantized vortex vanishment in exciton-polariton superfluids

Daegwang Choi ,1,* Min Park,1,* Byoung Yong Oh,1 Min-Sik Kwon,1,2 Suk In Park,3 Sooseok Kang,3 Jin Dong Song,3

Dogyun Ko,4,5 Meng Sun ,4,† Ivan G. Savenko,4,5 Yong-Hoon Cho ,1,2,‡ and Hyoungsoon Choi1,2,§

1Department of Physics, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, 34141, Republic of Korea
2KI for the NanoCentury, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, 34141, Republic of Korea

3Center for Opto-Electronic Convergence Systems, Korea Institute of Science and Technology (KIST), Seoul, 02792, Republic of Korea
4Center for Theoretical Physics of Complex Systems, Institute for Basic Science (IBS), Daejeon 34126, Republic of Korea

5Basic Science Program, Korea University of Science and Technology (UST), Daejeon 34113, Republic of Korea

(Received 28 September 2020; revised 11 January 2022; accepted 14 January 2022; published 14 February 2022)

We report the direct observation of a single quantized vortex vanishing from a microcavity exciton-polariton
superfluid. Exciton-polariton vortices generated by a nonresonant Laguerre-Gaussian optical pumping beam
reveal themselves in the energy-integrated emission image, representing a multimode entity consisting of the
ground- and excited states. From the time-resolved spectroscopy measurements utilizing various Laguerre-
Gaussian beam sizes, we find that the two lowest-energy states get populated and compete with each other,
manifested by the change in their mutual population with the beam diameter. Furthermore, we study the transition
from the excited state characterized by the finite orbital angular momentum (and a vortex in the direct space) to
the ground state under pulsed excitation conditions. Our experimental findings are in excellent agreement with
the numerical calculations employing the driven-dissipative Gross-Pitaevskii equation coupled with pumping
reservoirs. Thus, our study provides an experimental and theoretical platform to investigate nonequilibrium
vortex dynamics and manipulate multistate polariton condensates in semiconductor microcavities.
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A superfluid is intrinsically different from normal fluids
because of its macroscopic quantum coherence. The single
valuedness of the wave function, which is used to describe
the superfluid state, results in the quantization of circulation
in units of �/m, where � is the reduced Planck constant, and
m the mass of the particle. This quantized circulation in the
superfluid carries an integer multiple of 2π phase winding
around the vortex core, whose superfluid density is depleted.
Since the first prediction by Onsager [1], the generation of
quantized vortices has been extensively investigated in con-
ventional single-component bosonic superfluids such as liquid
helium [2,3] and cold atomic gases [4,5]. The macroscopic
phase winding associated with a quantized vortex makes it a
topologically stable object; hence, these vortices can be poten-
tially used as quantized information bits [6]. Their topological
stability has drawn attention in terms of particle injection and
decay dynamics [7–9].

In most cases, the stability of such topological objects
is strongly linked to the stability of the system itself. It is
unclear how robust a topological vortex would or should
be if an intrinsically dissipative system can form a super-
fluid. Exciton-polaritons (later polaritons) offer a platform for
studying the stability of a topological vortex in a nonequi-
librium superfluid [10,11]. A polariton is a quasiparticle
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produced by light-matter interaction between a cavity photon
and a quantum-well exciton in a semiconductor microcavity.
The excitonic component allows the interaction between po-
laritons, and the photonic component allows the polaritons
to have a short lifetime which leads to the nonequilib-
rium physics [12,13]. Nevertheless, it is well acknowledged
that their bosonic nature allows the formation of macro-
scopic quantum phenomena such as polariton condensation
[14], superfluidity [15], and quantized circulation [16]. In
particular, numerous theoretical [17–20] and experimental
methods have been developed for creating quantized vortices
in polariton systems, including the resonant excitation by
Laguerre-Gaussian (LG) beams [21], optical parametric os-
cillations [22], and circular grating structures [23]. Recently,
polariton superfluids have been reported to host quantized
vortex states even under nonresonantly pumped LG beam
excitation [24].

The combination of nonequilibrium nature of the exciton-
polariton condensate and the photonic component that makes
imaging of the system readily available creates a unique op-
portunity for studying the time-resolved dynamics of these
vortices. In fact, the creation of multiply charged vortices
[25,26] and decay of vortices have been investigated, such as
vortex-antivortex pair annihilation [27,28], vortex annihilation
through spiraling out of condensates [29], and the destruction
of the condensate itself [22]. However, the dynamics associ-
ated with vanishment of a single polariton vortex within the
polariton condensate lifetime has not been reported.

In this Letter, we report the vanishing of a single quan-
tized vortex in a polariton superfluid. We created a vortex
using a nonresonant LG beam, which imprints the orbital
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FIG. 1. (a) Schematic illustration of experiment. Semiconductor microcavity is excited by nonresonant LG beam with OAM |l| = 1. Above
the pumping threshold, polariton condensates are formed in two different energy states with different density distribution. (b) Energy-integrated
PL image of the condensates above the threshold density. (c) Phase map of (b) shows 2π phase winding. (d) Real-space spectrum along line
x = 0 in (b). (e) Calculated real-space spectrum of the condensate.

angular momentum (OAM) of the pump beam to the po-
lariton condensate [24]. The vortex shows an incomplete
depletion of the superfluid density at the center when the
energy-integrated photoluminescence (PL) image is taken. A
careful spectral analysis of this vortex reveals that the polari-
tons exhibit multimode condensation. We discovered that the
incomplete depletion of the superfluid density at the vortex
core is an artifact of the time-averaged measurement of the
multimode condensate, as evidenced by energy-resolved inter-
ferometry experiments. By extracting the phase profile of the
wave functions in these two distinct energy states separately,
we discovered that only the excited state carries an angular
momentum, and hence, a quantum vortex. Furthermore, time-
resolved spectroscopy shows that relaxation occurs from the
excited (vortex) state to the stationary ground state in a pulsed
LG beam, which serves as a direct experimental signature of a
quantized vortex vanishing from the system. Such a transition
is manifested by changing the size of the LG beam. Using
continuous-wave (cw) excitation, we can achieve a steady
state, in which the excited- and ground states coexist.

Our observations are supported by a theoretical model
based on the driven-dissipative Gross-Pitaevskii equation cou-
pled with incoherent and coherent reservoirs; hence, we
suggest a mechanism for OAM transfer from the pump beam
to the polariton condensate that is based on the microscopic
coherent properties of the latter. Furthermore, we explain the
transition of the system from the first excited state character-
ized by the vortex and a concrete OAM to the intermediate
regime, when two lowest-energy states coexist, and finally, to
the ground-state condensate with zero OAM after the vortex
vanishes.

The experiment was performed for a GaAs quantum well
(QW) microcavity using the nonresonant excitation with an
LG beam, as depicted in Fig. 1(a). A pair of distributed
Bragg reflectors forms an optical cavity of λ/2 with a set
of GaAs/AlAs QW stacks (for details, see the Supplemental
Material [30]). The sample was placed inside a cryostat (with

an optical window) reaching as low as 5 K. A pulsed and a
cw excitation by a Ti:sapphire laser with an energy of 1.72
eV (720 nm), which is considerably higher than the QW band
gap, were used to nonresonantly pump electron-hole plasma
into the QWs. An LG beam was generated as the Gaussian
laser beam passed a 2π winding phase mask, which resulted in
an OAM of the l = +1 beam [Fig. 2(a)]. Above the threshold
density, polaritons formed condensates with a quantized vor-
tex. We measured the energy-integrated PL image [Fig. 1(b)]
and phase map [Fig. 1(c)] under pulsed excitation. The fact
that 2π phase winding is measured in the phase map implies
that the superfluid carries a circulation of �/m. However, the
real-space spectrum along x = 0 [Fig. 1(d)] clearly shows
that the condensate is not in a static uniform state but two
quantized states. For simplicity, the higher- and lower-energy
states will be referred to as the excited and ground states,
respectively. For the theoretical description of the experiment,
we used a driven-dissipative Gross-Pitaevskii equation cou-
pled with incoherent and coherent reservoirs, where the latter
carries the same OAM as the LG beam (see Ref. [30] for
the details of the model). We assume that the OAM of the
pumping source is almost erased in the scattering processes,
and only a small amount of it remains. The OAM is revived
in the polariton condensate owing to the interaction with a
weak coherent reservoir and the coherent properties of the
condensate. Figure 1(e) exhibits a simulation result of mul-
tistate condensate similar to that in the experiment.

To investigate the density distribution and phase infor-
mation in each state, we employed energy-resolved spatial
interferometry based on the tomographic measurement pro-
tocol [31–35]. The experimental procedure was similar to
the modified Mach-Zehnder interferometry, which is typically
used to visualize quantized vortices [10,24]. To represent
energy-resolved data, we selected E = 1592.37 meV for the
excited state and E = 1591.69 meV for the ground state,
which are denoted in Fig. 1(d) as yellow solid and white
dotted lines, respectively. Figures 2(b) and 2(c) show the
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FIG. 2. Pump and condensates profiles. (a) LG pump intensity distribution; energy-resolved PL images of (b) excited state at 1592.37 meV,
and (c) ground state at 1591.69 meV under pulsed excitation; (d) phase map of LG beam having OAM l = +1; phase maps of (e) excited state
and (f) ground state. A 2π phase winding in (e) indicates quantized vortex in excited state. Panels (g), (h), and (i) show calculated real-space
images of LG beam excitation and polariton condensates, when the system is stationary (either ground or excited state). White circles in panels
(h) and (i) indicate nominal diameter (6.0 μm) of LG beam corresponding to maximum intensity spots of simulated beam (g).

energy-resolved PL intensity images under pulsed excitation,
which represent the spatial polariton densities at the excited-
and ground energy levels, respectively. As shown in Fig. 2(b),
the density minimum in the center is clearly observed in the
excited state, whereas the ground state exhibited a Gaussian
density distribution [Fig. 2(c)]. The phase maps retrieved from
the interference patterns of these two states are shown in
Figs. 2(e) and 2(f). The excited state shows a clear 2π phase
winding with respect to the density minimum point, indicating
a quantized vortex. The phase winding of the vortex [Fig. 2(e)]
was identical to the OAM of the LG pump [Fig. 2(d)]. How-
ever, the phase map for the ground state indicated no such
phase winding, and the phase was relatively flat aside from
the radial gradient [Fig. 2(f)]. In other words, the ground state
did not carry any vortices.

The simulated LG beam [Fig. 2(g)] resulted in polariton
condensate formation at the two energy levels [Fig. 1(e)].
The real-space emission profiles in the steady state for each
of these energy levels are shown in Figs. 2(h) and 2(i), ex-
hibiting consistency with the experiment. (To simulate the
formation of the ground- and excited states, we used the
cw excitation instead of the exact femtosecond-order pulsed
excitation [30]).

The time-integrated real-space spectra measurement shows
that the relative intensity of the PL emission from the two
states depends on the diameter of the LG beam, as shown
in Fig. 3(a). For a beam with a smaller diameter (4.5 μm
or less), only the ground state is populated. However, as the
beam diameter increases, the intensity of the excited-state
emission increases, and at a sufficiently large diameter, the
ground state becomes almost invisible. This can be understood
as a confinement effect: the excited state is being pushed out
of the potential trap if the beam spot is sufficiently small. As
the beam diameter increases, the spatial confinement reduces,
resulting in a redshift [Fig. 3(b)]. Once the first excited-state
energy becomes sufficiently low and fits inside the potential
trap, the condensate forms in the excited state. This behavior
was confirmed via numerical calculations. Both the experi-
mental results and the numerical calculations are depicted in
Fig. 3(b). The figure shows energy of the ground state and
the excited state for different beam diameters. The data slope
downwards as the beam diameter increases due to the reduced
blueshift with smaller confinement.

The time-integrated measurement is not suitable for deter-
mining the exact nature of the multistate condensate under the
pulsed excitation because it does not allow us to understand
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FIG. 3. (a) Real-space spectra of PL profiles in pulsed-excitation
regime for different pumping beam diameters of 4.3, 5.2, 5.5, and
6.4 μm. Beam diameter is defined as distance between two maxima
of laser profile [Fig. 2(a)]. (b) Energy of ground- (blue circle) and
first excited (red diamond) states as a function of beam diameter.
The numerical simulation of ground- (open circle) and excited states
(open diamond) are plotted.

whether polaritons occupy the two lowest-energy states simul-
taneously or sequentially. To distinguish between these two
possible scenarios, we performed time-resolved real-space
spectroscopy, allowing us to measure the relative intensity of
the two states and directly relate it to particular time intervals
[Figs. 4(a)–4(c)]. We discovered that the two states appeared
sequentially, beginning from the vortex-carrying excited state.
Eventually, the system experienced a transition to the ground
state. Note, that in a smaller LG beam diameter [Fig. 4(a)],
polaritons occupy the “Gaussian” ground state dominantly
(appearing as single lobe along the y axis at x = 0) in the
measured time evolution. However, in the case of interme-
diate LG beam diameter [Fig. 4(b)], polaritons occupy the
“annular” excited state (appearing as double lobes along the
y axis at x = 0) initially, and they experience a transition to
the ground state as time proceeds. In the case of a larger
LG beam diameter [Fig. 4(c)], polaritons show only the ex-
cited state over the whole time duration. These measurements
were also confirmed by simulations (see Ref. [30] and the
discussion below). Our simulations indicate that the transition
phenomena were accompanied by the competition between
two energy states as well as the lowering of the potential
barrier [36] as time proceeds under the pulsed excitation.
In fact, the transition to the lower-energy state occurred due
to scattering processes [37]. When the population of the
ground state increases, polaritons try to occupy the center of
the potential trap, where the vortex core is located. Hence,
the growing ground state competes with the excited state for
the central location and attempts to push the excited state out
from the interior of the LG beam area. In pulsed excitation,
the gradual depletion of the exciton reservoir over time results
in a reduction in the potential barrier (as compared with cw

FIG. 4. Time-resolved spectroscopy of polariton vortex in pulsed
LG pump regime for different beam radii: (a) 5.2, (b) 6.3, and (c)
7.1 μm. Data were measured along straight line through center of
beam (at x = 0 μm). (d) Simulation of OAM evolution for different
beam diameters with same initial condition. To simulate the pulsed
excitation case, the pumping term was turned off after 100 ps.

excitation). Then, the excited state is pushed out faster, and the
system remains in the ground state. For sufficiently large beam
diameters [e.g., Fig. 4(c)], the entire process can take longer
than the condensate lifetime, and polaritons decay before the
transition occurs. For smaller beam diameters [e.g., Fig. 4(a)],
the excited state can be pushed out more easily; hence, an ear-
lier transition to the ground state can be observed. Although
the total OAM of the polaritons will not reach complete unity
in practice because of inherent fluctuations in the sample and
the nonideality of the LG beam, the simulation explains well
what we see in the experiments [Fig. 4(d)]: a smaller beam
size resulted in the sooner loss of the total OAM of the system.
We investigated the dependence of the OAM on the size of the
LG beam and its intensity in the regime of the pulsed exaction.
Detailed model and the theoretical methods are described in
Supplemental Material [30].

In our observations, the OAMs of the initial and final
states were different. A quantized vortex vanishes in the
transition to ground state. There have been previous reports
on the decay of vortices in polariton superfluids, mostly
under net angular-momentum conserving conditions, includ-
ing the most recent experiment [38], which showed that the
vortices with OAM l = +1 and l = −1 can be simultane-
ously observed, followed by the system decaying to a purely
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FIG. 5. Steady state of partially rotating polariton superfluid under cw LG beam excitation. (a) Real-space spectrum of polariton
condensates. (b) Energy-integrated PL image of system. (c) Calculated polariton distribution [simulation of (b)]. Energy-resolved PL images
of excited- and ground states shown in panels (d) and (e), respectively; insets show corresponding phase maps.

zero-OAM ground state under the excitation of l = 0 ring-
shaped pumping. This is in contrast to our observation, where
a single quantized vortex with a net OAM is spontaneously re-
laxed in an angular-momentum-nonconserving manner under
an intentional excitation of the |l| = 1 LG beam. One of the
reasons why we can observe this transition is that we created
a single vortex through nonresonant excitation. A polariton
vortex produced by a resonant excitation would not allow such
a transition because it cannot effectively produce a spatial po-
tential from the exciton reservoir [21]. Unlike the vortices in
an equilibrium superfluid (which do not evaporate over time),
the vortices in polariton condensates might decay if the vortex
escapes from the system [29]. We observed the vanishment
of the vortex based on time-resolved measurements of the
energy-state transition, which cannot be treated as a direct
observation of an escaping vortex. We considered this sce-
nario as a distinct possibility, as revealed by our simulations,
which show the disappearance of the singularity from the
center of the trap. Regardless of the actual mechanism through
which the vortex escapes from the system, our experiment
presents a knob with which one can control the timing of the
switch between the polariton condensates with and without a
quantized vortex.

For comparison, we created and investigated a polariton
vortex under a cw excitation (not pulsed) in an identical
experimental setup and generated l = −1 OAM beams; sub-
sequently, we observed two lowest-energy states [Fig. 5(a)].
As shown in Figs. 5(b) and 5(c), the energy-integrated PL
image of the system was consistent with the theoretical
simulations. The energy-resolved PL images of the excited-
and ground states in the cw excitation regime are shown in
Figs. 5(d) and 5(e), respectively, with the corresponding phase
profiles for each state shown in the insets. One key difference
from the pulsed excitation regime is that the cw pump beam
permanently supplies the potential barrier, which prevents the
excited state from being pushed out easily. The competition

between these two energy states alone may not be enough to
push the excited state out without the lowering effect of poten-
tial barrier during time evolution. Therefore, there is a balance
among the pump, decay, and interstate transition processes to
maintain a steady state. We emphasize that this steady state
represents an intriguing regime in which a vortex-carrying
state and a ground state coexist.

In conclusion, using time-resolved spectroscopy, we ex-
plicitly demonstrated a single quantum vortex vanishing in an
exciton-polariton superfluid pumped by a pulsed nonresonant
LG beam. By varying the LG beam size, we investigated
the competition between the ground- and first excited states,
which determines the population of the multistate conden-
sate and affects the transition between the two states under
pulsed excitation conditions. Our experimental findings are
consistent with the numerical calculations using the driven-
dissipative Gross-Pitaevskii equation coupled with incoherent
and coherent reservoirs. The coherent reservoir served as
a minute seed (initial condition), resulting in the breaking
of the rotational symmetry and the revival of the OAM of
the nonresonant excitation with the subsequent formation of
a quantum vortex with a predefined winding number. We
proposed experimental and theoretical tools to manipulate
multistate polariton condensates via potential landscape en-
gineering in semiconductor microcavities; these tools have
broad implications in terms of studying light-matter interac-
tion and stability of topological objects in semiconducting
devices, and developing polariton devices for quantum com-
munications in the near future.
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