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Abstract — In resonantly pumped polariton superfluids we recently explored a new regime based
on the bistability of the polariton system to enhance the propagation of polariton fluids up to
macroscopic distances. This technique together with an all-optical imprinting method allowed
the generation and control of various topological excitations such as quantized vortices and dark
solitons. The flexibility and scalability of the new experimental scheme opens the way to the

systematic study of quantum turbulence in driven dissipative quantum fluids of light.

In this

article we review the main results and discuss the most promising future research directions.

Copyright © 2021 EPLA

Introduction. — Exciton-polaritons are half-light half-
matter quasi-particles coming from the strong coupling
between excitons and photons in semiconductor micro-
cavities [1]. They inherit specific properties from their
components: a very light mass coming from the photon
component and strong mutual interactions from their ex-
citonic nature.

In the last decade these systems have demonstrated to
be an ideal playground for the study of out-of-equilibrium
condensates and 2D quantum fluid hydrodynamics [2]. In
particular, the creation of polariton fluids via an all-optical
excitation enabling a full control of the speed of polari-
ton flows allowed the hydrodynamic generation of a rich
variety of topological excitations, ranging from quantized
vortices to dark solitons, via the interaction of a super-
sonic polariton wavepacket with a structural defect [3-9].
Pulsed resonant excitation as well as CW resonant pump-
ing have been used. However, both configurations exhibit
the same fundamental limitation: the polariton density
strongly decays along the propagation due to the short
polariton lifetime. As a result, the propagation distances

(a) Contribution to the Focus Issue Turbulent Regimes in Bose-
Einstein Condensates edited by Alessandra Lanotte, Iacopo
Carusotto and Alberto Bramati.

(P)E-mail: alberto.bramati@lkb.upmc.fr (corresponding author)

accessible in these early experiments are quite short,
strongly limiting the study of the dynamics of the topo-
logical excitations.

In a series of recent articles, devoted to the deep study
of the properties of the bistability exhibited by the polari-
ton systems under resonant pumping, we investigated a
new configuration and demonstrated that in the bistable
regime it is possible to get rid of the polariton density
decay and to generate a superfluid flow propagating for
macroscopic distances, typically one order of magnitude
longer than the previous observations. Remarkably, in
the bistable regime the topological excitations can be gen-
erated and their propagation sustained and strongly en-
hanced far beyond the polariton free propagation length.
Moreover, we implemented an all-optical imprinting tech-
nique which allowed us to generate in a fully controlled
way dark soliton pairs in different regimes and to study
their stability against the onset of the snake instabili-
ties [10]. The observation of the breaking of dark soli-
tons in vortex streets illustrates the high potential of this
method for the systematic study of the quantum turbu-
lence in polariton quantum fluids.

Theoretical model. — The standard way to describe
the dynamics of a resonantly driven polariton fluid is to
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use a generalized Gross-Pitaevskii equation for the polari-
ton field [2].

In particular, for the lower polariton branch, it reads as
follows:

h2
ihg\I/: hwpp — —V2+V —ihy + hgn U +ihnF,
ot 2m
(1)

with Awpp the energy of the lower polariton, m the ef-
fective mass of the lower polariton, which is given by
the second-order derivative of its dispersion curve, and
is of the order of 107° the mass of the electron, V the
external potential felt by the lower polaritons, v is the
decay rate of the polaritons, g the interaction constant
between the lower polaritons in the same modes and Ain is
the coupling coefficient of the pump field to the polariton
field.

This equation is very similar to the standard Gross-
Pitaevskii which describes the atomic BECs, except for
the loss term —ihy and the pump term Fj(r,¢). The
losses need to be continuously compensated: differently
from atomic BECs, our system is out of equilibrium.

Let us now focus on the mean-field stationary solutions
of eq. (1) in the homogeneous case, i.e., for an external
potential equal to zero. The system is driven by the pump
field F,(r,t) = Fp(r)e!ker=wr)  Therefore, the solutions
can be written as W(r,t) = Wo(r)e!krr=<»t) Tt results in
the mean field stationary equation:

21,2
(h(wLp—wp)-i-Q—mp—ih’y—i-hgno) Uo+ihnF, =0. (2)

This equation is responsible for the bistability phe-
nomenon observed in polariton system and induced by a
quasi-resonant pumping [11].

A very specific behaviour of the system when it is ex-
cited in the bistable range was pointed out in [12]: the
authors suggested to use the optical bistability of an
exciton-polariton system to enhance the propagation of
the polariton superfluid. In particular, the use of two dif-
ferent beams, simultaneously exciting the microcavity, can
enable the generation, over a macrocopic scale, of a high-
density, bistable, polariton fluid.

Let us consider two driving fields, with the same fre-
quency w, and the same in-plane wave vector k,. The
first one, called the seed, is localized in space and has
a high intensity. It thus produces a nonlinear superfluid
above the bistability cycle. The second field is the support,
ideally an infinitely extended constant field, stationary in
time and homogeneous in space. Its intensity is weaker
than the intensity of the seed one, and it is placed inside
the bistability cycle. The presence of the support field has
a strong impact on the total polariton density: its high
density created at the seed location is maintained with-
out any decrease all over the region where the support is
present.

Slightly supersonic flow: vortex stream genera-
tion. — In this section we show that in polariton fluids
in the bistable regime it is possible to generate topologi-
cal excitations propagating for macroscopic distances [13].
The different hydrodynamic regimes of a polariton fluid
and their effects on the generation of topological exci-
tations have been previously studied in the case of di-
rect injection [14,15] and for a single intense and localized
pump, placed upstream of a structural defect [6,16]. The
presence of the defect creates turbulence along the flow,
which evolves differently depending on the ratio between
the group velocity of the fluid vy = (hkp)/m and the sound
velocity ¢, = v/gno/m, i.e., the Mach number of the sys-
tem: M = vy/cs. Both these quantities and consequently
the Mach number can be controlled in the experiment by
setting the transverse wave vector and the intensity of the
excitation beam. Although, depending on the size and
shape of the defect, the superfluidity breaking can occur
at a critical velocity which differs from the speed of sound,
still the transition between the superfluid regime and the
turbulent one, in which quantized vortices are generated,
is well captured by the Mach number. Increasing the Mach
number induces an increase in the emission rate of the vor-
tices, which will finally merge together in a pair of dark
solitons for a Mach number close to 1 or higher.

The idea here is to use the seed-support configuration
previously described to generate topological excitations,
such as dark solitons and quantized vortex-antivortex
pairs with enhanced propagation distances.

To numerically reproduce the effect of a cavity struc-
tural defect, a large potential photonic barrier is intro-
duced (V' # 0). The seed is placed upstream to it,
localized and with a fixed intensity above the bistability
cycle.

Time-resolved numerical simulations have been made
in order to precisely locate the vortex-antivortex pairs,
however as the experiment is in continuous wave exci-
tation, time-integrated numerical simulations were also
performed. Figure 1 shows the comparison between a
snapshot image on the left, and, with the same param-
eters, an image with 1 ms integration time, on the right.
Vortex and antivortex have opposite circulation, and are
spotted by red and blue dots, respectively. A time average
flow of vortex pairs appears as a thick line of lower den-
sity, the dip height of which is proportional to the vortex
density.

The experimental setup is displayed in fig. 2 [13]. The
laser source is a CW Ti-sapphire laser. It is split into the
main beam and the reference beam, used to realize inter-
ferograms and get information on the phase. The main
beam is split again to generate the seed and the support
beams. The seed is focused on the sample into a spot with
a 30 microns diameter, for an intensity I, = 10.6 W/mm?.
On the other hand, the support is shaped by two cylindri-
cal lenses in an elliptical spot of 400 microns length, elon-
gated in the y-direction with an intensity of 5.8 W /mm?.

24004-p2



Controlled Quantum Turbulence in polariton superfluids

Time integrated

Time snapshot

Fig. 1: Numerical simulations. On the left, the time snapshot
shows the position of vortex and antivortex flowing in the wake
of the defect. On the right, the time integrated image results
in a thick shadow along the flow. Adapted from [12].

The inset of fig. 2 gives a representation of the relative
position of the beams. The real space detection gives ac-
cess to the polariton density in the plane of the cavity.
The reference beam interferes with the signal of the cav-
ity and the resulting interferogram is used to reconstruct
the phase map. The other parameters of the excitation
such as the wave vector in the transverse plane and the
initial detuning with respect to the lower polariton branch,
are coming from the momentum space data, acquired via
a spectrometer.

The sample under investigation is a GaAs/AlGaAs mi-
crocavity with 21/24 (front/back) layers of DBR and
Ing.04Gag.9sAs quantum wells at each of the three antin-
odes of the confined electromagnetic field [17]. A small
wedge is inserted between the Bragg mirrors during the
fabrication process allowing to precisely select the cavity-
exciton detuning. The half Rabi splitting is 2.55meV.
The polariton mass, extracted from the dispersion, is
7 - 1075 free electron mass. The polariton lifetime is
about 14ps. The experiments are performed in a liquid
helium cryostat at cryogenic temperature in transmission
configuration.

The results when both seed and support are sent to-
gether are shown in fig. 3. They hit a structural defect
whose size of the order of 10 um is larger than the heal-

h
ing length of the fluid, &, defined as [2 = —
g leng 3 2] ¢ Tonhan

with m the effective polariton mass and the product gn
the polariton interaction energy. In our experimental con-
ditions the healing length is typically around 5 pgm. The
speed of fluid is vy = 0.9 pm/ps and the speed of sound is
¢s = 0.8 um/ps. This sets the Mach number M = 1.1

Support

400 um

Seed

cw Ti:Sa

2 30 um
sample in
cryostat

ERIIEETEN]

Real space

Momentum space NPBS

O
spectrometer

Fig. 2: Experimental setup. The CW Ti:Sa laser beam is split
into three using half waveplates (HWP) and polarizing beam-
splitter (PBS). A reference beam, in light red, is set aside for
interferogram on the detection part; the focused seed beam is
in yellow, the elongated support beam in orange. The positions
of seed and the support are shown in the inset. The detection is
done in real space (density and phase maps) and in momentum
space through the spectrometer. Adapted from [13].

As predicted, a shadow appears in the wake of the de-
fect, which corresponds very well to the time-integrated
image numerically calculated and presented in fig. 1. The
pairs of vortex-antivortex are generated around the defect
and follow the flow, leading to a decrease of density along
their propagation path on the time-integrated image.

To confirm that this shadow is indeed due to the pres-
ence of vortices, an interferogram has been realized as
well as a visibility map, defined as Vis(r) = (I (r) —
Inin (1)) /(Imaz (1) + Lmin(r)). They are displayed in
figs. 3(b) and (c). As the vortices are moving along the
flow, one cannot expect to observe forks, the typical sig-
nature of vortices, due to the low time resolution of the
detection (the integration time is typically of few millisec-
onds, while the flow speed is about 1pm/ps). However,
the presence of the vortices is visible on the phase map as
a blur of the fringes along their path.

Moreover, the shadow and the phase variations coincide
with a dip in visibility, confirming its attribution to the
vortex stream. The full control over the speed of fluid and
its propagation distance allows us to generate and prop-
agate quantized vortices, as demonstrated in fig. 3. The
proof of principle uses here a single structural defect; how-
ever the technique is easily scalable by using multiple op-
tically generated obstacles [18] hit by the fluid and can be
employed to investigate polariton fluids in deep quantum
turbulent regimes.

Deeply supersonic flow: parallel dark soliton
pair generation. — In this section we show how to gen-
erate stable dark solitons propagating for long distances in
the polariton fluid [19]. In order to study the generation of
solitons, the supersonic configuration is investigated. Ac-
cording to previous studies in polaritons superfluid [6],
high Mach numbers allow for the generation of dark
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Fig. 3: Vortex stream generation. (a) Time-integrated density
map of a flow of vortex pairs generated in the wake of a de-
fect. (b) Interferogram of the previous image, showing phase
irregularities along the vortices propagation. (c) Visibility map
extracted from the interferogram, displaying a lower visibility
along the vortex stream. Adapted from [13].

solitons. However, the system configuration, without the
support beam, did not allow for long propagation: the
solitons, generated in the wake of a defect, could only be
observed for short distances (around 30 micrometers), lim-
ited by the exponential decay of the polariton density due
to the finite polariton lifetime.

The goal here is to use the configuration of seed-support
excitation to generate dark solitons propagating over long
distances and to enable the study of their hydrodynamic
behaviour.

The setup of this experiment is similar to the previous
one for the vortex generation, with two co-propagating
beams sent to the cavity: the seed, localized and intense,
and the support, extended and with an intensity within
the bistability cycle. The seed is placed upstream of a
structural defect

To generate dark solitons in its wake, the in-plane wave
vector is chosen to be high (k = 1.2um™!) in order to
ensure a high velocity of the fluid: in this case, vy =
1.52 pm/ps. The speed of sound is measured to be ¢, =
0.4 pm/ps: the supersonic conditions are reached, with the
Mach number M = 3.8. Figure 4 presents the observation
of a spontaneous generation of dark solitons in the wake
of a defect: intensity on the left and interferogram on the
right. The propagation length is greatly enhanced. The
scale bar illustrates 20 microns: the solitons are sustained
for more than a hundred microns, one order of magnitude
more than previously reported.

Moreover the solitons have a surprising behaviour. They
are generated close to the defect and propagate away from
each other for a few microns; eventually, they reach an
equilibrium separation distance of about 8 microns, align
and stay parallel as long as they are sustained. The obser-
vation of such a bound state of dark solitons is quite un-
expected as solitons have repulsive interactions [20]. The
observed solitons are fully dark: the intensity dip goes to
zero and the phase jump across the solitons is nearly 7 all
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Fig. 4: Spontaneous generation of parallel dark solitons. From
left to right: experimental polariton density and interferogram;
corresponding numerical simulations. Adapted from [19].

along the propagation, confirming their transverse velocity
is close to zero.

The results of the numerical simulations are presented
in fig. 4 and show an excellent agreement with the exper-
imental data. This model allows to show that the driving
field compensates for the soliton repulsion.

All-optical imprinting of dark soliton molecules
in a polariton superfluid. — We present here an all-
optical technique allowing to imprint dark solitons in a
polariton superfluid [21]. We described in the previous
section how to use the bistable behaviour of the polariton
system to enhance the propagation length of a polariton
superfluid, simultaneously getting rid of the phase con-
straint of the pump. This allowed us to observe the spon-
taneous generation of quantized vortices and dark solitons
and their propagation for over a hundred microns. How-
ever, their generation was not fully controlled, since it
depends on parameters out of reach; in particular, the
presence of a structural defect is necessary to induce the
turbulence leading to the topological excitations [13,19].

The goal in this section is to show how to overcome this
limitation and to be able to generate solitons on demand.
This is realized by imprinting a phase modulation on the
system, leading to the formation of dark solitons that can
evolve freely on the nonlinear fluid [21].

As the solitons induce a phase jump on the system, their
implementation can be done by engineering the phase of
the excitation. To do so, we use a Spatial Light Mod-
ulator, a liquid-crystal-based device that can shape the
wavefront of an incident light beam. The phase modula-
tion induced by dark solitons is a phase jump of m: the
phase profile corresponding to a pair of dark solitons is
thus an elongated region m-shifted compared to the back-
ground beam.

The experimental setup is sketched in fig. 5. The laser
source is a CW Ti:sapphire, and its spot is elongated in
the y-direction by two cylindrical lenses (CL). The beam
is then split in two by a polarizing beam splitter (PBS)
preceded by a half-wave plate (HWP), which allows for a
precise control of the power sent in each arm. The phase
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SLM

Ti:Sa cLcL  PBS

sample in
cryostat
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Fig. 5: Experimental setup. The excitation beam is designed
by the SLM and filtered through the slit. The inset illustrates
the beam configuration: the solitonic pattern is in the center,
where the intensity is above the bistability limit, located at the
white dashed line. The detection field of view is delimited by
the black rectangle. Adapted from [21].

front of the main beam is shaped by the SLM, then is
filtered by the slit to smooth the phase jump in the di-
rection of the flow. This beam is sent collimated to the
cavity, so that the phase jumps are well defined onto the
sample. The inset illustrates the excitation beam con-
figuration on the sample: the solitonic pattern is placed
in the center, where the intensity is above the bistability
limit, delimited by the white dashed line. The beam en-
ters the cavity with an appropriate in-plane wave vector
that gives an upward flow to the polaritons. The black
rectangle is the detection field of view: it is shifted on
top of the illuminated region to observe the solitons free
propagation through the bistable area. As usual, the de-
tection is done in both real and momentum space. The
real space gives the intensity map of the cavity plan, as
well as information on the phase pattern through the inter-
ference with the reference beam previously separated from
the laser beam. The experimental parameters such as the
wave vector in the transverse plane and the initial detun-
ing with respect to the lower polariton branch are mea-
suerd with precision using the momentum space images.
The experimental conditions of fig. 6 are the following: the
speed of fluid is vy = 1.35 um/ps, the speed of sound is
measured to be ¢, = 0.31 pm/ps, with the Mach number
M = 4.35.

The essential role of the bistability in the propagation
of the solitons is explained in fig. 6. Figure 6(a) shows the
S shape of the bistability curve and the three associated
intensity regions: below the cycle, the low-density region
in grey, denoted as LD; above the cycle, the high-density
region highlighted in yellow and denoted as HD; and the
bistable cycle left blank. Note that the property of the
fluid to be in the bistable region only depends on its den-
sity. Then the bistable region can be obtained with one
beam only, properly shaped by the SLM, without the need
of the support beam.

In fig. 6(b) the phase pattern designed by the SLM is
plotted with the same field of view as the detection: we

phase [rad] 3

I

phase [rad]

" =

bistable’

o Intensity [a.u.]

bistable

high density (HD)

I

L

Fig. 6: Impression of dark parallel solitons. (a) Theoretical
bistability profile. (b) SLM phase pattern with the same field
of view as the detection. (c¢) High power density and phase
maps. (d) Same configuration as (c) at lower power. Adapted
from [21].

can see that the phase modulation is only present on the
bottom part of the image. Figures 6(c) and (d) are realized
in the exact same conditions except for the total intensity
of the excitation. In fig. 6(c), the total laser power is high,
which puts almost all the illuminated area above the bista-
bility cycle: the yellow HD region covers the major part
of the picture. In the high-density region the properties
of the fluid are fixed by the pump: this area is therefore a
replica of the driving pump field. Indeed, the solitons are
imprinted only in the bottom part of the picture, while
on top, the phase and the intensity of the pump beam are
flat.

The images in fig. 6(d) are obtained by starting from
same laser intensity as in fig. 6(c) and then gradually de-
creasing the input intensity. The bistable region expands
toward the center of the beam, and eventually reaches the
top part of the imprinted solitons. The solitons then prop-
agate through the bistable region, even though the region
between the solitons is out of phase with the driving field.
The propagation is sustained as long as the system is in
the bistable regime.

These measurements clearly confirm the necessity to be
in the bistable regime (namely inside the bistability cy-
cle) to achieve the free propagation of dark solitons in a
resonantly pumped polariton fluid.

To illustrate the scalability of the imprinting method,
we show in fig. 7(a) a double pair of solitons. Figure 7(a)
shows a scheme of the SLM phase pattern. It represents
the top part of the beam, coinciding with the correspond-
ing detection pictures, plotted in figs. 7(b) and (c) and
showing the density map and the interferogram, respec-
tively.

The double pair of solitons is realized by sending two
rectangular shapes in phase opposition with the back-
ground thanks to the SLM. The imprinted phase pattern
is designed so that each of the four solitons is equidistant
from its neighbor (yellow part of fig. 7(b)).

Snake instabilities, soliton breaking and vortex
streets. — In this section we focus on the study of the
stability of solitonic patterns [22]. In the experiments de-
scribed in the previous section we studied stable solitons
and for this purpose we chose to work in a supersonic
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Fig. 7: Four solitons imprinting. (a) SLM phase pattern corre-
sponding to the detection region. (b) Density map of the fluid.
The two solitons pairs are imprinted on the yellow region and
propagate through the bistable white one. (c¢) Interferogram
of the fluid. The phase jump propagates with the solitons.
Adapted from [21].

regime with high-speed polariton flows [23]. However, the
flexibility of the imprinting technique and the full control
of the fluid velocity that can be achieved, easily allow one
to imprint dark solitons on polariton fluids with deeply
subsonic velocities. In these conditions, it is well known
that dark solitons are unstable against the snake insta-
bilities and break into quantum vortex-antivortex pairs, a
behaviour which is a quantum analog of the classical von
Kérmdn vortex street [24]. Therefore this technique can
be exploited for the study of quantum turbulence.

As an example of such possibilities, in this section we
investigate a new configuration to generate solitonic pat-
terns within a static polariton fluid. It uses a transverse
confinement within an intensity channel to create a pair
of dark solitons, which decays into vortex streets due to
the disorder of the system. We observe the soliton snake
instability leading to the formation of symmetric arrays
of vortex streets, which are frozen by the pump-induced
confining potential allowing their direct observation and a
quantitative study of the onset of the instabilities.

The setup used for this experiment is quite similar to
the one of the soliton imprinting, presented in the previ-
ous section. Two main differences have yet to be noticed.
First of all, to facilitate the development of the instabili-
ties, the experiment needs a static fluid: the excitation is
therefore sent at normal incidence, and the in-plane wave
vector is zero. The intensities inside and outside the chan-
nel are denoted S and P, respectively. Then, the 1D elon-
gated channels which confine the dark solitons are created
by shaping the intensity of the excitation beam, while its
phase is not modulated anymore.

We consider a channel with both the ends closed by
high-density walls (fig. 8). The channel width of 23 um
is chosen in order to generate a single dark soliton pair,
which evolves toward a stationary frozen vortex street due
to the snake instability.

In fig. 8, panel (a) shows the measured intensity and
phase distributions in the channel for increasing ratios

S/P=0.1 S/P =04 S/P=0.6
a. 1 Density Phase  Density Phase  Density Phase

a.u. : ' rad

0.5 0

-T

b. 1 m
a.u. rad

0.5 0

U — _,I_[

Fig. 8: Panel (a): experimental fluid density and phase maps
for a channel with length and width respectively [ = 150 pm,

L = 23pum; the ratio S/P increases from left to right.
Panel (b): corresponding numerical simulations. Adapted
from [22].

S/P. Panel (b) shows the corresponding numerical simula-
tions obtained by solving the system of coupled equations.
A symmetric array of vortex-antivortex (VA) pairs, simi-
lar to a von Kdrmén vortex street is visible for S/P = 0.1
and 0.4, respectively. A soliton pair is indeed unstable in
this regime [25] against modulational “snake” instability.
It therefore breaks into the observed VA chain. In free
space, these chains would dynamically evolve [26] to even-
tually disappear. Remarkably, the presence of the confin-
ing potential allows to freeze the snake structures and to
easily observe them in a steady state CW experiment.
The healing length of the fluid £ sets the dark soliton
width and the vortex core size. It also naturally sets the
spatial period at which the instability develops along the
main channel axis [25] and therefore the number of VA
pairs which appear in a channel of a finite length L.

Conclusion. — In this article we have reviewed our
recent results on the polariton optical bistability and its
related properties. By implementing the theoretical pro-
posal [12] we demonstrated the possibility to use the bista-
bility of the polariton system under resonant pumping
together with a pump-support configuration to sustain
topological excitations such as quantized vortices and dark
solitons [13,19] over hundreds of microns, greatly enhanc-
ing their propagation length compared to the previous
observations [6]. This experiment also revealed a very un-
expected behaviour of the dark solitons: the presence of
the driving field imposed by the bistable pump compen-
sates the dark solitons repulsion as usually observed in an
undriven system [6,27]. In this new configuration, dark
solitons align to each other and propagate parallel.

Moreover, to achieve a full control on the formation of
the topological excitations we developed a new all-optical
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imprinting method by accurately shaping the excitation
beam with a Spatial Light Modulator, and we managed to
generate on demand dark soliton molecules on a polariton
fluid [21].

Finally, we generated solitonic structures in guided low-
density channel in a static polariton fluid [25] and observed
their breaking into vortex streets due to transverse snake
instabilities [22] showing that the flexibility of the imprint-
ing method opens the way to deeper studies of quantum
turbulence phenomena.
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