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Collective excitations, such as vortex-antivortex and dark solitons, are among the most fascinating effects
of macroscopic quantum states. However, two-dimensional (2D) dark solitons are unstable and collapse into

vortices due to snake instabilities. Making use of the optical bistability in exciton-polariton microcavities, we
demonstrate that a pair of dark solitons can be formed in the wake of an obstacle in a polariton flow resonantly
supported by a homogeneous laser beam. Unlike the purely dissipative case where the solitons are gray and
spatially separate, here the two solitons are fully dark, rapidly align at a specific separation distance, and

propagate parallel as long as the flow is in the bistable regime. Remarkably, the use of this regime allows us
to relax the phase fixing constraints imposed by the resonant pumping and to circumvent the polariton decay.
Our work opens very wide possibilities for studying new classes of phase-density defects which can form in

driven-dissipative quantum fluids of light.

DOLI: 10.1103/PhysRevResearch.2.042041

Promoted by the demonstration of Bose-Einstein conden-
sation (BEC) [1,2], collective excitations have been exten-
sively studied in cold atoms and exciton-polariton systems
[3,4]. During the past two decades, topologically protected
vortices [5—13] and dark solitons [6,14—16] have been suc-
cessfully demonstrated theoretically and experimentally in
both systems.

Exciton-polaritons are bosonic quasiparticles resulting
from the exciton-photon strong coupling in microcavities [17],
which gives them hybrid properties coming from their com-
ponents. They have a very light mass inherited from the
photon component and they interact with each other due to
the exciton-exciton interaction. In recent years, these systems
became very attractive in the context of out-of-equilibrium
condensates and 2D quantum fluid hydrodynamics [18].
Exciton-polaritons can be created by optical excitation. In
particular, it is possible to create metastable supersonic flows
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because of the very weak thermal relaxation. This unique pos-
sibility allowed the hydrodynamic generation of dark solitons
using a supersonic polariton wave packet hitting a structural
defect in its in-plane propagation [14,15]. Both pulsed and
continuous-wave (cw) resonant excitation have been used. In
pulsed resonant configuration, the polariton flow can prop-
agate freely after the pulse is over, but its lifetime and
propagation distance are relatively short. In cw resonant con-
figuration, the pump should not spatially overlap the regions
where solitons are created (otherwise the phase is imposed
by the laser and phase defects cannot exist). As a result,
similarly to the pulsed case, the flow strongly decays along
the propagation.

The formation of oblique dark solitons within the polariton
coherent state has been observed in such configuration [15].
The transverse “snake” instability [19,20], which normally
destroys the 2D dark solitons by converting them into chains
of vortex-antivortex pairs, is suppressed by the supersonic
flow [21]. The 2D solitons are effectively 1D in this case,
and the spatial direction along the polariton flow (in-plane
wave vector of laser light) is mapped to an effective time. In
1D cavities, stable solitons were also studied and their phase
relation with respect to the phase of the laser was extensively
investigated [22].

Importantly,
papers have

theoretical and
that topological

recent
highlighted

experimental
excitations

Published by the American Physical Society


https://orcid.org/0000-0002-1314-3495
https://orcid.org/0000-0003-0903-0233
https://orcid.org/0000-0002-9570-3379
https://orcid.org/0000-0002-8554-4036
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.042041&domain=pdf&date_stamp=2020-12-11
https://doi.org/10.1103/PhysRevResearch.2.042041
https://creativecommons.org/licenses/by/4.0/

G. LERARIO et al.

PHYSICAL REVIEW RESEARCH 2, 042041(R) (2020)

(vortex-antivortex pairs and bound dark soliton pairs) can be
stabilized in driven dissipative condensates when working
within the optical bistability regime under quasiresonant
pumping configuration. The formation of complex phase
structures, when working in the bistable regime, demonstrates
the possibility to overcome the phase fixing problem typical
of strong resonant pumping [23-25]. Within the bistable
hysteresis cycle, two solutions are available for the system,
respectively at high and low polariton density for the same
pumping density. At high density above the bistability cycle,
the phase of the quantum fluid wave function is fixed by
the one of the resonant laser. Recent theoretical studies
[26] also investigated frequency and phase synchronization
mechanism occurring for stable states of an incoherently
pumped polariton condensate, showing similar results.

In this paper, we report the observation of new quantum
hydrodynamic effects revealed by using the optical bistabil-
ity of exciton-polaritons in microcavities under quasiresonant
pumping. We experimentally demonstrate the hydrodynamic
generation of a parallel dark soliton pair in the wake of a
cavity structural defect. This bound soliton pair propagates
along the polariton flow as long as the laser pumping sustains
it, thus removing the constraints imposed by the polariton
lifetime in previous experimental configurations.

The device under investigation is a GaAs/AlGaAs mi-
crocavity with 21 (front) and 24 (back) layers of DBR and
Ing 04Gag 9sAs quantum wells at each of the three antinodes
of the confined electromagnetic field [27]. A small wedge
is inserted between the Bragg mirrors during the fabrication
process, allowing us to precisely select the cavity-exciton
detuning. All experiments are performed at 10 K. The exciton
energy is 1.485 eV, the cavity exciton-photon detuning is
negative (—1.4 meV), and the half Rabi splitting is 2.55 meV
[see Fig. 1(a)]. The polariton mass, extracted from the disper-
sion, is 7 x 1072 free electron mass. The polariton lifetime is
14 ps. A continuous-wave (cw) single-mode laser excites the
polaritons in the quasiresonant regime. The experiments are
performed in transmission configuration; i.e., the excitation
and the detection are on opposite sides of the sample so
that the signal is not blinded by the resonant pump laser. In
order to work within the optical bistability regime, the laser
frequency is slightly blue detuned (0.16 & 0.02 meV) with
respect to the lower polariton dispersion branch, guaranteeing
the generation of a hysteresis loop [28]; see Fig. 1(b).

The present configuration implements the effective pump
and support scheme proposed in Ref. [23] for sustaining the
propagation of topological defects in dissipative polariton
quantum fluids. In such scheme, a strong localized pump
drives the system to the upper bistability branch. This pump
is surrounded by a weak support beam with the intensity
falling within a bistability loop. This condition permits us to
overcome the polariton decay while allowing the generation of
collective excitations with a peculiar phase texture [23,29,30].
In our experiment, the pump beam center is positioned slightly
upstream of an obstacle (cavity structural defect) and its
power is chosen to efficiently drive the system to the upper
branch of the bistability loop [Fig. 2(a)]. Concerning the sup-
port beam, cylindrical lenses are used to shape it and to make
it elliptic (100 x 400 um FWHM) with the flow direction
along the major ellipse axis. The pump beam is near the center
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FIG. 1. Cavity dispersion and bistability. (a) Energy dispersion
of the exciton-polariton emission when the microcavity is pumped
with a nonresonant cw laser at 1.54 eV. The polariton density is
in logarithmic scale. The bare photon and exciton dispersions are
in yellow and red curves, respectively. The white dot corresponds
to the position of the pump, slightly blue detuned from the lower
polariton branch. (b) Theoretical calculations of the bistability loop
according to the experimental parameters given in the text. (c) Output
intensity distribution in the momentum space when the system is in
the lower branch of the bistability loop and with an excitation at
k=12 pum™" and energy 1482.4 meV. The orange dashed circle
depicts the Rayleigh scattering ring, which is visible for longer
integration time (higher contrast). (d) Output intensity distribution
in the momentum space when the system jumps to the upper branch
of the bistability loop. The scattering ring is now visible and it has a
smaller radius compared to the one in panel (c).

of the support beam. The pump and support beams have the
same in-plane wave vectors. As far as both these beams are
obtained by splitting the same initial laser beam (elsewhere in
the optical path of the setup), they remain mutually coherent.

The polariton group velocity is finely tuned by choosing
the angle of incidence 6 of the pump. Indeed, the in-plane
wave vector (k =kosind ~ 1.2 um~' [see Fig. 1(c) and
1(d)], where ky is the wave vector of the pumping laser)
and determines the group velocity according to the polariton
dispersion relation (vgew = 1.52 um/ps) reported in Fig. 1(a).
In such quantum fluid, the sound speed reads ¢; = /g|v|?/m,
where g is the polariton-polariton interaction constant, m is the
polariton mass, and ||? is the polariton density. Experimen-
tally, the speed of sound was determined by measuring the
energy renormalization (blue shift) when the system jumps
in the upper bistability branch. In our experimental con-
figuration, this increase in energy corresponds with a good
approximation (few percents) to the product g|y|%>. In our
experimental conditions ¢; & 0.6 um/ps, which means that
the obtained flow is supersonic. Previous observations of
dark solitons in purely dissipative polariton systems, i.e.,
without the support beam, were achieved for flow velocities
slightly supersonic and even subsonic [31]. In the configura-
tion studied in this work, the dissipation is compensated by
the presence of the support beam, which ensures a nearly con-
stant polariton density along the device. Experimentally, we
observe stable dark solitons only for deeply supersonic flows.
Indeed, when working in the subsonic regime, the solitons
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FIG. 2. (a) Experiment scheme with pump and support beams. The curve sketches the laser intensity along the propagation axis.
(b) Intensity map of the polariton fluid flowing across a structural defect. The turbulences generated in the wake of the defect
evolve into two parallel dark solitons. The red dotted line indicates the position of the transverse section presented in the inset. (c) Interference
pattern associated to panel (b), showing a phase jump close to 7 across the solitons. (d) Theoretical simulations (using the driven dissipative
Gross-Pitaevskii equation) of the intensity map for parameters corresponding to those used in the experiment. (¢) Theoretical interference

pattern corresponding to panel (d).

generation is inhibited and replaced by the formation of a
vortex stream in the wake of the defect [29].

The healing length is & = fi//2mg|¥|> ~ 1.8 pum.

In the geometry described above, with the support beam
close to the lower limit of the upper bistability branch, we
observe the hydrodynamic formation of a soliton pair in the
shadow of the defect [Fig. 2(b)]. The intensity of the pump
does not strongly affect the results because its only role is to
locally maintain the system to the upper bistability branch. In
Fig. 2(b), the polariton density decreases slightly in the zone
pumped by the support beam, and then the effect on the sound
velocity is quite small. During the first 40 um of their prop-
agation, the solitons reach an equilibrium separation distance
(about 8 um) and then they continue a parallel propagation
for about the next 45 um. The inset of Fig. 2(b) represents a
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The parameters (cavity photon mass m, laser energy wy,
photon lifetimes I'py,, half-Rabi splitting V', and cavity-exciton
detuning Ax) were taken to be the same as in the experiment.
The value used in the simulations is gy = 0.01 meV/um?, as
it has been determined in previous experiments using the same
sample [32].The exciton lifetime I'x was taken to be 150 ps.
The obstacle was modeled as a 10-meV potential barrier V (r)
with a Gaussian shape 10 um wide. The relative positions of
the obstacle and pump beam also reproduce the experimental
configuration. P(r) and S(r) describe the spatial profiles of the

transverse section across the solitons corresponding to the red
line in the main figure. It clearly shows that the solitons are
fully dark with a density depth reaching zero at the center of
the soliton. From the interference map obtained by homodyne
detection [Fig. 2(c)], one also sees that the phase jump across
each soliton is very close to 7 when the two dark solitons align
to each other, which means their transverse velocity is close to
zero. The two parallel solitons are fully dark and their width is
almost constant since it is related to the healing length, which
is, in turn, almost constant in the whole area locked to the
upper bistability branch.

To reproduce the soliton behavior observed in the exper-
iments, we have performed numerical simulations based on
the coupled equations for the excitons (¥x ) and cavity photon
(Ilfph) fields:

+V() - iFPh:|1!/Ph(rv 1)+ Vx(r, 1) + [S(r) + P(r)]e ™",

= [V(r) + gx|¥x(r, )* — iTx — AxI¥x(r, ) + Vpn(r, 1).

(

pump and support beams, respectively, and their magnitudes
are adjustable parameters. The output images reflect the spa-
tial profile of the photon component density |ypy(r, #)|> and
the interference pattern |y/py(r, #) + Age ™|, The results of
the simulations [Figs. 2(d) and 2(e)] are in excellent agree-
ment with the corresponding experimental images.

The pump creates a flow which is large enough to
switch the area below the support on the upper bistability
branch. This dynamically occurs during the establishment of
the steady state, through the propagation of domain walls
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separating the regions being on the upper and lower branch
of bistability respectively [24]. The perturbations in the wake
of the potential barrier made by the defect evolves into stable
soliton pairs. The area in between the solitons has weak laser
absorption and most of the particles come from the surround-
ing high density regions. Therefore, its phase is not fixed
by the forcing field and the intensity and phase distributions
result from the collective excitation sustained by the system.
A stationary soliton pattern must contain an even number of
dark solitons because the phase jump across a dark soliton
is  and because the total phase change between two high-
density regions having the same phase has to be a multiple
of 2 m. The stability of the soliton molecule can therefore
be understood in terms of a balance between the well-known
repulsive interaction between dark solitons [33], which tends
to push away the solitons, and the pressure exerted by the
external particles which tends to propagate toward the center
in order to recover a uniform phase in the whole are below
the support. Numerical simulations performed for different
parameters have evidenced the important role of the polariton
dissipation rate on the solitons’ equilibrium distance. Quite
surprisingly, the solitons’ distance is weakly dependent on the
Mach number, and the solitons align closer to each other for
increasing dissipation rates. This suggests that the equilibrium
between the domain wall pressure and the soliton repulsion is
governed by the refill of the area in between the solitons which
is mainly due to the polariton tunneling across the soliton: The
refilling is more efficient for low polariton dissipation rates
and therefore the equilibrium distance decreases for increas-
ing polariton dissipation rates [34].

A detailed experimental analysis of the equilibrium dis-
tance with respect to any of these parameters is extremely hard
to perform, since their tuning rapidly leads to the disappear-
ance of the soliton pair due to the phase locking of the whole
excited area or, when lowering the support intensity, to the
collapse of the system to the lower bistability branch.

Moreover, the propagation distance of the soliton pair is
limited by both the sample wedge and the finite size of the
support laser. At some distance, due to the Gaussian shape of
the support beam, the flow falls into the linear regime, with
low polariton density and the soliton pair cannot be sustained
anymore.

In order to compare the bound soliton pair to the solitons
generated in a purely dissipative regime, we have performed
an experiment similar to the one in Ref. [15], that is, removing
the support beam (Fig. 3). In order to avoid the phase fixing
of the polaritons to the laser phase, which inhibits the solitons
generation, the pump beam is exciting the sample at a distance
of about 20 um upstream of the defect position, and thus it
does not overlap with the structural defect. The solitons, spon-
taneously generated along the flow of the fluid, are oblique.
In this case, unlike the previous configuration, the expansion
of the inner region between the solitons is not inhibited by
the presence of the out-of-phase support beam. Therefore, the
separation distance between the solitons increases along the
flow, due to their repulsive interaction. Moreover, as is visible
in the inset of Fig. 3, the oblique solitons are gray and they
have a large width (10 um FWHM) compared to the width ob-
served for parallel solitons obtained in the driven-dissipative
regime with the support beam and within the bistability loop

|
0 0.5 1
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FIG. 3. Oblique solitons. (a) Intensity map of the polariton flow-
ing across a structural defect and excited using a semicircular shaped
pump upstream to the defect. The generated solitons in the wake
of the defect are gray, as shown in the inset on top corresponding
to the transverse section indicated by the red dashed line, and they
propagate with increasing separation distance. (b) Interference pat-
tern associated to panel (a). The phase jump is decreasing along the
propagation as the solitons vanish. [(c), (d)] Panels are the theoretical
simulations of the intensity and interference maps, respectively.

(4.3 um FWHM). The theoretical simulations perfectly re-
produce the experimental results [Fig. 3(c) and 3(d)]. Without
the support beam, the polariton density decreases: As a result,
the sound velocity and the fluid velocity change along the
propagation. Nevertheless, the solitons still present an almost
rectilinear shape, because the decrease in the speed of sound
is compensated by the acceleration of the solitons when they
become less deep. Furthermore, the oblique solitons vanish
soon because of the decrease of the mean polariton density
without the support. Indeed, the fluid propagation length is
19.6 um (vgow = 1.4 um/ps) and it limits the soliton propa-
gation distance at about 30 pum.

Figure 4 shows the separation distance of the two kinds of
solitons, oblique and parallel, along their propagation (orange
and black dashed lines respectively). The black solid line in
Fig. 4 is the fit of the experimental soliton distance with the
function 2dy(1 — exp(—x/d;)). The initial transient region,
where the solitons are oblique, has a characteristic length d; =
14 um, and then the solitons reach the equilibrium distance,
with an asymptotic separation of 2dy = 8 um. On the other
hand, the separation distance of the oblique solitons from
Fig. 3 keeps increasing with the propagation.
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FIG. 4. Dark solitons separation distance for parallel (black
dashed line) and oblique (orange dashed line) solitons along their
in-plane propagation. The black solid line is the fitting of the parallel
solitons experimental data (see main text for further details).

Our experimental results demonstrate that collective ex-
citations with rich phase behavior can be generated in a
polariton superfluid within the bistable regime and detected
on large length scales in cw experiments. The presence of the

support beam allows the formation of a stable bound soliton
pair. The key advantage of this experimental configuration is
the possibility to decouple the collective excitations lifetime
from the polariton one. Indeed, while the solitons propagation
length without support is limited by the polariton lifetime,
in the bistable regime the collective excitations are sustained
by a constant polariton density along their propagation, and
therefore they can propagate as long as the system is on
the bistability regime. In our experiment, the bound solitons
propagate on a much longer distance (about 80 pm) than
the oblique solitons without a support beam (about 30 pm).
These results open perspectives for probing the hydrodynamic
evolution of collective excitations, quantum turbulence, and
mesoscopic-scale physics in out-of-equilibrium condensates.
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